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PYWACE

. ewt decades have been marled b7 major advances in the developnent of

•...y of organosilicon compounds. Comtierable results have been achieved

study of the monomeric compounds and in the development of methods of

.aJ stuaying the structure arb1 properies of high-molecular organosilicon

. .; new and interesting f... ,s :i. j: be,~rn _staiLished, which have deepen-

-wige in this fie'd of chemistry ,,:t i allow us to draw a number of theo-

, id practical conclusions. These. con lsicn3 enable us to approach more

-the development of the synthcsis U: the monomeric, and in particular, of

, r ori,,anosilicon compounds, ani t ) modify their properties in the desire

.::u lidvances in the synthesis of organczi:2con compounds, and the valuable pro-

* f the polymere prodticts prepared and the naterials produced from then have

•I -. ,e rapid devc*ic.peuu of t.hei r pr,Aictior, and their utilization in many

* : t-e national economy. rgx.silicon oimpounds have found widespread -Ise

.'zt re of heat-resisting high jira,c electric insulating materials, in

: ,ire, in the p)ro,.Lt5oi of elect:iz generators and other electrical

, tUrnIsformers and other electi'otechncal equipment. The use of organo-

n compounds in electrical tecnaoiogy peraits a 6harT. increase in the reli-

.. operation of machine5 and xiuipaett, a i-eduction in their weight, and

the consumption of materials, and opens up possibilities for the creation

,.f' rew and more improved electrical machines, apparatus, etc. A large number of

' -'7S-? , 91 /V 2



organosi.iicon poly_,,ti-s asa ,-f great value as heat-- iesi tallL and all',_ -CO. Vv coat-

ings for metals, ailowLig ,fte;a[..'s at tem ,eratu'es :'rom -A *:: , (, , for -"rf!

manufacture of arcproi and heat resistant plastics ani larinal.N .ilele(trics, and

also in the production of precision castings not requiring machining.

Liquid silicon polymers are used in the manufacture of various lubricants, hy-

draulic and damper liquids, employed over a wide range of temperatures above and

below freezing. Fillers based on organo- ilicon elastomers all , ct rat~o:; of unit

at a temperature up to 2500 G and higher.

The high hydrophobic properties of oranu-siljin compov'i!. :,v ii:-,d to Take

glass, paper, wool fabrics, ceramics, beddirg materials, etc. unwettafle.

The field of application of organosilicon compounds is contdnuously expanding.

But the large amount of experimental materials, both on the synthesis and on the

study of the properties of various products, that has teen acci.mu,ated up to now, .5

scattered among the pages of numerous literature sources, wainly sUienuific jour-

nals, and in his work the research chemist of.en !(,.3bs uLuch time , n fir:di lg Lle in-

formation he needs. For this reason we have made an attempt, in this mon( g'-ar, I:

systematize, and, in a number of cases, also to discuss criticali j, t-he literatilre

on hand on the chemistry of organosilicon compounds from its very be~nning up to

about the middle of 1954, and to present it, starting out from the basic ideas which

have been built up in the author's mind as a result of many years of work in this

field. I recognize that a number of fundamental questions in the cnemistry of

organosilicon compounds cannot be fully answered in this book, there are often

contradictions between various reported data, and it will require a large amount of

experimental and theoretical work to eliminate these contradictions and give a cCn-

sistent interpretation of the reported facts. This book does not consider the

methods of analysis of organosilicon compounds, since the reader will find such

material in the book by Professor A.P.Kreshkov and his associates* (for footnote,

see next page). I have likewise not considered the properties and methl.ds of p re-

F-TS-9191/V



paring various materials based olt orgalnusilicon polymers 1iu numbinaLion with asbes-

tos, mica, glass wool, glass fiber, etc., since I am preparing a separate book on

this subject for the press.

In the exposition of the material I have held to the classification and nomen-

clature of organo-silicon monomers and polymers published in collaboration with A.V.

Topchiyev in Izv. AN SSR (1953).

I express my profound gratitude to S.A.Golubtsov, who participated in the com-

pilation of Chapters IV and VI, and to M.V.Sobolevskiy, who was of great assistance

to me in editing the book.

I shall be grateful for all comments made by readers of the book.

K .And rianov

*A.P.Kreshkov, V.A.Bork, L.V.Myshlyayeva, G.D.Nessonova. Analysis of Organo-

silicon Compounds. Goskhimizdat, 1954.
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INTRODUCTION

BRIEF REVIEW OF THE DEVELOPMENT OF THE CHEMISTRY OF THE

ORGANOSILICON COMPOUNDS

The study of the chemistry of silicon compounds conmenced in 1825, when silicon

tetrachloride was synthesized. The discovery of organosilicon compounds dates back

to 1845, when esters of silicic acid were prepared from silicon tetrachloride and

alcohol. The experimental studies covering the period from the 18201s to 1890's

(works of Wohler and Buff; Ladenburg; Friedel and Crafts, and others) led to the

synthesis of various inorganic and organic silicon compounds. Among the inorganic

compounds, SiH4 , SiHC13, SiHBr3 , SiHI3 , etc. were prepared during this period; while

the organic silicon compounds included tetra-substituted silanes, alkyl- and aryl-

chlorosilanes, esters, and substituted esters of orthosilicic acid.

The similarity in structure and in certain properties between organic compounds

and the organic compounds of silicon led to the idea of the complete similarity be-

tween the compounds of silicon and carbon. This view lasted until D.I.Mendelyev

demc .strated that between the properties of carbon and silicon compounds there exist

not only similarities but also substantial differences. In comparing the silicon

compounds known at that time with the carbon compounds, he pointed out the slight

resistance for instance of compounds between silicon and hydrogen and halogens to

the action of water, which sharply distinguishes them from the analogous carbon com-

pounds. Thereby he put an end to the incorrect, one-sided approach to the chemistry

of organosilicon compounds (Bibl.l).

F-TS-9191/v 5



Mendeleyev was the first to establish that the compounds of silicon with oxygen,

nr ke the compounds of carbon with oxygen, have a polymeric structure.

The second period began in the 1890's and continued to the 1930's. It is diffi-

cjlt .o draw a sharp line between these two periods, but for this period in the

development of the chemistry of organosilicon compounds, the influence of the pro-

position established by Mendeleyev, that there are differences between silicon and

carbon compounds, is characteristic.

In the 1890's, Stokes (Bibl.2) was the first foreign scientist to recognize

'. at certain compounds of silicon, for example (SiOCl 2 )x are high-molecular poly-

c.rxanes. He stated that he had reached the conclusion that this compound had a

polymeric structire as a result of studying the work of Mendeleyev (referring to the

Second German Edition of "Principles of Chemistry"). These views were then develop-

ed in the works of Stokes and his associates, and of other authors. During this

y eriod the school of Kipping and other investigators (Bibl.3) synthesized a large

rn!,mher of compounds and considerably improved the research technique. It was found

'.'at the ftndamental difference between silicon and carbon resides in the fact that

n-arbo& is able to combine with equal ease with electronegative and electropositive

elements, while the silicon atom has a greater tendency to combine with electronega-

tive elements and groups.

The beginning of the third period in the development of the chemistry of organo-

silicon compounds may be placed in the 1930s, that in, at the time when the first

studies in the field of the synthesis and study of the high-molecular organosilicon

compounds appeared.

As far back as Mendeleyev (Bibl.l), who was the first to pose scientifically

the question of the structure of silica and its hydrates, the cause of the differ-

ence between the properties of cirbon dioxide and silicon dioxide was considered to

reside in the polymeric character Qf silicon dioxide.

Butlerov (Bibl.4) pointed out that silicic, phosphoric and tungstio acids and

F-TS-9191/V 6



their inorganic derivatives form hydroxyl-containing compounds uf comijIe_-.

tion, which are then dehydrated to full or partial anhydrides. The stludie:i ,F

Soviet chemists from 1935 to 1939 (Bibl.5) established that organosilicon compounds

containing oxygen, like Si02 or other organic oxygen-containing silicon comnou*Ij

have an exceptional tendency to form polymers. Polymers containing siloxane gcniuap

and side organic radicals directly bound to the silicon atoms were first synth, zed

and described in these works, and received the name of organosiiuxanes.

These works (Bibl.5) laid the foundation for the development of the chemistry

of the high-molecular organosilicon compounds of the type of the polyorganosiloxane.

they showed tho possibility of applying the polyorganosiloxanes in the most varied

fields of technology. The wide use of the polyorganosiloxanes in turn led to a

large field of research, not only in the synthesis of new polymers and the study of

their properties, but also in the synthesis of new organosilicons as the starting

materials for polymers. In this connection a large number of papers devoted tc

monomeric and polymeric organosilicons, often containing contradictory data, ap-

peared in periodicals.

The present author has set himself the task of critically eamining and system-

atizing the extensive material accumulated in the literature on the synthesis and

investigation of an extremely important type of polymers, the polyorganosiloxanes,

as well as the intermediates for their synthesis, the halo-derivatives of silicon,

the esters and substituted esters of orthosilicic acid, the alkylchlorosilanes and

arylchlorosilanes, etc. with the object of facilitating their use by both scientific

and plant workers.

Silicon and its Properties

Silicon, next to oxygen, is the most widespread element (by weight). The

earth's crust, according to geochemical calculations (based on the works of V.I.

Vernadskiy, A.Ye.Ferman, and others), is composed of about 27% of silicon (Bibl.6).

While carbon is the most important element in the composition of plant and animal
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organisms, silicon is the principal element in the composition of substances of

mineral origin. Silicon compounds are also contained in hair, wool, and feathers;

in the stalks of certain plants, the grasses, the horse-tail weeds, etc., in the

shells of many infusoria, in the bodies of sponges, etc.

Silicon was isolated in the free state in 1811 by Gay-Lussac and Tenard by

passing the vapor of silicon fluoride over metallic potassium, but they did not aes-

cribe it as an element.

In 1823, Berselius gave a description of the silicon isolated by him from po-

tassium fluosilicate by treating it with metallic potassium at a high temperature.

KSiF, + 4K ---- 6KF + Si

In its purest state, elementary silicon my be prepared by the action of magne-

sium on pure silica by the reaction:

2Mg +SiO, --- 2MgO +Si

It is industrially prepared in large quantities by reducing silicon with carbon

in electric furnaces.

SiO2 + 2C - Si 4- 2C0

Silicon occupies the position in the fourth group of the Kendeleyev periodic

system imdiately below carbon, of which it is an analog. This was why organo-

silicon compounds were at first regarded as simple analogs of organic compounds. It

was subsequently found, however, that the organosilicon compounds have a number of

peculiarities characteristic of them alone, and therefore form an independent field

of chemistry.

Silicon, like carbon, may either give up or take up electrons, but its ability

to take up electrons, and consequently, its metalloidal properties, are somewhat

les pronounced than those of carbon. This fact is of great importance not only for
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the difference in the chemical reactions of these two elements, but also for the

properties of their compounds.

It is interesting to compare certain properties of silicon and carbon, and to

consider the hydrolytic and thermal stability of the bonds of these elements in

various compounds with other elements.

The atomic weight of silicon is 28.09. Three isotopes of mass 28,29, and 30

are known. It is 4nsoluble in water. In the finely dispersed state it is hygrosco-

pic and gives off adsorbed water only at red heat. Crystalline silicon conducts

electricity, its hardness on the metallurgical scale is between 6 and 7, and its

specific gravity is 2.34-2.49. Amorphous silicon has the specific gravity* 2.00-

2.35. The melting point of silicon is 14200C. Its linear expansion coefficient

(Bibl.7) a40 - 0.00000763.

The atomic weight of carbon is 12.001, that of its isotope is 13. It is non-

hygroscopic, and forms two crystalline forms, diamond and graphite, and an amorphous

form, coal. Carbon is infusible and nonvolatile; it is converted into the vapor

state at 30000 C. Graphite and coal possess electrical conductivity; the diamond is

a typical dielectric. When either diamond or coal are heated above 10000 C, they are

gradually converted into the most stable form,, graphite.

Elementary silicon enters into combination with hydrogen at the temperature of

the electric arc, forming silicon hydride (Sin4 ) (Bibl.8). Silicon reacts with

*The dimensionless quantity formerly called the "specific gravity" (ratio of

the weight of a body to the weight of an equal volume of water at temperature t ° ) is

customarily called the relative weight in modern terminology.

The relation between the weight of a body and its volume is called the specific

gravity and is expressed in g/cm3 . Since most of the information given in this

book has been taken from literature sources, the old terminology will be retained

here and hereafter.
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nitrogen at lO0X0° to form siicon ni tTrde, SiN; earbon als) foirs C2 N2 in very

small quantities, but only at 18000C.

Fluorine and other halogens react more readily with silicon than with carbon.

Fluorine combines with silicon at room temperature, chlorine at 200-3000 C, bromine

at 500'C, and iodine at a still higher temperature. Carbon in the form of coal

likewise reacts with fluorine at room temperature.

Carbon does not react with chlorlie, bromine nor Iodine.

Silicon oxidizes with relative difficulty in air, but readily in oxygen. Car-

bon, in the form of porous coal, begins to oxidize in air at a temperature under

1000 C, graphite at about 6500C, diamond at over 8000 C. Acids do not act on carbon

nor silicon. Only hydrofluoric acid acts on silicon. Water, in the presence of

alkalies (which evidently play the role of catalysts) reacts with silicon, giving

off hydrogen. The reaction takes place in two stages:

Si 4 31120 1 TISiO, 4- 211.

I I-SiO,-4- 2KOI Y'sie 211 W

Carbon does not react with water under ordinary conditions.

At a high temperature, the oxides of silicon and carbon form silicides an,1

carbides:

C ( ) 1 . - '. +- 0'

The atoms of carbon are easily bound with each other, forming open or closed

carbon chains. The number of atoms making up such chains may be very large. Mole-

cules composed of a few hundred and even a few thousand atoms of carbon linked with

each other are entirely stable. In this respect silicon differs sharply from car-

bon. Silicon atoms form bonds with each other only with difficulty, and such bonds

are not very strong, as a result of which the number of atoms in molecules contain-
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ing the bonds 4i-Si4i-- is very limited, and at the present time does not exceed

14.

Carbon and silicon form strong bonds with many elements. The strength of a

bond is usually determined by the thermochemical method. Table 1 gives data charac-

terizing the strength of the bonds of carbon and silicon with certain elements

(Bibl.9).

Table 1

Energy of Bonds of Carbon and Silicon with Certain Elements*

I Kntir~em,~ lnd InEVIV 1ngwratowmic wj~ar"kcbljet I _ _ ;, e _ed- _ kc_ ll t _

(.-C 62,77 1,54 Si-C 54 1,93:0. 0:
C-H 85,56 1.14 Si-H 75 1.54
(;---CI 70 1,69-1.77 Si-Cl 85 2,0(1
C-Br 57 1,94 ! Si-Br 69 2,14

43 2,10 Si- .51 2,43
C-I 1 4 I .35.-I ,42 Si-F 143 1,54

7. 1.43 Si-O* 89

Si-Si 12.5 1 .9O * 11-i

This Table gives data for the corresponding symmetrical compounds, for

instance Si(CH) 4 , SiCl 4 , et.
saFor the siloxane bond.

The compounds of carbon and silicon differ sharply in their resistance to

hydrolysis. Thus, while compounds of carbon with hydrogen, halogens, nitrogen, and

sulfur, at ordinary tmpenatures, are not hydrolyzed by water in the presence of

acids and bases, compounds of silicon with these elments are very esily hydrolyzed

under the same conditions.,

THE STABILIT O THE BOND BIMM SILICON AND OTHERL ?S

The Silicon-Carbon nd

Compounds containing the bond -S1-C- occupy a position intermediate between
I I
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organic and orgnmtallic compounds. The organosilicon compounds are very diverse,

oil the available experimental material on their behavior on heatilng and under the

action of chemical reagent. is still insufficient to establish general regularities

characterising the bond -di-C-.

The addition of an organic radical to silicon,, that is, the formation of the

bond -iCtakes place in various ways,, and depends on the nature of the starting

substances and the reaction conditions.

When certain silicon compounds react with organic substances# the formation of

the bond -Si-C- is hindered, and requires sewere conditions; other compounds form
I I

the same bond under very mild conditions. This my be illustrated by the following

ecasiples. The heating of silicon tetrachloride for several months at 15CPC with

such alkylating agents as (%h3 ,lg (Ch3 )2 Hg or (Ch,) 2 Zns does not lead to the for-

mnation of organosilicon compounds (Bibl*lO)9 With the chlorosilanes I3iCl mid

V2 SCl 2 8 however,, these reactions take place under mild conditions. Diphwny].ercuz7

forms organosilicon compounds with 31C1l4 only when heated in a sealed vessel to

3000 C (Bibl.ll).

The difficulty of the formation of new -4L-C- bonds increases with the number
I I

of organic radicals bound to the silicon atom (especially with aromtic radicals.

Attempts to prepare tatrearylailanes by the action of arylorganoingnesium com-

pounds on chiorosilanes were long unsuccessful, and this method was considered un-

suitable for this purpose (Bibl.12). Noweverg by raising the temperature to 140P.

it was finall1y possible to effect the replacent of all halogen atoms in halosil-

anes (Bibl*13) by aromatic radicals.

Under these conditions it was possible to obtain completely substituted organic
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derivatives of even the higher silanes, starting out from such halogen derivatives as

Si 2 C16 0 Si2Nr, Si 3 C 8 # or from the oxychiorides and ozybromides of silicon,

Si 2OC16 , Si 2OBr 6 , Si302 Brgp ae (Bibl.14).

The halogen atoms attached to the silicon atom also exert an influence on the

formation of organosilicon compounds from halosilanes. Thus, in the series Si?4 ,

SiCl 4 , SBr 4 the energy of the bond -.41. decreaues sharply from 143 kcal for the

bond -Si-F to 69 kcal. for the bond -Si-Br. For this reason the possibility of form-

ing the bond -Si-C-in a reaction becomes progressively easier from fluosilicate to

bromsilicate (Bibl.15)o

Bond -Si-C-. in organosilicon compounds is almost purely covalent; its energy of

I I

methylailane, hazamethydisilane, trimethylchlorosilane, and dimethyldichlorouilane,

and of cyclic organosiloxanes have shown that in the first two of these compounds

I I
the interatomic distances -Si-C- correspond, within the limits of experimental

I I

error, to the calculated sum of the covalent radii of the Si and C atoms*.

In the methylolorosilanes, this distance decreases as the number of chlorine

atom attached to the silicon atom increases (Bibl.16). We give below the inter-

I I
atomic distances -Si-C- in nthylsilanes and aethylchlorosilanes.

~The sam of the covalent radii of the Si and C &tons equals

1 17 -,771 - 1.941A
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IntefatOM4 c felAtlMIC
Thstaug6s. Distnces A

(CH3)4Si 1,92±0,03 (CH1,) SiCI 1,89±0,03
j(C'Hs),SiL.. 1,90±0,03 (CHs),~iI 1,83±0,03

1 1
The thermal stability of the -Si-C- bond is determined by the type and size of

the organic radical and of the other atoms or groups bound to the silicon atoms.

The tetra,-substituted silanes have exceptionally high thermal stability; thus,

according to certain data,, tetraisethylsilane begins to decompose only at 650-700 0C

(Bibl.17)o These temperatures are very high, and their authenticity appears very

doubtful* As we have succeeded in establishing, for polydimethylsiloxanea, the

CH34i- bond begins to break down at 300-3500 C.

Dolgovt s studies have shown that in the tetra-substituted silanes, the stabil-

ity of the -Si-C- bond to heating in an atmosphere of hydrogen increases on transi-

tion from aliphatic to aryl-substituted compounds. These studies showed that, as a

result of the long heating uf tetraethylsilane and hexaethyldisilane at 350-3600 C,

they decompose, with cleavage of 50% of the ethyl radicals, forming ethane* Under

the sa~me conditions, 15% of triethyiphenylsilane decomposes while tetraphenylsilane

remains unchanged, even at 4500C (Bibl.18).

I I
The chemical stability of the -3L.C- bond depends on the structure of the

I I

organic radical bound to the silicon atom, the molecular structure of the orgazao-

silicon compound as a Whole, and on the nature of the reagent involved. Under the

action of concentrated sulfuric acid on mthylethylpropylbenylsilane, only the

methyl radical is cleaved, and when it acts on tetra-substitutui alkylarylsilanes,
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the aryl radical is cleaved, while the alkyl radical is cleaved with greater diffi-

culty (Bibl.19),

The action of fuming sulfuric acid on aliphatic substituted esters of ortho-

I I
silicic under mild conditions does not lead to rupture of the -8i--C- bonds but its

I I
action on mixed alkyl-(aryl)-substituted esters under the same conditions lead. to

cleavage of the phenyl group. Chiorosulfonic acid cleaves the isobutyl radical from

methylisobutylbensylsilane, but in dibensyipropylethylsilane it does not cleave the

organic radicals but merely sulfonates the bensyl groups (Bibl.20).

Fuming 1101 on prolonged heating at 900C with an alkylphenylsilane cleaves the

pho~l radical. Dialkyl-and diaryldichiorosilane, as well as trialkyl-and triaryl-

I I
chiorosilanes, are loe sensitive to the action of fumning 1101; the bond -Si-C- in

I I
them is not ruptured even on heating with 1101 at 2000C (Bibl.21).

Under the action of nitric acid on pheyltriethylsilane, diphenyldiethylsilane,

I I
triphenylethylsilanep aid tetraphenyluilane, the bond -Si--C- is not broken, but the

aromatic nuclei are nitrated instead.

The action of chemical reagents on the aminophenlsilanes is interesting.

Under the action of acid and alkalies on p-aminopherylilaness they are decomposed,

I I
with rupture of the -Si-C- bond, and formation of aniline and hy'droxysilanes, while

I I
the m-aminophepluilanes are not decomposed on boiling with 1101 nor with alkali

solutions. The arinophenylsilanes are likewise brominated and acetylated without

I I
breaking the -Si-C- bond (Bibl.22).

I I
When bromine acts on tetraarylsilanes at high temperatures, there my be not

I I
only bromination of the aromatic nuclei but also rupture of the -S--bond.* This
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is observed, for instance, when bromine acts on tetraphenylsilane:

(CeH&)4Si - Br2  :41 (CI,6)sSiBr + C4 H&Br

Under the action of halogens on aliphatic tetra-substituted silanes, the

organic groups are not cleaved (Bibl.23).

The bond between silicon and carbon is relatively stable to the action of

alkalies. They are able to break it only under very severe conditions. Thus, for

example, the methyl groups in hexamethyldisiloxane, in polydimethylsiloxanes, and in

polymethylsiloxanes are cleaved only on treatment of the compounds with aqueous

alkalies in an autoclave under pressure, and at temperatures of 2000 C or over (Bibl.

25). In this case methane and sodium silicate are formed. The cyclic tr-and

tetraorganosiloxanes undergo similar cleavage. Ladenburg has shown that the organo-

hydroxysilanes cleave the organic radical when boiled with alkali (Bibl.24).

Concentrated alkalies at high tmperatures, in the presence of solvents con-

taining hydro71, decompose hucamethyldisiloxane, liberating methane, while in the

presence of solvents not containing hydroxl, the siloxane bonds themselves are

ruptured.

The introduction of a halogen atom into aliphatic radicals bound to a silicon

I I
atom sharply modifies the properties of the -Si-C- bond (Bibl.26).I I

The influence of the position of the halogen atom (with. respet to the sili ;on

I I
atom) in the organic radical on the strength of the -Si-C- bond under the action ofI I

various chemical reagents has been studied in a number of works. It has been estab-

lished that chloromethltrichlorosilans with chlorametiyl group containing less

I I
than three atoms of chlorine resist hydrolysis at the -1-C- bonds by an acidI I

catalysts but are cleaved by an alkali, or by KCN or Na CN solutions. Hydrolysis
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becomes easier with increasing degree of chlorination of the methyl group. Thus,

the trichloromethyltrichlorosilanes are easily hydrolyzed by water according to the

following formula:

CISCSiCJ, + 2HOH SiO + HCI + HCCI.,

This reaction has been used to establish the structure of various chloromethyl-

chlorosilanes. Thus, for example, when methyldi(chloromethyl)chlorosilane.,

SCH 2Cl
CH3S-Cl , is treated with hot alkali, methyl chloride is formed, but when hot

NC2 l /CHCI

alkali acts on dimethyldichloromethylchlorosilane, (CH)2Si , methylene chlor-

ide is formed instead.

a-chloroethyltrimethylsilane, (CH3)9iCHCICH 3 , according to Ushakov and

Itenberg (Bibl.27), is decomposed only with great difficulty by alcoholic alkali;

thus, trimethylvinylsilane is formed only after 9 hours heating at 1450 in a sealed

tube.

0-chloroethyltrimethylsilane, (CH3 )3 SiCH2CH2Cl, is easily hydrolyzed by 1.5 N

aqueous alkali (Bibl.28).

The reaction of cleavage of the halogen atom bound to the p-carbon atom was

I I
accompanied by rupture of the -SIC- bond regardless of the nature of the chemicalI I

reagent used for cleavage of the halogen. The only difference observed was in the

I I
velocity of rupture of the -Bi-.- bond. The reaction proceeded according to theI I
formula:

CIC1., -- ;tI.t-Si(C-I I,, + 2H2 ) -() (C.H&)gSi(OIi). + 2HCI + C4.I4
' ,1

The reaction of 0 -chloroethyldiethylchlorosilane, 0 -chloroethyldiethylfluoro-
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silane, and 0-chloroethltriethylsilane with the following substances was investi-

gatedt alcoholic alkalies, aqueous alkalies, potassium acetate in acetic acid,

mothyluagnesium bromide, aluminum chloride, silver nitrate in alcoholic solution

(Bibl.29). The ethylene liberated during the reaction was absorbed by bromine.

Table 2 gives data on the results of this study.

Table 2

Degree of Hydrolysis of -Chloroethylhalodisilanes,

Depending on the Reagent and the Temperature (in %

of the Theoretical Yield of Ethylene)

The following notation is used for compounds in the Table:

1 - 3-chloroethyldiethylfluorosilane;

2 - -chloroethyldiethylchlorosilane;

3 - P-chloroethyltriethylsilane

Compound Reagents Tanperature, Yield of Ethylene
°C in % of Theoretical

1 Water 20 30-40

2, 3 Water 20 _< 1

2 Water 100 35-45

1, 2 1.25 N NaOH 20 85-90

3 The Same 20 :_ 55

3 50% CHOH 100 5

3 1.25 N in 50 CH30H 100 < 5

1, 2, 3 CH OH 100 < 5

1 1.25 KOH in CH3OH 20 70-75

2 The Same 20 60-70

1 1.25 N CH3ONa in CH3OH 20 60-70

2 The Same 20 60-70

3 The Same 20 < 10
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Compound Reagents Toperature, Yield of Ethylene
°C in % of Theoretical

1, 2 Glacial CH3COOH 100 <10

1, 2 1.25 N CH3COOK in CHCOOH 100 30-50

1, 2 Dr7 Pyridine 100 <5

l, 3 0.2 N Ago 3 in CH3 oR 20 95-97

2 The Same 20 45

Experiments have shown that nucleophilic reagents easily rupture the S-C bond

in 0 -chloroethyldiethylfluorosilane and p -chloroethyldiethylchlorosilane.

0-chloroethyltriethylsilane is considerably ore stable, and it reacts, with

the breaking of the Si-O-bond, only under the action of a 1.25 NaOH solution and of

a 0.2 N solution of silver nitrate in methanol.

The Si-C bond in organosilicon compounds containing a halogen atom bound to the

y-carbon atom is destroyed by hydrolysis. In this case, cyclopropane may be formed

(Bibl.30):

(.i- CH,1I CII.
-1-112--12-i I-Si-C + /\
II H=C--CH2

CI 1,Cl~

The reaction depends to a considerable degree on the reagent and on the condi-

tions of cleavage of the product.

y -bromopropyltrimethylsilane (CH3 )3SiCH2 CH2CH2Br (I) and y -chloropropyltri-

chlorosilane Cl3SiCH2CH2CH2CI (II) were investigated.

W-bramopropyltriuethylsilane (product I) in the prt',ence of AlCl3 (1% of the

weight of product I) is decomposed with the liberation of cyclopropane (92% of

theoretical). The reaction is initiated spontaneously in 'iae cold. The mixture is

then heated to 70°C. The residue in the flask consists of trimethylbrowisilane.
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When product I is boiled 5 hours with an emoes of a 20% solution of KOH and

50% ethanol, cyclopropane is not liberateds but the halogen is completely split off.

When y -chloropropyltrichlorosilane (product II) reacts with a 30% solution of KOH in

absolute ethanol# cyolopropane (31%) is liberated. The reaction begins at room

temperature, but for completion it requires addition of aqueous alkali and heating

of the mixture to boiling.

Under the action of AlC13 on II, cyolopropane is not liberated. The reaction

product has a higher boiling point than the initial product, and consists of a mix-

ture of uninvestigated substance.

The mechanism of the fomation of cyclopropane on the hydrolysis of organosili-

con compounds containing halogens bound to the y-carbon atom depends on the reagent;

thus, on hydrolysis by water, the nuoleophilic agent (hydrcmcl) attacks the silicon

atomt

H--( + -- i--(.t-,-CH,-CHX-HO...Ili...CHr--CI'r-CH,...X"----

/CH
----- KO---t+ H,C I + X-I ' C H ,

The replacement of the halogen atoms by methyl groups leads to a lowering of

the electrophilic activity of the silicon atom, and the cleavage reaction does not

take place. Under the action of aluminum chloride# which is a more powerful

electrophilic agent than silicon# ionisation takes place at the C- bond, and the

comple (AlX4 ] is formed:

I .+
i-CH,-C,-CHX + AIX, - P- -Si-CH-CHr-CH2 +" AIX,)- -I I

-Si + HC-CH. + AIX4 - ---. -ix - H2C-CH2 + AIXt

Cl-I CH,

The presence of a triple bond in the radical attached to the silicon, as shown
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by Vol'nov and Rutt in their study of phenylvinyltriethoxysilanes so strongly re-

I I
duces the strength of the -Si-C- bond that the action of water is enough to ruptureI I

it (Bibl.31). In this case the following reaction occurs:

C.HsC-CSI(OC2Hs), + 2HO -- " 3C2HsOH + CsHsC-CH + SIO,

On treatment of compounds containing the allyl radical, CH2 - CH-CH2 Si(OC2 H5) 3

with water, dilute acids or dilute alkalies, no cleavage of the organic radical was

observed (Bibl.32).

In silicon compounds containing the vinyl radical, for instance CH2 - CH-Si-

I I
(OR) 3 , the -81-C- bond is likewise not destroyed by water, dilute acids nor diluteI I

alkalies.

As will be seen from these examples, the stability of the Si-C bond is affected

by the presence of triple bonds or a halogen in the organic radical, and by their

position with respect to the silicon atom, but the introduction, for instance, of

halogens into the aromatic radical does not weaken the SiC bond. Thus the experi-

mental material available on this subject is still inadequate for establishing defi-

nite regularities characterising the influence of the composition and structure of

I I
the substituent on the strength of the -Si-C- bond.I I

Dichlorophenyltrichlorosilane and trichlorophenyltrichlorosilane are substan-

I [
aes of exceptional chmical stability; the -i-- bond in them and in the polymersI I

based on them cannot be broken by the action of dilute alkali, sulfuric or nitric

acid.

I i
The resistance of the -Si-C- bond in organosilicon compound to the action of

I I
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oxygen has not been studied sufficiently. The available observations relate mainly

I I
to the action of oxygen on polymeric organosilicon compounds containing both -Si-C-I I

I I
and -Si-O-Si- bonds in the same molecule. Polymeric organosilicon compounds (poly-I I

organosiloxanes) have higher resistance to the action of heat and oxygen than purely

I I
organic compounds containing the -C-C- bond, although, as shown above, the valuesI I

I I II
for the bond energy of -Si-C- and -C-C- are close Logether. Thus, for erample, theI I II

aliphatic hydrocarbons (paraffin) on heating in a current of air, begin to oxidize,

II
with rupture of the -C-C- bonds, at temperatures somewhat higher than lO0C. TheI I

polymeric organic compounds, polystyrene, polyethylene, polyisobutylene, etc., have

a high sensitivity to the action of oxygen at temperatures over 100°C. This is con-

firmed by the fact that they age under the conditions of practical use in industry

at temperatures over 1200C. The polyorganosiloxanes, as is commonly known, begin to

oxidize only at 180-2000 C. In this connection it is important to explain the causes

I I
of the higher stability of organosilicon polymeric compounds containing -8T
bonds.

I I
On rupture of the -Si-C- bonds, the products of the oxidation of the organic

I I

radicals are alddydes, acids, etc. These oxidative processes may be represented

schmatically as follows (Bibl.33):

R .
4002

n-M l ; d
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The explanation for the thermal stability of the polyorganosiloxanes must be sought

in the difference between the oxidation products of silicon and carbon. It is well

known that silicon, in contrast to carbon, does not yield gaseous cxidation pro-

ducts, but, on oxidation, forms polymeric substances of the type (Si 2 0)nO The ther-

mal stability of polymeric organosilicon substances under the action of oxygen is

due to the exceptional stability of the siloxane bond in the main chain of the mole-

cule, and to the appearance of an additional siloxane bond in the place formerly

occupied by an organic radical that has been oxidized. In this case an increase in

total molecular weight is observed, in contrast to the behavior of organic polymers,

which, on oxidation, as a result of the breaking of the carbon chain, form volatile

products, with a decrease in the total molecular weight of the polymer. This cir-

cumstance, in our opinion, is what determines the exceptional stability of polymeric

organosilicon compounds (polyorganosilxane) by comparison with organic compounds.

I I
The thermal and oxidative processes affecting the -Si-C- bond lead only to a re-I I

arrangement, but not the destruction of the chain of polyorganosiloxanes, while

thermal degradation and oxidative processes in organic polymers are accompanied by

I I
rupture of the -C-C- bond in the molecular chains and the side groups, with the for-

I I

mation of gaseous products.

The liberation of volatile products, formed owing to the oxidation of the frag-

ments of the molecular chains and side groups in organic polymers, encourages the

increased access of oxygen to the still intact chains of the molecules, and, as a

rule, these processes take place at an ever increasing velocity. In polyorgano-

silcmanes, under the same conditions, what happens is, for the most part, rupture

I I
of the -Si-C- bond, accompanied by cleavage of the organic radicals in the form of

I I

oxidation products (aldehydes, acids, etc.). The chains themselves are not destroy-
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ed in this case. The detachment of the organic radicals is accompanied by the for-

mation of oxygen bridges between the chains of the polyorganosiloxane molecules,

limiting the access of oxygen to the unaffected organic radicals, as a result of

which further oxidation is retarded. The detachment of organic radicals on heating

and the action of oxygen takes place more easily in polyorganosiloxanes containing

aliphatic radicals. The polyorganosiloxanes containing aromatic radicals or mixed

aromatic-aliphatic radicals are oxidized with greater difficulty by oxygen, owing to

the greater stability toward oxidation of the phenyl radical, and to the formation,

during the oxidation process, of antioxidants (phenols) which reduce the effective-

I I
ness of the action of oxygen on the -Si.- bond.I I

I I
The possibility of the existence of a multiple bond -Si-C- is disputed at the

present time, in spite of Schlenkts statement that he had prepared the compound

(C6 H5)2 Si-CH2 . In later studies, products of this type were not obtained. In those

I I
cases where one might expect the formation of compounds with the multiple bond Si-C

I I

(the reaction of methylene chloride with a silicon-copper alloy), the cyclical com-

pound (Cl 2 SiCH2 )n or the open-chain compound Cl3 SICH2 SiCl 3 was obtained; on the re-

action between dichlorethane and an alloy or mixture of silicon and copper, hexa-

chloroethylenedisilane, C13 SiCH2 CH2 SiCl 3 , was obtained.

Certain reactions connected with the cleavage of an organic radical are regard-

ed as a stepwise process, in which the siliconium ion(Bibl.35), which is said to be

formed as an intermediate product, plays a great role. This explanation of the

mechanim of the reaction has been advanced without direct proof and is based mainly

on the fact that silicon, as an element of more electropos, :i9e character than car-

bon, should form a positive siliconium ion more readily than carbon forms the car-

bonium ion.

From this point of view, the hydrolysis of p-oxypropyltrimethylsilane should be
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represented as follows:

+
OH HOH

(CH3)-Si-CI 2C-- H-C 3 + H . (CH3)jSi-C~rgCH-CH
+ +(CH 3)Si-C-CI 2,-CH 3 +HtO (CK,)aSi + CHI-CH-CHS +HO _

± (CH3)3 SiO1I + CH 2=CH-CHS + H+

The fotation of -onium compounds is accelerated when the acidity of the medium

is increased or when electron-donor groups are introduced into the aromatic radical*

For example, for triphenyJfluoromethane, for which the formation of carbonuimn ions

has been demonstrated, the introduction of methyl groups into the aromatic nucleus

in the par-position accelerates the process of hydrolysis:

C11., C11,

C F

it- F H-- )-- . r -"

H 9H
Hydrolysis is slowed with increasing pH.

The opposite relationship has been established for triphe~lfluorosilane. The

introduction of methyl groups into the aromatic nucleus in the para position retards

hydrolysis by a factor of about 5, while, on increase of the pH. there is a sharp

acceleration (by 106 times) of hydrolysis. Thus the experimental data lead to doubt

with respect to the possibility of formation of siliconium ions during the process

of hydrolysis. It is more probable that the intermediate products in hydrolysis are

compounds of penta-covalent silicon, of the type

c'1tII + I., .

"'0-Si-[
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which then cleave according to the reaction:

[I.OSi(Ce-1a)sF - -- -" 112OSi(C6ei!)3 + 1"- -.- HO-Si(C.I15)3 + H1+ + t"

Such a mechanism is in complete agrement with the experimental data, and explains

why hydrolysis is accelerated in an acid medium.

The Silicon-xyxen Bond (Silxane Bond)

Most known organosilicon polymers are constructed of silzane chains

I I I
.. ,-i-O-Bi--i-..., in which the silicon atoms are also bound to organic radi-i i I

cals. The thermal stability of the silicon- gen bond is very high. Quarts melts

at about 18000C, but heating it to tmperatures below the melting point causes no

I I
perceptible destruction of the bonds -Bi-O-Si-. In the organoilicon polymeric comb-

I I
pounds (polyorganosilecanes), the thermal stability of the silacane bond is con-

siderably lower than in quartz and the silicates, and depend on the number of

organic radicals attached to the silicon atom. With increasing number of organic

radicals attached to the silicon atom, the thermal stability of the silomane bond

decreases. The structure of the molecules of polyorganosilcoanes, (cyclic or

I I
linear) likewise exerts an influence on the therml stability of the -Si-O-S1- bond.

I I

A study of the thermal stability of polydiaethylsilanes of the structure

HO-I[(CH3 )2 Si0]-Bi(CH3 ) 20H shows that on heating them to 40°0 C, without access of

air, they are decomposed with formation of low-molecular cyclic polymers ((CH 3 )2

SiOJn, where n - 3, 49 5, 6 or more. On such thermal treatment, about 44% of the

trimer, 24% of the tetrimer, 9% of the pentamer, 10% of the huemr, and about 18%

of compounds more highly polymerized than the humer, are formed. It is charac-

teristic that the content of methyl groups in the starting polymer and in the pro-

duct obtained from it remained unchanged. The structure of the polymer is modified
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by the breaking of some siloxane bonds and the formation of new ones (Bibl.36).

Under the action of concentrated sulfuric acid, the reverse process of trans-

formation of cyclical polymers into linear polymers is also possible. The polydi-

ethylsilcanes undergo such a rearrangement with greater difficulty than the polydi-

methylsiloxanes. The polymonomethylsilcanes, polymonoethylsiloxanes, and poly-

monophenlsiloxanes do not undergo such a rearrangement, with cleavage of the

I I
-Si-O-i- bond under the action of high temperatures and concentrated sulfuric acideI I

The silzane bonds in quartz are very stable to the action of chemical re-

agents, and are ruptured only under the action of hydrochloric acid and strong

alkalies. Sulfuric, nitric, and other acids have no action on then.

The attachment of organic radicals to the silicon atom rarely modifies the

chemical properties of the siloxane bonds.

Fluorine compounds are most energetic in destroying the siloxane bond in the

polyorganosiloxanes. Under the action of azuonium fluoride in the presence of sul-

I I
furic acid on huamethydisiloxane, the -Si- i8- bond is broken, and trimethyl-

I I
fluorosilane in formed. The reaction takes place under mild conditions.

Under the action of sulfuric acid on the polyorganosilcxane, the siloxane bond

may be not only rearranged but also destroyed. If we act on heamethyldisilxane

with 20% oleum, then hecamethlenedisilane sulfate is formed by the reaction:

(CHs),Si-- ) -Si(Ci- I 12S 4  __ (CH3)3 S,-0-WO -()--Si(UL I:,13 -t H.-O

The silaxane bond may also be destroyed by the action of ammonium chloride in

concentrated sulfuric acid on hecaethyldisilxane (Bibl.28):

2NH4CI -i j(CLi.j),SiJ2O 4- H2SO4  2(C.H5)3SiCI + (Ni I,)2S, + Ito

Diethylchlorosilane cannot be prepared by this method. When phosphorus tri-
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bromide acts in the presence of ferric chloride on hexamethyldisiloxane, the

I I
-Si-O-Si- bond is broken and trimethylchlorosilane is fomed. When concentrated

I I

sulfuric acid acts on cyclic polydimethylsiloxanes in the presence of disiloxanes or

without them, these cyclic compounds can be converted into linear ones. In this

case, the siloxane bond in the cyclic polymer is broken under the action of sulfuric

acid, according to the equation (Bibl.37)t

H SO
((CHs)*SiOJx + [(CHs)sSiJ 2O -- (CHs),SiOI(CHs)2SiO3--Si(CHs)s

A study of equilibrium systems of cyclic and linear polymethylsiloxanes, es-

pecially after their treatment with sulfuric acid, shows the absence of cyclic

trimers (Bibl.38). This would argue for the presence of high stresses in the

six-membered ring built up of silicon and oxygen atoms. According to data of

Andrianov and Skipetrov, the valence angle -Si-O-S- in polyethylsiloxanes is 1680;

in polymethylsiloxanes, according to the determinations of Sauer and Mead, this

angle is 160 - 150 . Consequently in the six-maebered ring, in which the value of

the angles amounts to almost 1090281, greater stresses arise. In cyclic hydrocar-

bons the production of high stresses in the ring is possible, owing to the interfer-

ence of the substituent groups or atom of hydrogen. In the case of polyorgano-

siloxane rings, the substituent groups are further apart, and there is practically

no interaction between them; the high sensitivity of cyclical polyorganosilicanes

to the action of even small quantities of sulfuric acid is consequently explained by

the stress of the siloxane bond in them. The siloxane bond in linear polyalkyl-

siloxanes is considerably more resistant to the action of sulfuric acid.

The Silicon-Silicon Bond

In contrast to organic compounds, the organic and inorganic silicon compounds
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I I
containing the bond -i-8i- have a greater tendency to thermal decomposition and

I I

chemical transformations under the action of alkalies and oxygen. The inorganic

halo-derivatives of di- and polysilanes begin to decompose when heated to a tempera-

ture a little over 2000 C. When chlorosilanes are prepared by the action of chlorine

on silicon at temperatures below 200P a large percentage of higher halo-silanes is

obtained, but with increasing temperature, their proportion, due to thermal decom-

position (Bibl.39), falls from 8.6% at 180-200°C to 4.0% at 3 0 Cc. The low stabil-

ity of the polysilane. should also explain the fact that no compounds with more than

14 silicon atoms in the molecule have been prepared.

Under the action of the oxygen of the air on the higher halosilanes, their oxi-

dation takes place. The reaction takes place even in the cold with such energy that

an explosion may occur. The higher chlorosilanes in this reaction pass over into

chlorosiloxanest

CIS-Si-Si-Cls + 0 .. CIS-Si-O--Si-Ca3

The fact that two electropositive silicon atoms are neighbors leads to the

breaking of the bond, for instance in the case of the halo-derivatives of the higher

silanes, even under the action of such alkylating agents as Grignardts reagent, or

of RK + Na. In this case completely substituted monosilanes are formed (Bibl.40,

41).

I I
In completely alkylated higher silanes, the -Si-Si- bond is considerably more

I I

stable, and is not broken under the action of either sodium or halogens.

The great accumulation of phenyl groups in polysilanes leads to an increase in

their stability. Thus, the polyphenylsilanes (for instance, tetrane) according to

data of Kipping, are very stable (Bibl.42).
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CaHs CeHs CH& CHn,

CH, sH CHs .

Kipping also states that dipropyldiphenylethyldisilane resists the action of an

alkali solution. Usually, however, the polysilanes are decomposed quantitatively

under the action of aqueous alkali. The reaction takes place with the liberation of

hydrogen.

1b + 2H()- -b -i-Ol 1+ 112I I

The qualitative decomposition of polysilanes at the -Si-Si- bonds under the action

of moist piperidine takes place still more readily.

I I
The elevated stability of the -Si-Si- bond in polyorganosilanes is probably dueI I

to steric hindrance. In this case, various organic radicals attached to the silicon

I I
atoms may have a different effect on the stability of the -Si-Si- bond. It is notI I

very probable, however, that any combination of substituents could stabilize the

I I
molecular chains containing i-Si- bonds (Bibl.43) to such an extent as to mks

these compounds thermally and chemically as stable as the polyorganosiloxanes.

The 31licon-Haloxen Bond

A silicon compounds, inorganic and organic alike, containing the -Si-X bond,I

have a pronounced halo-anhydride character, which becomes more intense as we pass

from iodine to bromine, chlorine and fluorine. In contrast to carbon, silicon has

an elevated power to form compounds with electronegative elements, and this is pro-

nounced in its reactions with halogens. Many inorganic compounds, for instance
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those like silicon tetrachloride and silicon tetrafluoride, are more than 70% ioniz-

ed with respect to the -Si-X bond. For the halo-derivatives of silicon which also

contain organic radicals in the molecule, we have still no data on the degree of

ionization of the -Si-X bond. Silicon compounds with such bonds have an exception-

ally high thermal stability, especially the tetrahalosilanes and arylhalosilanes.

Thus, phenltrichlorosilane withstands heating to over 40OPC without decomposition;

tetrachlorosilane even to over 60oC. Such alkylhalosilanes as dimethyldichloro-

silane, ethyltrichlorosilane and diethyldichlorosilane, however, are less stable at

elevated temperatures and are markedly dissociated at temperatures as low as about

30OC. The fluorides are an eception. According to the available data, they have

a high stability at elevated temperatures. Thus, trinethylfluorosilane decomposes

II
at 6000 C. The characteristic difference between the -Si-X bond and the -0-X bond

I I

consists also in the fact that the halo-derivatives of silicon, of such series as

SX±4, HSX3, H14%2, 11381X9 R3, R2SX and R3SiX (where R is an organic radical),

do not react with magnesium (Bibl.44). Only the iodides dissolve magnesium and

zinc; but the reaction with iodides have not yet been studied (Bibl.45). The resis-

I
tance of the -8i-X bond to hydrolysis is aceptionally low, and in this respect this

bond differs sharply from the -0-1 bond. All the silicon compounds containing the

-S". bond, whether inorganic or organic, react readily with water. In this case

I I
the -Si-I bond is hydrolyzed and the -Gi-Ol bond is fcrn:d. The introduction of

I I
organic radicals into the molecule somewhat increases the hydrolytic stability of

I
the -Si-1 bond, but even in this case it still remains exceptionally sensitive to
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water for the iodine, bromine, and chlorine derivatives. Even such compounds in

which one atom of silicon is bound to two or three organic radicals are readily

hydrolyzed quantitatively by cold water, regardless of the number and size of the

organic radicals.

The number and size of the organic radicals have an influence only on the rate

of hydrolysis. The rate of hydrolysis is slowed with increasing number of radicals

bound to silicon, and with increasing size of the radical. This is particularly

marked in the organofluorosilicon compounds. While the alkyl-and aryltrifluorosil-

anes are hydrolyzed instantaneously, the dialkyl-and diaryldifluorosilanes are

hydrolyzed considerably more slowly by water.

The trialkyl-and triarylfluorosilanes are even more stable against hydrolysis;

they can be distilled in air without appreciable decomposition, with no protection

from moisture, and for their total hydrolysis they must be heated with alkali (Bibl.

1
46). The -Si-F bond in trialkyfluorosilanes has a lowered activity to the action

I

of other chemical reagents as well; the fluorine in such compounds is not replaced

by a radical by the aid of organomagnesium compounds.

I
Compounds with the -S-Z bond react easily with all compounds containingI

hydroxyl, forming esters. Trimethylehlorosilane reacts with strong sulfuric acid.

I
In this case the -Si-Cl bond is broken, and hexamethyldisilane sulfate is formed:I

2CIl') 3Si(:l 4- I I.SO, - 211CI - (CI.1) 3 SiO-S-.'-OSi(Cll3)3

The Silicon-Nitroen Bond

A large number of silicon compounds containing the Si-N bond are known, among

NH2 NH2
them aminosilanes of type Si(NH2 )4, polyaminosiloxanes -31-O -, substitutedI !

NH2 NH2
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aninosilanes of the type Si(NHR) 4 , or poly-(organo)-aminosilanes -Si- H-Si-, and so
a a

one

They are all thermally stable compounds. All of them, however, are unstable to

water and aqueous solutions, solutions of acids and alkalies, and the Si-N bond is

broken in such reactions. The inorganic compounds of silicon and nitrogen withstand

heating to high temperatures. Thus when metallic silicon is roasted in a stream of

nitrogen at 13000C, a mixture of the following silicon nitrides is formed: Si 3 N4,

Si2N3 , SiN. Under the action of water, these compounds are decomposed, with libera-

tion of amaonia and silicon dioxidet

SisN,- + 61O ---120 3SiOt + 4NH3

Alkalies also decompose silicon nitrides. The organosilicon nitrogen contain-

ing compounds are easily hydrolyzed by water, rupturing the -81-N bond. The rate of

hydrolysis depends on the size of the organic radical bound to the nitrogen.

Tetra-substituted compounds of the type (RN)OSi are more readily hydrolyzed

than poly- (organo)-aminosilanes.

Aminodiilanes can be obtained according to the reactions:

2(CH 3)ISiCI + 3NH, .- .. (CI- 3)3SNI ISi(CII 3)3 I- 2NI-ICI
(CI4 3)3SICI + 2NI(C 21,) .- .... (CH 3 )3SiN(C21-I,)- + (C2H,) 2NH.HCI

CH3
I

2(CI-I3)sSiNI-IC1., 1 (CH,)3SiCI I(ClI 3),SiJ2 NCI3+ tCIi3).,SiNH.HCI

They are easily hydrolyzed in the presence of solvents.

I
The -Si-N bond in compounds of the type (CH30)xSi(NCO)..x is more resistant toI

the action of water than in the aminodisilanes.
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The Bond between Silicon and the Okyxon of the Ether Group

I I
The ether bond in esters of orthosilicic acid Si(OR) 4 , and especially in

substituted esters of orthosilicic acids V 1 i(OR)4_x, are slowly hydrolyzed by dis-

tilled water. This reaction is strongly accelerated in the presence of acids and

alkalies.

The size and structure of the organic radical R, and the number of OR groups

in the molecule, also affect the rate of hydrolysis of the esters and substituted

esters of orthosilicic acid.

The esters of orthosilic acid are more readily hydrolyzed than the correspond-

ing substituted esters of orthosilicic acid. An increase in the number of substitu-

tion groups Rt in the substituted esters of orthosilicic acid leads to a retardation

of the hydrolysis reaction; thus alkyl- and aryltriethoxysilanes are hydrolyzed more

readily than dialkyl- and diaryldiethozsilanes, while the latter in turn are more

easily hydrolyzed than trialkyl- and triarylethoxysilanes.

Diphenyldiphenoxsilane is ver7 stable to the action of water and to a 5%

al2cali solution. Compounds whose organic radical contains a halogen are more sensi-

tive to the action of water. Thus, tetra-A-chlorothx7silane is more easily hydro-

lyzed than the ethyl ester of orthosilicic acid. Di-tert-butyldiethazysilane is not

hydrolyzed by water, owing to steric hindrance due to the presence of tertiary butyl

groups in it.

The Si1icon-H droxen Bond

The formation of a bond between silicon and electropositive elements close to

it in the value of their electronegativity usually takes place with difficulty,

while the products formed, such as, for instance, the silicon hydrides, are

cheiically unstable.

The silicon-hydrogen bond is not strong and is easily split not only by oxygen

or halogens, but even by water in the presence of hydroxyl ions:
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I. IS6i-fi + H20. - 1- ) + I I;,

For the reaction to occur# the presence of the traces of alkali extracted from

the glass apparatus is sufficient. The hydrogen of silane can be replaced by chlor-

ine even under the action of H01, with the formation of the corresponding halo-

derivative.

INFWNCI OF THE SILICON ATCO ON THE BEHAVIOR OF GIPS AND ATCHS

COMNNCTU WITH IT THIWXJH OTHER ATO)B

The silicon atom can increase or decrease the activity of organic functional

groups linked with it through other atoms.

The silicon atom makes a chlorine atom attached to the 0-carbon atom of an

organosilicon compound susceptible to hydrolysis in the cold under the action of

aqueous alkali. Thus, 0-chloroethyltrichlorosilane reacts with an alkali in the

following way:

CICII-CH.IiC'KI 3 -- 4NaOI I . . .. 1 (II1 + Si(OI1% ) . 4N.01t

The chlorine attached to the y-carbon atom is quantitatively cleaved under the

action of an alcoholic solution of KOH.

On treatment with alkali, compounds containing chlorine attached to the

c-carbon atom do not cleave the chlorine. The reaction proceeds according to the

fomaela:

(A-l'130' IVA SiCI.; : X;10 I - --- CI I.,CI ICISi(ofI 1), + -W,aci

Thus, according to their capacity for cleavage of Cl atom, the organosilicon com-

pounds containing chlorine in the organic radical may be arranged in the following

series:
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On the chlorination of ethyltrichlorosilane, the chlorine goes mainly to the

P-position, in spite of the fact that the methylene group is usually more reactive

than the methyl group. Apparently the hydrogen atom, like the halogen atoms, in an

organosilicon compound, are more firmly bound to the a-carbon atom than to the

3-atom.

The silicon atom reduces the tendency of an adjacent multiple bond to partici-

pate in addition and polymerization reactions. Thus, Vol t nov and Reut (Bibl.32)

found that an alkyvinyltriethoxysilane adds bromine incompletely at its triple bond.

It is well known that unsaturated alkylenetrichlorosilanes are easily distilled

without polymerization. The retarding influence of the silicon atom on polymeriza-

tion becomes ineffective if two unsaturated groups add to a single silicon atom;

thus, for example, dialkylenedichlorosilanes, in contrast to alkylenetrichlorosil-

anes, do polymerize on distillation.

PRINCIPLES OF THE CLASSIFICATION AND NCHENCLATURE OF OWANO-

SILICON COMPOUNDS

As the chemistry of organosilicon compounds developed, repeated attempts were

made to formulate a rational classification and nomenclature of these compounds.

Even today, however, there is still no single classification and nomenclature estab-

lished and recognized by all.

Kipping in 1905 (Bibl.47), and Martin (Bibl.48) in 1913, proposed a nomencla-

ture of organosilicon compounds, but it was not widely adopted. Stock (Bibl.49) in

1916 published a nomenclature that was more widely adopted. But the attmpts in

this direction still continued. In 1944 Sauer (Bibl.50) proposed a nomenclature of

organosilicon compounds. Subsequently, the recommendations of an American committee

to develop a rational nomenclature of these compounds were published (Bibl.51, 52).

In 1950, A.P.Kreshkov (Bibl.53) proposed a nomenclature which likewise has

still not been widely adopted.

By organosilicon compounds we mean any compound of silicon containing carbon,
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in contrast to the rule adopted in element-organic chemistry, where element-organic

compounds are usually taken to mean only such compounds in which the carbon is

necessarily attached to an atom of the element involved. In collaboration with A.V.

Topchiyev, I attempted, taking into account the experience of both of us, to con-

struct a classification and nomenclature of organosilicon compounds (Bibl.54, 55),

and I shall adhere to it in the present book.

The classification of organosilicon compounds which I shall use is constructed

on the basis of the following nomenclature. All organosilicon compounds are divided

into two groups:

1. Iw-molecular organosilicon compounds.

2. High-molecular organosilicon compounds.

Low-Molecular Orzanosilicon Couounds

The name of the low-molecular organosilicon compounds is based on the name of

the first member of the series of the simplest compounds of one class or another.

The silicon hydrides are taken as the starting substances in the classification,

while all the remaining representative of this class are considered as their deriva-

tives, that is, as compounds arising from the replacement of one, two, three, or

four hydrogen atom in such silicon hydrides by organic radicals, organic atom

groups, or by other atoms.

The Silicon Hydrides (Silanes)

The silicon hydrides are the class of inorganic silicon compounds in whose

molecule the silicon atoms are bound to each other and to hydrogen atoms. The

general formila of the saturated silicon hydrides is SinH 2 e The simplest repre-

sentative of this class, SiHj, is called silane, its homologs HSi-SiH3 , disilane;

HSi-iH2 4iH,, trisilane; H i-4iHZ=SiH2 -SiH3 , tetrasilane, and so on.

Thus the silicon hydrides form a homologous series in which each succeeding

member differs from the preceding aember by one SiH2 group.
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When one or more hydrogen -tome in the homologous series of silicon hydrides

are replaced by radicals or organic groups8 and the hydrogen is simultaneously re-

placed by functional groups (for instance, X-halogen), the corresponding homologous

series of organosilicon compounds are formed.

The following may be, for ecmples such radicals and atomic groups:

Radicals Atomic Groups

Methyl CH3- Acetyl CH3CO-

Ethyl C2H5- Popionyl CH3 CH2 c0-

Vinyl CH2 - CH- Bensoyl C6 H5CO-

Ethynyl CHC.- Methoxy CH3 0-

Phenyl C5 6 - Phenoxy C6 H50-

Chlorophenyl ClC6 H4- Acetamido CH3CONB-

Naphthyl ClO,- Anilino C6 H5NH-

etc* etc*

The present state of the study of organosilicon substances corresponds to their

division into the following great classes:

Substituted Silanes

The compounds of this class are regarded as products of the substitution of one

or several atoms of hbydrogen in the simplest silicon hydride, SiH4 , by like or un-

like radicals.

If the silicon atom is attached to one radical, then the compound is called a

monosubstituted silane, if to two, three or four radicals, it is called a di-, tri-#

or tetra- substituted silane respetively.

Substituted silanes with unlike radicals attached to the silicon atom are

called ixed substituted silanes. The designation of the radicals is constructed

according to the rational nomenclature adopted in organic chadstry. The -Cs for

the substituted silanes are made up of a mmber and the name of the radicals,

followed by the termination osilanew.
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For instances

CH,-CH2 -CH2-CH-SiH3 butylsilans

C - iH3  tert-butylsilane

Cr

C CH-CH 2 SiH3 isobutylsilane

CH,

CkSill 2  metylethylsilan.

ClCH2 SiH3  chloromethylsilane

ClCH2 CH2 SiH3  0-chloroethylsilane

(CH3 )2 (C2 H5 )2 8i diethyldiethylsilane

Esatel of Orthosilicie Acid

These compounds are regarded as products of the replacement of hydrogen atoms

in Sil, by alkaxy or arylaxy groups.

The name of the estere is formed from the niumber and name of the organic atomic

groups and the termination usilaneo.

For instances

(H 30)4 5i tetrwmethoxyvilane

(CH30) 25i(OC2H5 )2  dimeth~diethWeilane

(CH,0)3SiOC6 H5  trIethyphewoysilane

bloesers of Ortbosiliciac Acid

The haloesters of orthosilicic acids are regarded as a product of substitution

of one, two, or three hydrogen atom in SiH4 by alkoxy- or arylazy groups with the

simultaneous subtitution of three, two, or one hydrogen atom in SiH4 by like or un-

like halogen atoms. The names of the haloesters are composed of the number and name
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of the organic groups, the number and name of the halogen atoms, and the termination

"silane".

For examples

(CH 0) SiC1 trimethoxychlorosilane

(CH30) (C2 H5 0)SiCl 2  methoxyethoxydichlorosilane

Substituted Eaters of Orthosilicic Acid

The substituted esters of orthosilicic acid are considered as products of the

substitution of one or several hydrogen atoms in SiH4 by like or unlike organic

radicals, with the simultaneous substitution of other hydrogen atoms attached to the

silicon by alkoxy or aryloxy groups. If the silicon atom is attached to one radical,

then such compounds are called monosubstituted esters of orthosilicic acid, if with

two radicals, disubstituted esters, etc.

The names of the substituted esters of orthosilicic acids are formed of the

number and names of the organic radicals, the number and names of the alkoxy or

aryloxy groups, and the termination "silane":

For example:

CH3 Si (0C2 H 5 )3 methyltriethoxysilane

(CH3 )2 Si (0C2 H 5)2 dimethyldiethoxysilane

CH3
/si (OC2 H5 )2  methylphen1diethoxysilane

C6 H5

CH i (0C4H9) 2  methl-4-chlorophenldiethcxysilane

ClC6H5

Si (OCH 2CH2CI)2 methyl- -chloroethyldi (-chlorethoxy) silane
ClCH2 CHj
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The Alkl-(Aryl-)-Halosilanes

The (alkyl)-halosilanes are regarded as the product of substitution of one,

two, or three hydrogen atoms in silicon hydridep SiH4, by organic radicals, with the

simultaneous substitution of three, two, or one atom of hydrogen respectively, in

the same silicon hydride, by halogen atoms. If the silicon atom is attached to one

radical, then such compounds are called monoalkyl-(monoaryl)-halosilanes, if to two

radicals, respectively dialkyl-(diaryl)-halosilanes, if with three radicals,

trialkyl-(triaryl)-halosilanes. The position of the substituent in the aromatic

radical is noted as follows:

The names of the alkyl-(aryl-)-halosilanes are formed from the number and name

of the organic radicals, the number and name of the halogens, and the termination

"silane".

For example:

C6H5SiCI 3  phenyltrichlorosilane

CH3

CIV I4'C12 methyl- (4-chlorophenyl)-dichlorosilane
ClCH2-CH2

9 iCl 2  e -chloroethyl-(3-chlorophenyl)-dichlorosilane

C1

Hydroxyl-Derivative Orianosilanes

The hydroxyl-derivative organosilanes are considered as products of the sub-

stitution of one, two, or three hydrogen atoms in the silicon hWride SiHj4 by
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organic radicals with the simultaneous substitution of three,, two or one hydrogen

atomsa by hydroxyl groups, If one, two, or three hydroxy groups are attached to the

silicon atoms we distinguish mono-$ di-, or trihydr-oxyl-derivative silanes. The

names of hydroxl-derivative organosilanes are formed of the number of bydroxyl

groups, called "hydroxy" the number and name of the organic radicals, andi the ter-

mination wsilane".

For example:

(C2H 5 )si (OH) 2  dihydrocydiethylsilane

CH3
Si (OH) 2  dioxymethyiphenylsilane

CAH

Ci<..4~-i (OH) 2  dihydzwcyethyl- (4-chloropheyl )-silane

C2H 5

C6H 5
CH,5Si (OH) hydro~cmthylethylphegylsilano
CAH

Alkyl-U(ryl )-hAinosilanes

Alkyl-(aryl)-aminosilanes are regarded as products of the substitution of one,,

two, or three hydrogen atom in silicon hydride SiH4 by organic radicals with the

simultaneous substitution of three, two, or one hydrogen atoms in the sane silicon

hydride by amino groups, substituted amino groups,, or by organic groups containing

the amino group.

Mono-, di- aixi trialkyl-(triaryl)-amino silanes are distinguished, depending on

the number of radicals in the molecule attached to the silicon atom. The names of

al~cyl-(aryl)-amino silanes are formed from the nmber and name of the amino groups

or substituted amino groups, the nmber and name of the organic radicals, and the

termination wsilane".
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For acamsple:

C3Si (NH2 )2 Diainomethylphenylsilane

C6 H /

(CH3 )3 SiNHcH3  methyJlaminotrimethylsilane

CH3 Si (NH0 6H5 )2 di-(phenylamino )-mthylethylsilane

C25

(CH3 )3 SiN1Bi(CH3 )3  homethylaminodisilane

Alk~iy- (Ary1ox)-Aminoilanes

Alkccxy-(arylox)-aininosilans are regarded as products of the substitution of

one, two, and three hydrogen atoms in SiH41 by alkoxy-(az7loxy)-groups with simul-

taneous substitution of threep two, or one hydrogen atom by amino groups or substi-

tuted amino groups.* The names of alkWx-(azyloxy)-amino vilanes are formed from the

nuber and names of the alkoxy- (arylox)-grOups# the nmber and name of the amino

groups or substituted amino groups,, and the termination wsilane.,

For ampet

COBN2  isopropoxydibutoxyaminosilane

(\Hj (-C49)35N 2  tr-trtbtoy)aio ae

CH3

C2 H50)2 Si (NHCH 3 )2 diethwcydi- (methylamiio )-silane

Alkrl-(A7l)-Aminohalosilanes

A3kyl-(aryl)-aminohalosilanes are regarded as products of substitution of one,

two, or three hydrogen atoms in Si.H4 by substituted amino groups with the slaultan-
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sous substitution of three, two, or one hydrogen atom, by halogens.

The names of alkyl-(aryl)-aminohalosilanes are formed from the number and name

of the substituted amino groups, the number and name of the halogens, and the ter-

mination "silane".

For example:

C2H NSiCl 3  diethylaminotrichlorosilane

C2H5

(C6 H5 NH) 2 SiCl 2  di- (phenylamino)-dichlorosilane

Alkyl- (Aryl)-iminosilanes

Alkyl-(aryl)-iminosilanes are regarded as products of the substitution of all

the hydrogen atoms in silicon hydride SiH4 by imino groups -NR, or of two hydrogen

atoms by an imino group with the simultaneous substitution of the remaining hydrogen

atoms by organic radicals, atom groups or other atoms. The names of these compounds

are formed from the number and name of the organic radicals or groups, the number

and name of the imino groups, and the termination Osilane".

For example:

(C2 H5 )2 S i N NCH3  methliminodiethylsilane

H5C6 N - Si = NC6 H5  di-(pheylimino)-silane

(C6 H5NH) 2Si NC6 H5  di-(phenylauino)-pheliminosilane

Silicon Isocyanates

Silicon isocyanates are regarded as products of the substitution of one, two,

three, or four hydrogen atoms in silicon hydride SiHl4 by the isocyanato group N-C-O,

and by the simultaneous substitution of three, two, or one hydrogen atom respec-

tively in the same silicon hydride by an organic radical, a group, or another atom.

The names of silicon isocyanates are made up of the number and name of the radicals,

the groups, or of the other atoms, the number of isocyanato groups and the teruina-
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tion "silane".

For ecample:

(CH3) 2Si(NCO) 2  dimethyldiisocyanatosilane

(C2H50)2Si(NCO)2 diethoxydii socyanatosilane

CH3 o\ / oC6H5
Si methoxy- (phenoxy)-4-chlorophenylisocyanatosilane

ClC6H4  NCO

CH3 O\ Aco
Si chloromethylmetoxy-4-chlorophenoxyisocyanato silane

ClC6 H4O CH2Cl

Silicon Isothiocyanates

Silicon isothiocyanates are regarded as products of the substitution of one,

two, three, or four hydrogen atoms in SiH4 by isothiocianato groups, and also by the

simultaneous substitution of three, two, or one hydrogen atom by organic radicals,

groups, or other atoms.

The names of silicon isothiocyanates are forued in the same way as the names of

isocyanates, but instead of the word "isocyanato w the word "isothiocyanato" is used.

For ecample:

(C2H5 )Si (NCS)3 ethyltriisothiocyanatosilane

C2 H5 0 NCS

Si ethoxyisobutoxy-4-chlorophenylisothiocyanato-

(CH3 )2 CHCH 2o \C 6 H4 Cl silane

Thioethers

The thioethers are regarded as products of the substitution of one, two, three,

or four hydrogen atoms in SiH4, by FS groups, together with the simultaneous substi-

tution of one, two, or three hydrogen atoms in the same silicon hydrides by organic
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radicals, atomic groups, or other atoms. The names of thioethers are formed from

the number and name of the thio groups, the number and name of the radicals, groups

or other atoms attached to the silicon, and the termination "silane".

For examplet

(C2 H58) 3SiC6 H5  tri-(ethylthio)-phenylsilane

(BrC6HOS) 4 Si tetra- (4-bromophenylthio)-silane

(CH3 )3 CS J2Si (C6 H 5)2 di- (t ert-butylthio )-diphenylsilane

Low Molecular Oranosiloxanes

On the condensation of organosilicon hydroxyl derivatives, compounds with mole-

I I
cules containing the siloxane groups -Si.,-O-S3. are formed.

I I
Compounds consisting of atoms of silicon and oxygen attached in succession to

each other, in which the silicon is also attached to organic radicals or groups, are

called organosiloxanes.

Compounds with a large number of organosiloxane groups are called polyorgano-

siloxanes.

Polyorganosiloxanes may be of linear or cyclic structure.

The names of low-molecular organosiloxanes are composed of the number indicat-

ing the position of the silicon atom in the chain or ring, the number and name of

the organic radicals or groups, the number of silicon atoms linked to each other

through oxygen, and the termination "siloxane".

For example:

CAH5  CH3  CAH5  CH3

c2 Si- I-- I- i- 1-C2, 4-diethyl-l, 2, 3, 4-tetra-

CH3  C6H5  CH3  C6H5  phenyl-l, 2, 3, 4-tetramethyl-

tetrasilxane

F-TS-9191/V 46



-c I
\/ CHi \

S 1, 3-dimethaxy-l. 2, 3-tri-(m-chlorophen-

'1:11, /\yl)-l, 2, 3-trimethyl-trisilozane

1 2

0I 1, C-H, disiloaw..

In the case of a branched chain of an orgaflosilicofl compound, the name (which

in formed according to the pattern above given) also contains the number of the

silicon atom attached to the side silcmane chain, the number andl name of the radi-

cals connected with the side silozane chain& and the word "9iloxano.,

For aamplet

Cii, CH;, CH. CHI.

cl i,- i-o ls--,., 1 4-hammthyl-2-mthyltriethylsilaxano-

CH 4 -CH ClIM 3-dimetkltetrasilcxane

The prefix Ocyclow is added to the name of cyclic organosiloxanes.

For eca=ple:

o hezamethyleyclotrisilwcane

SI(O(I-I

hrmaethazcyclotrisiloane
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CHl (:I-.

Si
/\

( 0

IO \-Sl--CH, lo 3t 4-hataethy1-2-methYltrimeth:r-
1) ) \CH. siloxanocyclotetrasiloxane

:~/

Si
/\,

CHs CII*6

Low-Molecular Aikyl- (Aryl)-Dolyorganosilanes

The names of compounds whose silicon atoms are linked with each other through

divalent radicals or groups are formed from the number and name of the radicals or

organic groups, the number and name of the divalent radical, the number of silicon

atoms, and the termination Osilanew.

For ecaplet

(: Ir, ' ; I:
II he=aethylethylenedisilane

, .Il:1 C I I.n CI I., Clii

I I II I( )-- -.S--4 :,II,--SI--+e4IQ--Si-- I 14 -Si-Ol
,, "2 1 14 1. 4-dlhywdv-l# 2- 3. 4-octyllet1yl-

' ' I: ' 'I ., .+FI, C'H,

triphenylenetetrasilane

Hish-olecular OrnanosAlicon Compounds

The preparation of high-molecular organosilicon compounds has become, during

the last two decades, the most important trend in the chmistry of organosilicon

compounds. For further successful development, and to facilitate research in this

field of chmistry, the material already accumulated must be systmtised, and a

nomenclature and classification of high-molecular organosilicon compounds must be

worked out. At the present time the names of the high-mlecular organosilicon com-

pounds are formed without any definite systen, and are very often arbitrary, and do
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not reflect the chemical structure.

A.V.Topchiyev, in collaboration with the present author, (Bibl.55) has proposed

basic principles of nomenclature and classification of high-molecular organosilicon

compounds. The nomenclature proposed by us is based on the structure of the main

chain of the macromolecule.

Polymeric silicon hydride, H-i- [4i] -Bi-H is taken as the starting substance

H LH _XH

for the classification, and all the other high-molecular organosilicon compounds are

regarded as its derivatives, that is, as substances formed by replacing hydrogen

atoms in it by organic radicals or groups. Compounds of certain classes are regard-

ed as products of the simultaneous substitution of the group St-Si by Sl-0-Si,

Si-I-i, (where R is a divalent radical), Si-NH-Si, etc.

The names of high-molecular organosilicon compounds are formed from the number

and name of the end groups; the number and name of the side radicals connected with

the silicon atom or with other atoms of an elementary unit in the molecular chain;

the number and name of the radicals or atomic groups entering into the chain of the

uaromlecule, and the termination seilaneR or wsilamnem. The presence of a large

mmber of repeating units in the chain is denoted by the prefix "polyN. For the nd

groups, their position with respect to the first and the last atoms 1 and n, is in-

dicated. The names of copolymers are formed by analogy.

From our point of view it is advisable to divide high-molecular organosilicon

compounds into the following classes.

Silano-chain Polymers. or Alkyl-(Arl)-Polysilanes

The silano-chain polymere are compounds with a chain consisting of silicon

atom alone. Substances of this class are regarded as products of the substitution
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HH

of the hydrogen atoms in polymeric silicon hydride M-Si- -81-H by organic radi-

H . H . xH

cals or organic groups. Their names are formed from the number and name of the end

groups, the prefix "poly", the number and name of the radicals or groups in the

elementary unit of the molecular chain, and the termination "silane".

For example:

C I I - '

CI 3 - - -S- -Si-- I 1,, n-hexamethylpolydimethylsilane
_ 1, - cu jC113 (:11 I :1

CI I ('171: CI 1:,

CI 1---Si- - Si- Si- ll: ,IH I i,'j ' n-hexmuetypolpeymet~ya5llane

1 polycyclophenylmethylsilane
(I.,

Carbosilano-Chain Polymers, or Orfanopolyalky.-(Polaryl )-Silanes

The carbosilano-chain polymers are compounds with a chain consisting of carbon

and silicon atoms.

Substance of this class are considered as products of substitution in polymeric

silicon hydride i- { -Si-H of hydrogen atoms by radicals or groups and the

H H x H

simultaneous substitution of the Si-Si group by the Si-R-Si group, where R is a di-

valent alkyl or aryl radical. Their names are formed from the number and name of

the end group, the prefix "poly", the number and name of the side radicals or groups

of an elementary unit of the molecular chain, the name of the divalent organic radi-
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eals entering into the chain of the sacr olecule, and the ending .silane".

For eannlet

(I11371, -haacethylpolyilznethyluethyl ene-

silan.(: I.,i_ C116 :x ;l

:1 I' ',  (4., lCIt 3  1, 1n-homaethylpolyiethylethylene-

CI I -- I--.I--Si- -
c:II I silane("1li ! ('2 l x (I .1

CH~I (1I67- CH3

S -L I , 1, n-hacnethylpolydinethylphnylene-

I I Q x I

osilano-Chain ol mrs, or Polo rgnosiclanes

Polyorganosilazanes are cmpounds whose macromolecules consist of a chain made

up of alternate atoms of ogmen and silicon.

Substances of this class are considered as products of the substitution of

hydrogen atom in polymeric silicon hydride Hi~--. i4-N by radicals or groups#

with sdaultaneeus subttutie of the Sl-i group by the -O4i gi roup. ?heir namee

are formed of the ner and us of the end goupe, the prefz kpcI30, the nber

and name of the redical and group attached to the silicon atam in an elinentar7

unit of the chain, the number of atoms of silicon in a unit of the chain, and the

termination usilazaneU,

For instanes

C -I 1i1 1;, 1, n-h thylpo$lyaiethylilzaneI I
-. ,4 CIH.,
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0 n-IH -(-S C INI. cI 1, 1 -ihWtthtyP1d~~1
I I I I

---Si - OI 1

11 0o~ polyoyclodirntlailamane

C)~-I-~( -1 polypbenyldlmx9Wydiailzan*

I y-.1- ~ 1 n-h aetboqpo1dinethyqsilmmen

( I XH (I JCHuJ.I )CIHs

Carbouilemamm-chai p1ymer ar's o.msod with a chain cnsisting of Sams of

carbons silica. and ougg

Bubotances afthi class~ an' considered as proiduots of the sbttiOn f

horo~gen atoims in poly~mric sico brdz'SA. af - . 1-H by organic radicals

o r grops with miitm~ssbttto f the M-14 growe W the 138-~
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group (where R is an organic divalent radical). Their names are composed of the

number and name of the end group, the prefix "poly*, the number and name of the side

radical and groups attached to the silicon in a unit of the chain, the name of the

divalent radical entering into the chain of the macrooleule, the number of sili-

cons atom in a unit of the chain, and the termination 'siloxanew.

For examplet

CHI CHI Ci-,' (.1ii 1p n-hexamethylpolytetramethyl-

CH 4 i- -CoHd-1j-O--- CH4Ai- phenylenedisiloXane
)ZH C H CHI

CH - C H, CH (CH,
CH,0 4i 1 ~ ~ -~ 1, n-hexamethoxypolytetramethyl-

&a .J &,x CHA I methylenedisiloxane

Netallxszilano-Chain Polymers, or Poloreanometallosilaxanes

etallozysilano-chain polyners are compounds with a chain consisting of atom

of divalent or polyvalent metals (magnesium, aluminum, chromium, lead, tin, etc.)#

xgmen and silicon.

The structure of the chain of the molecule may be expressed as follows:

R R R
-si---il-o.. M-.,)_t_

Compounds of this class are considered as products of the replacement of hydro-

gen atom in polyneric silicon hydride -i 81 B- by radicals or groups, and

H H.j x

a simultaneous substitution of the Si-Gi group by the -Si-O-*-046i- group. Their

names are formed from the names and number of the end groups, the prefix "poly",
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the number and name of the radicals or groups attached to the silicon or metals in

the unit of the polymer chain, the name of the metal in the chain of the macromole-

cule, and the termination "silxane".

For eaample:

C1 13-" :11 CI Is t]
C I i- I (1, n)-hecamethylpolyaluminoxy-

(:1 3-Si-- -(.--AI t)-Si,- -. 0- Al- -Si-CI 1

l. i  () t !d 1t dimethylsiloxane

()C21151s )C21 16--j QC.-, (1, n)-hecaethozyrpoly-

:. -( - -t)-,i .. '-A m ( -i-(H agnsiumaxydiethoxy-

0C~H5  (I siloxane

Metalloidosilano Chain Polymers

Metalloidosilano-chain polymers are compounds with molecular chains consisting

of atom of silicon and nitrogen, oxygen, or other metalloids, phosphorus, sulfur,

etc.

Compounds of this class are considered as products of the replacement of hydro-

gen atoms in polymeric silicon hydride H-Si- -i-H by rdicals or groupas, and

H [ H. xH

the simultaneous replacement of the Si-Si groups by Si-6-Si, Si-NH-Si, Si-O-6--Bi,

or by other groups.

The names of compounds of this class are formed frma the name and number of the

end groups, the prefix "poly, the number and name of the radicals and groups

attached to the silicon or metalloid atom in the unit of the polymer chain, and the

name of the atoms and metalloid groups of which the chain of the macrolecule is

composed.

For ucample:

F-TS-9191/V 54



(;lI u , - Is~
- Il ls1 n-hocaznethylpolydimaethylaminosilane

CHI1- NI -Si- I-NI I-Si-CII1:
II I

i CHI CHI

I -i 0 J-4 I 1, n-heamethlpolyphosphoroxydimethy..

6 3 H CII CHI,

(1, n)-hecamethylpoydimetiylpheny..
CI II-N--S-C1

cH~.I 13 aminosilane
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CHAPTER I

COMPOUNDS OF SILICON AND HYDROGEN

The Saturated Silanes

The structure of the saturated silanes, SinH2n,2, corresponds to the structure

of the hydrocarbons of the methane series, but the highest compound of the silane

series that workers have been able to investigate has been hexasilane, Si 6 HI4 . With

great difficulty molecules of polysilanes with as many as 14 silicon atoms were pre-

pared, but they could not be studied, owing to the very low stability of the sil-

anes, which decreases with increasing number of silicon atoms in the molecule. All

the known and studied saturated silanes are substances that easily ignite spon-

taneously in the air.

Of the saturated silanes, compounds from SiH4 to Si 6 HI4 have been studied.

Monosilane Sill4 has been prepared by electrolysis of a sodium chloride solution

(with an Al4Si 3 anode).

Disilane Si 2 H6 , trisilane Si 3 ffe, tetrasilane Si 4 HIO, pentasilane Si'H52 and

hezasilane Si6HI4 have been prepared (Bibl.2) by the action of mineral acids on

magnesium silicide Mg2Si and calcium silicide Ca2 Si.

Methods of Predaration

One of the simplest methods of preparing a mixture of silanes is the decomposi-

tion of metallic silicides by mineral acids. The silicides of metals are obtained

by high temperature roasting of amorphous or crystalline silicon or silicon dioxide,
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or of certain silicates, with salts of metals, mainly of the second group.

Many different methods of preparing silicides have been described, but those of

Kolbe, Kautskiy, as well as that of Stock and Somieskiy (Bibl.3) are of the greatest

interest.

Magnesium silicide is formed when a mixture of MgCl2, Na2SiF6, and NaCI is

heated to a bright red heat. The silicides so obtained are a black mass with a

grayish shade, in which leaflets and bright globules of black are distributed. From

a mixture of CaCl 2 , K2 SiF6 and NaCl, calcium silicide was prepared in dark blue cry-

stals in the form of shining plates, which in time grow dull in the air.

When a silicide is prepared by roasting a mixture of pure silicon dioxide and

magnesium, it has been found that if the ratio SiO2 :Mg exceeds 1 t 2, then decompo-

sition of the silicide so formed by acids does not liberate silanes, but only hydro-

gen. It was also found that on decomposition of magnesium silicide a substance of

the composition Si2H203 was formed as a solid insoluble precipitate. The silicides

of magnesium and calcium may have a different composition. The literature states

that the magnesium silicide Si2Mg5 prepared by Wohler consists of two silicides:

3 6i24 5 - 4 Mg3Si + K35i2

On decomposition of Mg3Si by HC, silicoaxzmonohydrate is formed and hydrogen is

evolved:

2MgSi + 12111 +, 142()= SiHO, 4- OWgU + $81 _

When a mixture of silicon and magnesium is heated in a jet of hydrogen, eutec-

tic mixtures are formed in which both components are soluble in any proportions. A

number of investigators have reached the conclusion that magnesium slicide is a

mixture of many silicides.

The quantity of silane liberated on the decomposition of calcium silicides de-

pends on the ratio of the molten calcium and silicon. Thus, for instance, silicides
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containing 38 - 52% of sicides liberate appreciably less uilanes than silicides

containing 60 - 91% of silicon.

The calcium silicides have been studied in detail by Kollb (Bibl.3). According

to his researches, the simple formula Ca23i does not correspond to the experimental

data. By modifying the conditions of separation of calcium siliides, he obtained

two products.

1. A dark blue powder Ca68ilO (up 20000C). The structural formula of this

compound is:

$I ,+Si-Sii-si-s=i-si Si--si L+ si
S\/ \/ \/ "\/ '

Cal Cal Ca ca C (A

2. A flocculent powder CallSil0

Ca -i--S--Si--S--Sj-Si-Si-Si.-Si (.

Ca Cal (1 Ca ;a Ce (:a'C C.u Ca

The formation of a complex mixture of various products on the decomposition of

silicides serves as a proof that the formla

CatSi t 4HC1=SiHi, + 2CNl,

does not reflect the actual course of the process.

In the solid residue, besides silic mnooq drate, a series of polymeric

hydrides (SiH)x and polymers of the comosition (H2SiO)n were found. It may be

assumed that the reaction proceeds in several stages, since silicomonoox Tdrate

cannot be formed as a result of the primary reaction.

Under the action of sulfuric, nitric and acetic acids on calcium silicides,

they are decomposed, with the formation are silicone and leucone. Silicone is form-

ed on the decomposition of calcium silicide in the dark; it has the form of bright

orange crystals and is easily oxidised on heating to silicon dioxide (Bibl.5).
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D.I.Mendeleyev called silicone chryseon, because of its golden color. The

elementar7 composition of silicone is Si2O2H2 ; it is considered as the hypothetical

hydrate of silicon suboxide, Si 2OH2 0. Leucone is formed by the action of light on

silicone. It is prepared by the action of dilute acids on calcium silicide in the

light, and silicon hydrides are also formed during this reaction.

The chemical composition of the leucones correspond to the formula Si405H3 (or

Si4O5H2).

It is believed that at the beginning of the decomposition reaction a silicide

complex is formed according to the equation

.itjSi - 21 i- = I I..ig, l I)2

and then that this complex then reacts with the acid, forming the hypothetical*

silene:

JJSi(MOH)) + 41 I . 2M,%lI + 21120 li+ ISiH2)

which is afterward polymerised# and the polymers, on reacting with water, form

various silanes (Bibl.6)

(Sil :)2 4 11) IISiO + Sill 4

Prosilcane H2 SiO, according to the data of Stock and Somieski, was isolated in

the monomeric form, which partially confirm the above formula for the reaction

(Bibi.?).

The process of decomposition of the silicide was conducted in two stages. At

first the silicide was subjected to the action of acid in the cold. In this case

the greatest quantity of gases containing a mixture of silanes was evolved, while

*Ionosilene SiH2 has never been isolated, and its existence can only be suppos-

ed, but its formation as an intermediate reaction product is entirely possible.
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the residue consisted of a fusible brown mass from which hydrogen was evolved. On

heating this mass, the decomposition was completed, and in the residue a perfectly

white mass termed by the author "silicooxalic acid" was formed.

In the study of this process it was postulated that the liquid reaction product

might also contain higher compounds of the series SinH~.2, with a number of silicon

atoms greater than six, but it was not possible to isolate then.

Physical Properties

The physical properties of the saturated silanes resemble those of the lower

paraffins. Monosilane SiH4 and disilane Si 2 H6 at room temperature are gases with a

disagreeable odor at room temperature. In the absence of moisture and oxygen, they

are rather stable.

Trisilane Si3H8 and tetrasilane Si 4 H1 0 are mobile, volatile, toxic liquids with

-an even more unpleasant odor than the lower compounds of the silane series. Penta-

silane Si 5 H1 2 and hexasilane Si6Hl4 are also volatile liquids. They are extremely

unstable; and their properties have not been studied in more detail.

The silanes are soluble in alcohol, benzine, tetra-substituted silanes and

carbon disulfide. Solutions of silanes in carbon disulfide are highly explosive -

the entrance of air into a closed vessel with such a solution leads to an explosion

of great violence.

Table 3 gives the physical properties of 1. s lower silanes, and, for compari-

son, the properties of the corresponding hydrocarbons.

Table 3

Physical Properties of the Lower Silanes and Corresponding

Hydrocarbons (BiblU.)

Specific Gravity Melting Point Boiling Point
Formula OC O

in Liquid State

SiH4  0.58(-1850) -185 -112
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Specific Gravity Melting Point Boiling Point
Formula °c °C

in Liquid State

CH4  0.415(-1640) -182.5 -161.6

Si2 H6  0.686.(-250) -132 -44

C2H6  0.546(--88) -182.8 -88.6

Si 3 H8  0.743(o) -117 +53

C3H8  0585(..o440) -187.6 -42.1

Si0 10  0.825 (00) -90 4109

C0,60(0 ) -138.3 -0.5

The data of Table 3 shows that the density nf the silanes is considerably

greater than that of the corresponding hydrocarbons. The melting points and boiling

points of the silanes increases more sharply with increasing molecular weight than

the melting and boiling points of the corresponding hydrocarbons.

The interatomic distance between the hydrogen and carbon atom in methane is

1.093 1, while that between the hydrogen and silicon in silane is 1.54 1.

Chemical Properties

The most characteristic feature of the silanes is their oxidizability. Oxida-

tion, depending on the conditions, is either violent, leading to the formation of

Si02 , or quiet, leading to the formation of a number of intermediate oxidation pro-

ducts.

The oxidation of trisilane, tetrasilane, pentasilane, and hexasilane has been

little studied owing to the intensity of the reactions, which take the course of

violent explosion.

The admixture of even negligible quantities of pentasilane in the lower silanes

increases the possibility of explosion and intensifies such explosion. For this

reason all studies of the silanes must be conducted very cautiously, and the maximum

purity of the product must be attained. The entrance of even insignificant quanti-
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ties of air in vessels containing silane is particularly dangerous. The so-called

"harmful space" must also be avoided.

Monosilane, in presence of oxygen, is oxidized explosively even at the tanpera-

ture of liquefaction of air (-1910 C). In oxygen diluted with nitrogen or argon in

vacuo at a temperature of 70 - 80°C, oxidation was still rather intense, and toward

the end of the process the oxygen disappeared completely from the gaseous medium.

In the reaction vessel, after the completion of the reaction, were found, in addi-

tion to the inert gas, hydrogen, water, the gaseous oxidation product, and a white

or brown solid substance.

Studies of this solid substance showed it to consist of a complex compound,

which was a polymer of the silicon analog of formic anhydride or polymeric prosil-

ane:

{ [SiH2(0)20)x (SiH2(0)lx

polymer of silicon analog of polymeric prosilane

formic anhydride

With an excess of oxygens, the oxidation of the silanes is accompanied by an

explosion. The cause of the explosion is the explosion of a mixture of oxygen and

hydrogen, since hydrogen is liberated during the oxidation. According to the data

of researches of Stock and Somieski (Bibl.3)9 the oxidation of silanes leads to the

formation of polymeric products.

Oing to their easy oxidisability, the silanes are good reducing agents. They

++ , 4,, 4, +4
reduce DKnO4 to Mn 2 , Hg to Hg, Fe to Fe #Cu to Cu . The reduction of

silver by silanes from a concentrated AgNO3 solution takes place in several stages:

5it 14 -4AgNO, - SiAg, + 411NO.,
4ARNO - SiAg4 + 211,0 -- -I SiO, + 8A9 + 411 N.

The silanes also reduce K2Cr207, CuSO4 , HgCl2, AuCI3,, etc.
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The silanes, especially the higher homologs, decompose even when stored in a

place completely free of air and light. The decomposition takes place with forma-

tion of both lower silanes and polymers. A solid residue (SiH2)x is always formed

in this transformation. On heating, the decomposition is accelerated. Monosilane

is most stable of all. When it is dissolved in a medium completely free of oxygen

and air, its decomposition begins only at 4000 C. Disilane decomposes at 250 0C. The

other compounds of the silanes series begin to decompose in the light at already

O°C.

When tetrasilane is kept for a month under conditions preventing contact with

air, 20% of hydrogen is liberated, and 16% of mono- and disilanes, together with a

little trisilane is formed. The penta and hCasilanes decompose to the ectent of

85 - 90% in a few months. Their decomposition products consists of a mixture of

gaseous SiH4 and Si2H6 with a certain quantity of Si 3 Hs, Si4 HIO, and the solid poly-

mer (SiH),.

The silanes are decomposed more completely and considerably faster by water.

The decomposition is so complete that the volumetric measurement of the quantity of

hydrogen evolved is used for analysis.

Sil l, + 21120 - SiO, + 411;

SiH1 + 61120 = 3SiO2 + 112

Si4HI, 11 + 81 O. 4SiO, + 1412

The decomposition of silanes of different molecular weight by water takes place

at a different rate. Thus, for example, SiN4 is 15 - 20% decomposed in 24 hours,

Si 2 H620 - 25% in the same time, and Si .,H , - 30%-.

When the silanes are decomposed by water, together with SiO2 , a completely in-

soluble transparent film is formed on the walls of the vessel. This consists of a

polymer having the structure of a polysiloxane. This film is found only when no
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mercury adheres to the walls of the vessel after the ezperiment.

It has also been found that the silanes are not decomposed by chemically pure

water in a quartz vessel. It has been established that the alkalinity of the glass

is of great importance in the decomposition of the silanes by water. The reaction

of pure silicon with water likewise fails to proceed in the absence of alkali. The

alkali is believed to have a catalytic action.

Si + 2NaOII + H20 -- v NaSiOs + 211.
NaSiO, -+ 1.120 -.. SiO, + 2NaOI

A detailed study of the action of alkalies on silanes has shown that dry

alkali, just like chemically pure water, has praetically no action in decomposing

silanes. Under the action of aqueous solutions of alkalies on silanes, this reac-

tion proceeds rapidly and to completion* A 33% aqueous solution of NaOh acts most

powerfully at all, completely decomposing monosilane in two hours, disilane in one

hour, and the other silanee in a few minutes.

Si H + 2NaOI + IlO = NaSiO, + 4H2
Silit + 4NaOH + 2H20- 2NatSiO, + 7H2
Sil, "s" 6N+OH + 3HO , 3NaSiO + 1IOII
SiHe -+- 8NOII + 4H20 -- 4NaSiO3 + 13H.

In the absence of water, the silanes probably form intermediate products with

an alkali. These products'are decomposed under the action of water, liberating

hydrogen and forming silicates. There are still no trustworthy data confirming this

view.

When silanes react with halogens, all the hydrogen atoms are completely and

instantaneously replaced by halogen atoms. The reaction proceeds agplosively. The

The bldrohalogen acids do not react with silanes at high temperatures (up to

2000C), but in the presence of AIC13 this reaction proceeds at a mrked speed at

10°C. The hydrogen atms are replaced by halogens. In this way monochlorosilane

HSiCl, dichlorosilane H2$iCl 2 , moobromosilane H38iBr, dibromosilane HU2 iBr2, etc.,

have been prepared, as well as the halo-derivatives of dlsilane.
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Bromine and nitric acid decompose disilane and the higher silanes. Sulfuric

acid has no action on silanes. The chlorine and fluorine derivatives of methane

react explosively with silanes. The interaction of silanes with chloroform and car-

bon tetrachloride has been studied in detail. The reaction does not proceed in the

absence of traces of oxygen, but it does proceed ecplosively in cases where there

are traces of oxygen in the reaction vessel. It has also been found that even in

the absence of traces of oxygen, chloroform reacts with trisilane at 60 - 700 C in

the presence of AlC13 @ The reaction proceeds rapidly, but with no flash or explo-

sion. The reaction product consists of derivatives of trisilane of various degrees

of chlorination, and of dichloromethane.

SIsH. + 4HCCI. - SiI 4 CI4 + 4(1;,Ci
SIgH& + 5H(rCI 3 - SisHsCls + 5CHCI.

THE UNSATURATE) SILANS

The unsaturated silanes, the silenes Si,2n and the silines SinH2n_2t corre-

spond in structure to the unsaturated hydrocarbons of the ethylene and acetylene

series. The unsaturated silines have not yet been isolated by anyone in the mono-

meric fort. From compounds of this class, polymeric unsaturated silane (S2H2). has

been obtained.

The Silenes Sin!2n

The acistence of uonosilene Sil2 is recognized as possible, as already stated,

only as an intermediate product in the decomposition of the silicides and the forma-

tion of saturated silanes. In this case nonosilene is polymerised to the solid pro-

duct (81H2)x.

Stock and Somieski (Bbl.7) postulate that mosilee is formed as an inter-

mediate product on the reaction of monochloro- or dichlorosilane with sodium

amalgam,
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SiH 2C(12 + .INa . I I,,iNav + 2NaC.I

HSiNa. + I g .. I.Si + IIgNa..

The H.Si so formed is polymerized.

Monosilsilene is the hydride of silicon suboxide SiO. An indirect proof of the

existence of this intermediate product (monosilene) is the isolation by Friedel and

Landenburg of the subiodide SiJ,,- which is a derivative of SiH2 .

There are various views on the possibility of preparing silicoethylene. The

hypothesis has been expressed that Si 2 H4 can be obtained from the gaseous product of

the decomposition of magnesium silicide by HUl by liquefying these products with

liquid air. After fractionation of the condensate at room temperature and distil-

ling off the SiH4 and Si 2H6 , a liquid of boiling point 60°C remains behind, which

explodes violently in the presence of oxygen. This liquid was considered to be

silicoethylene. The same liquid was also obtained on the decomposition of calcium

silicide.

Other investigators (Bibl.8) categorically deny the existence of silicoethyl-

ene, and consider the liquid so obtained to be a mixture of silenes. With the ob-

ject of verifying the existence of siliconethylene, a series of experiments in its

isolation by cleavage of water from disilozane was performed.

-HPI I1si-.()-- 5il I - 2Si112

All experiments in heating disilazane led to the polymerization of the product#

while ucperiments with dehdrating agents of the type of P2 05 led to the liberation

of monosilane.

Thus the attempts to isolate silcoethylene in the monomeric state were unsuc-

cessful.

The hypothesis that silicoethylene exists only in the polymeric form must be

considered to be most probable.

Other representatives of this series of compounds are unknown.
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The Silines SinH2n_2

Up to the present time no one has succeeded in preparing silines, and their

derivatives are also unknown.

Polymeric compounds corresponding to the general formula SinH2 n_2 or close to

it, judging by the results of elementary analyses, were isolated by Bertlo (Bibl.9)

on the decomposition of monosilane in a bomb. A dark solid substance was found on

the walls of the bomb after the reaction. This solid substance, according to the

results of the analysis, has the following composition: SiHi.4 2 ; SiH 1.4 3 ; SiH 1.56 ;

SiHl 58 or (Si2H3) .

It is believed that on treatment of calcium silicide with dilute acids, silico-

acetylene is given off. The product so obtained is a polymeric yellow crystalline

explosive substance. The basis for the assertion that it is polymeric silicoacetyl-

ene is only the formula of the elementary composition of the substance obtained. On

heating in air the product is oxidized, while on heating in a tube it is decomposed

into Si and H2. By decomposing other silicides (for instance, barium and strontium

silicides), a substance similar to that described could not be isolated.

The unsaturated polymeric hydrides (SiH)x are formed, as already stated, on the

spontaneous decomposition of the higher silanes, and also on the decomposition of

the silicides (BiblelO).

When chlorides of monosilane react with sodium amalgam, unsaturated hydrides in

the form of a gray powder are formed. The hydrides are also obtained on the decom-

position of a mixture of silanes. The residual viscous greasy mass liberates SiH ,

Si 2 H6 and hydrogen. Further distillation of the mass, after long standing, leads to

the formation of a porous yellow amorphous residue. The solid product has the

following elsmentary composition: SiHi.22; SiHl. 1 5 ; SiHl.1 4 ; SiHl.13; SiHl. 12 .

The action of very dilute alkali on the polymeric hydrides leads to the evolu-

tion of hydrogen and SiH4 . By the action of a KOH solution the hydrides are decom-

posed into hydrogen and SiO2 , like all silanes.
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CHAPTER II

COMPOUNDS OF SILICON WITH HALOGENS

The preparation and a few properties of the haloderivatives of silicon were

described as early as last century. This class of compounds includes the haloderiv-

atives of monosilane, i.e., mono-, di-, tri- and tetrahalosilanes (general formula

HnSiX4.n where n - 0, 1, 2, and 3), and of the haloderivatives of polysilanes

(general formula Sin2+2_n, where m may be as high as 10).

The haloderivatives of polysilanes are of no practical importance today and

have been studied considerably less than the haloderivatives of monosilane.

The stability of the silanes is increased considerably by the introduction of

halogens into their molecules. The higher silanes, even after the introduction of

only a single halogen atom, can be distilled in vacuo without decomposing. The

halo-substituted silanes, regardless of the nature of the halogens and their number,

possess the typical properties of halo-anhydrides: they easily exchange their halo-

gens for hydoxyl, with water and hydroxyl-containing compounds. When halosilanes

react with organometallic compounds, unsaturated hydrocarbons, or diazo compounds,

the halogen atoms are easily replaced by organic radicals. The halosilanes are not

reduced to silanes, and, in contrast to the haloderivatives of hydrocarbons, they do

not form organomagnesium compounds. Here the peculiarities of silicon are manifest-

ed, which, as already stated earlier, has a greater affinity for the metalloids than

for the metals. Tetrahalosilanes, under the action of water, form the unstable and

readily condensed orthosilicic acid. The trihalosilanes HSiX3 form easily condensed
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trihydroxysilanes. Under the action of water in an alkaline or acid medium, reac-

tion takes place, with evolution of hydrogen, as a result of the replacement of

hydrogen by hydroxyl.

Under the action of water on dihalosilanes H2 SiCl 2 and monohalosilanes H3 SiCl,

the halogens contained in them are replaced by hydroxyl, thus forming the corre-

sponding dihydroxylsilanes and hydroxysilanes. The trihydroxl silanes, dihydroxyl

silanes and hydroxylsilanes are of a structural analogous to that of the alcohols,

but differ in their properties from the alcohols by their exceptional tendency to

form polymers.

The haloderivatives of the monosilanes are important starting substances for

the synthesis of organosilicon monomers and polymers.

Tetrahalosilanes

The most important representative of the tetrahalouilanes is silicon tetra-

chloride. The great importance of SiCI 4 is due to the simplicity of its prepara-

tion, its inexpensiveness, and the availability of the raw materials for its synthe-

sis, so that the cost of SiCI4 is many times lower than the cost of all other

halo-derivatives of silicon. Besides this, silicon tetrachloride, in its chemical

properties (for instance the ease of esterification), has the advantage over the

other halodisilanes. Its industrial production has therefore been widely developed

in a number of countries.

Methods of Prevarin, Silicon Tetrachloride

The synthesis of silicon tetrachloride is most often conducted according to the

foreula

Si + 2C1 -- - SiCI,

Silicon tetrachloride was first prepared by the action of chlorine on silicon

at a red heat as long ago as 1824. This reaction was later studied by a number of
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investigators (Bibl.l, 2).

A detailed study of the chemical process of preparing silicon tetrachloride by

the action of the halogen on an alloy of silicon with iron is given in one of my own

works (Bibl.3).

The raw material for the synthesis of silicon tetrachloride is ferrosilicon

(containing not less than 35% of silicon) which is ground into lumps 1 to 2 cm in

size and is charged into a reaction tube placed in a furnace. The tube is heated

only at the beginning of the process. When a temperature of 2000 C is reached, the

heat is shut off and a stream of dry chlorine is passed through the tube. The tem-

perature of the reaction mixture rises to 450 - 6000 C (since the reaction is exo-

thermic) and is maintained within these limits by regulating the rate of flow of the

chlorine.

The yield of silicon tetra-

chloride depends on the temperature

of chlorination (Fig-l) of 5000C.

f __ Above 500°C the yield does not vary;

so0 SiCl 4 boils at 57.70 and is separat-
745

AW AV W ed from the byproduct of the reac-
~A)V

tion, ferric chloride, by simple

Fig.1 - Yield of Silicon Tetrachloride distillation. If chlorination is

Plotted against Chlorination Temperature conducted at temperatures of 300 -

350°C, the product of chlorinationa ) Chlorination temperature, °C;

contains, in addition to the silicon
b) Yield of SiC14 . % tetrachloride, a small quantity of

high-boiling silicon chlorides, hexachlorodisilane Cl3SiSiCl3 and octachlorotrisil-

ane Cl3SSiCl2SiCl3.

On further lowering of the reaction temperature, the content of polychlorosil-

ares in the product increases, amounting at 2000 C to 0.4% of the weight of the con-
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densate, and at 1800C, to 5.7%. In 1913, Martin (Bibl.2) proposed a system for the

process of chlorination, that has not encountered any objections down to recent

times. Martin supposes that the atoms of silicon are bound by the forces of the

principal valences in silicon and its alloys, including ferrosilicon. When it re-

acts with chlorine, the bonds of the silicon are broken during the first instant,

chlorine atom become attached to it, and linear polymeric molecules of chlorosil-

anes are formed, which, under the subsequent action of chlorine are broken, thus

forning chlorosilanes of lower molecular weight.

This process ends with the formation of silicon tetrachloride.

The stability of the higher chlorosilanes decreases sharply with increasing

temperature, and therefore their content in the condensate is considerably reduced

when the temperature of the synthesis is raised. An additional confirmation of the

Martin mechanism is the fact that at the initial instant of chlorination at low

temperatures, the higher chlorosilanes and silicon tetrachloride are obtained.

Another group of methods for preparing silicon tetrachloride is based on the

reduction of silica with the simultaneous chlorination of the silicon so formed.

D.IMendeleyev (Bibl.4) prepared silicon tetrachloride by heating a mixture of

silica, carbonized starch and coal in a current of chlorine to 'white heat".

Si0., + 2C + 20'1 - Si(-14 - 2("()

Budnikov and Shpilov (Bibl.5) synthesized silicon tetrachloride by the action

of phosgene on silica in the presence of carbon black as a catalyst.

SiR, + 2CO(IU - Sicl!, + 2C()2

The optima reaction temperature is 1000°C. The yield depends strongly on the

degree of disperseness of the silica.

When precipitated silica gel is used, the yield could be brought up to 62% of

theoretical.
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In a number of works and patents (Bibl.6) various methods of preparing silicon

tetrachloride have been proposed: heating carborundum in a current of chlorine at

1000 - 1200°C; passage of a mixture of sulfur polychloride and sulfur over incandes-

cent briquettes of a mixture of silica (or silicates) with coal; treatment of silica

with boron trichloride; passage of chlorine through a mixture of aluminosilicates

and coal at high temperatures. The latter method deserves attention in view of the

fact that two valuable products are obtained at the sawe time as a result of the re-

action, silicon tetrachloride and aluminum chloride.

Silicon tetrachloride is a heavy mobile liquid. The product usually contains

dissolved chlorine as an impurity. To remove it the silicon tetrachloride must be

distilled over mercury. This method of purification was proposed by D.I.Mendeleyev

(Bibl.4) as long ago as the middle of the last Century.

Some Physical Constants of Silicon Tetrachloride

Specific Gravity at 150 C . . . . . . . . . . . . 1.49276

Index of RefractionnD0  ..... ....... 1.41257

Melting Point OC

According to Stock ............. -67.7

According to Moissan . . . . ........ -89

Surface Tension at 18.9 0 C, dynes/cm . . . • • . 16.31

Capillary Constant at 150 C . . . . .... • • • 2.797

Critical Temperature, °C . . . . . . . . . . . . 230

Specific Heat, cal/kg

Liquid . . . . . . . . . . . . . . . . . . . 0.190

Gaseous e . . e . . e e * e e * * . . e e . * 0.1322

Trouton Constant . . . . . . . . . . . . . . . . 21.O

Dielectric Constant . . . . . ... .. . . . . . 2.4

Molecular Cohesion at 150, cal/mol . . . . . . . 712.3

Dissolved Chlorine at 20°C, % (by weight) . . . 1
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Fajans has investigated the electronic structure of silicon tetrachloride

(Bibl.7).

Hydrollsis of Silicon Tetrachloride and Condensation of Hydrolyzate

The reaction of hydrolysis of silicon tetrachloride takes place almost instan-

taneously and very energetically. The heat of reaction of silicon tetrachloride

with an excess of water is 69.3 kcal/mol. As a result of hydrolysis, HC and the

polymeric product of the condensation of orthosilicic acid [Si(OH)4 J, silica gel,

are formed.

The tendency of the initially formed hydroxyl derivatives of silicon to inter-

molecular condensation, forming complex molecules with siloxane bonds

! I~~i-I I
-si-o + IIO-oi-- -SI-O-Si-+ ,I

is the basis of the formation of the polysiloxanes and of the modern technology of

polyorganosiloxanes.

The mechanism of the condensation of organodihydroxysilanes was investigated

only toward the 1930's.

The hypothesis that this process proceeds toward the formation of

high-molecular inorganic hydroxyl derivatives of silicon was enunciated long ago.

The first of such guesses was advanced by D.I.endeleyev, who as early as the 1850's

came to the conclusion of the 'polymeric nature of inorganic oxygen compounds of

silicon" (Bibl.8). Even then, when scientists know nothing of the processes of for-

mation of high-molecular compounds, Mendeleyev was able to point out the fundamental

direction of the process toward the fomation of a high-molecular polysiloxane.

We cite Medeleyev's own words:

Orthosilicic acid Si(OH) 4 , formed on the action of water on silicon tetrachloride,

'does not remain in that form, but loses part of its water with extraordinary ease"

,.the hydrate formed is not actually obtained with as high a water content as
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corresponds to Si(OH) 4 "; "in the hydrates nSiO2 . mH20, m becomes smaller and

smaller than n.... This loss of water proceeds, in the natural hydrates, in perfect

sequence, and, so to speak, imperceptibly, until n becomes incomparably greater

than ".

The transition can be so gradual only with a considerable value of n, and

therefore... "the structure of silica is polymeric, complex, instead of simple, as

it is expressed by its empirical formula"... "it is necessary to explain the

ability of (SiO2)n to combine with (FtO)m_,, where n may be more than m and R - H2.

To explain this the facts obtained in the study of organic substances, more

specifically, originally with respect to glycol, have been very useful".

Mendeleyev gives an example of the intermolecular condensation of glycol into

polyglycols by the following mechanism: HOC2 H4OH + HOC2 H4OH - HOC2H4OC2H40H + H20,

and writes the general formula of polyglycols as An . H20, where A is the dehydrated

residue of ethylene oxide COC2H].

In comparing the processes of formation of polyglycol and silica gel,

Mendeleyev writes:

"The relation between the hydrate of silica and silica is the same.... To the

normal hydrate of silicon Si(OH) 4 there must correspond several polyhydrates (Si02)n

(H2 0)m, where n may be very great".

From these quotations it will be rather clear that Mendeleyev imagined the de-

hydration of orthosilicic acid as a process of intermolecular condensation with the

formation of high molecular polysiloxane. Such a view in the 1850's and 1860's was

so new that it met neither support nor understanding among scientists from the

1860's to the 1890's. It was only in 1892 that Stockts paper (Bibl.a) was publish-

ed, in which the polymer (ClSiO)n is considered as a polysiloxane, the author hav-

ing reached this conclusion on its structure on the basis of Mendeleyev's views.

The condensation of the hydroxyl derivatives of silica into polysiloxanes is

today an established fact. The condensation of the hydrolyzates of silicon tetra-
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chloride proceeds at a considerably higher velocity than the condensation of the

hydroxylsilanes RnSi(OH)4_n, and leads to the formation of end products of more com-

plex structure. These differences naturally operate to complicate materially the

studies of the course of the reaction, and therefore the studies of the initial pro-

ducts of the hydrolysis of silicon tetrachloride and of the products of their con-

densation are all very recent (Bibl.9). The results of this work show that this

process, with insufficient water, takes place by a mechanism analogous to that

established by me in 1938 for the hydrolysis and condensation of the hydrolyzates of

the substituted esters of orthosilicic acid. This mechanism is today generally

accepted to explain the condensation of all hydroxyl-containing organic derivatives

of silicon.

To explain the mechanism of the process and to obtain the maximum yields of the

initial products of hydrolysis and condensation, the mildest conditions of conduct-

ing the hydrolysis reaction were selected.

The hydrolysis of an ethereal solution of silicon tetrachloride by aqueous

ether at -75 0 C leads to the fozation of only small quantities of hexachlorodisilox-

ane C13 iCiCl3 . Polysilaxanes that can be distilled, and which form gels, are

mainly formed, however.

By the action of ice ground to powder on an ethereal solution of SiC14 , as much

as 1% of hemachlorodisilxane, together with other initial condensation products,

could be isolated.

We now present the techniques of a few of the most successful experiments.

Hydrolysis of silicon tetrachloride by ice. A solution of 100 ml of silicon

tetrachloride in 150 ml of ethyl ether is cooled to -75 0 C, after which, with stir-

ring, 6.4 g of ice ground to powder and cooled to -75 0C are gradually introduced

into the SiCl 4 solution (ratio: 0.84 inol H20 to 2 mole SiCl 4 ). The introduction of

the ice takes an hour, after which the reaction mass is held for an hour at -75 0 C,

and is then gradually brought up to room temperature. The reaction product is dis-
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tilled at atmospheric pressure to 1509 C and then in vacua at a reduced pressure of

12 =m Hg. The f raction collected from several experiments are combined and redis-

tilled.* The following content of the initial products of hydrolysis was found in

the reaction products:

Boiling Point Yield

Hexachlorodisiloxane Cl 3 Si(5iCl, . . . . . . . . . . . 135 11

Otachlorodisilomans Cl 3 SiOiCl 2OBiCl 3 . . . . . . . . 184 2.2

Decachlorotetrauiloxane Cl3BiO(SiCl 2 O)2 SiCl 3 . . . . . 205 0.4

The method of hydrolysis by the action of hydrated inorganic salts on an ether

solution of silicon tetrachloride proived considerably more convenient. In this

case, even when the reaction is conducted at room temperature,, the uncoradensed ini-

tial. product of hydrolysis, trichlorohydroxysilane C13 Si1et, can be isolated.

The best results are obtained on reaction with nickel chloride hexahyd rate

NUI..6H20.

Hydrolysis of silicon tetrachloride in pregamce of hydrated salts. Into a

solution of 100 al of SiCl 4 in 50 mil of ether at room temperature, without stirring,

19.7 g of copper sulfate CuSO4 - 5H120 is introduced (molar ratio Bid14 : H120 a

2 1 0.93); the mixture is allowed to stand for 8 days and is then distilled under

atmospheric pressure. The fraction boiling at 100 - J300 C (amounting to 5.2%) and-

mainly consisting of trichlorohydroxysilane (pp. 11O - 1200 C) is collected.

To a solution of 150 ml of Bid14 and 50 ml of ether at room temperature, 24 g

of NiCl 4 . 6H120 is added under stirring (molar ratio SiCk4 a H20 a 2 t 0,12)o After

distillation of the reaction product, the fraction boiling at 100 - 1300 C is

collected, and yields on redistillation 3 g of trichlorobjdroxysilaza. (boiling point

Trichlorohydroxysilozano had previously been obtained by photochemical oxida-

tion of trichlorosilane (Bibl*l0)0
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110 - 1200).

Trichlorohydroxysilane condenses spontaneously; thus, after standing at room

temperature for 4 days, about 83% of the original quantity passes over up to 130°C,

while after 14 days, only 27% passes over. On heating trichlorohydroxysilane with

P2C15, it is quantitatively converted to hexachlorodisiloxane (boiling point 1350C).

On the action of NiCl2 . 6H20 on a solution of SiCl4 at OC (molar ratio

SiC14 : H20 - from 2 : 1 to 2 : 2) in a series of experiments, a mixture containing

the following quantities of condensed hydrolyzates was obtained.

Boiling Point Yieldoc %

Hexachlorodisiloxane CI3 SiOSiCl 3 . . . . . . . . . 135 3.7

Octachlorotrisiloxane CI 3 SiOSiCl 2 0SiCI 3  . . . . . 184 4.8

Decachlorotetrasiloxane Cl 3 Si(OSiCl 2 )2 cs iCl 3 . . . 205 1.23

Pentachlorohydroxydisiloxane Cl 3 Si0SiCl20H . . . . 175-176 0.26

The reaction of an ether solution of silicon tetrachloride with cobalt and

nickel hydroxides, dried at 170 - 1800 C, and with sodium carbonate decahydrate

Na2CO3 . 1OH20 proceeds similarly. In these cases the yield of trichlorohydroxysil-

ane and pentahydroxysilane is somewhat increased.

The linear chloropolysiloxanes of higher molecular weight have very recently

been prepared by the following techniques

IrdrOlysi3 Of silicon tetrachloride in ether solution at low temperature. An

ether solution of SiCl 4 is cooled to -780 C and placed in a burette, and is then

rapidly poured, under vigorously stirring, into a mixture of water and ether. On

contact with the cold solution, all the water immediately freezes, and the hydroly-

sis is probably effected by the ice. The reaction product is then gradually warmed

to room temperature, after which it is a transparent colorless liquid completely or

almost completely free of a silica gel precipitate. The hexachlorodisiloxane and

the unreacted SiCl 4 are distilled off under atmospheric pressure, and the residue is

carefully reactified under a reduced pressure of 15 rm. In a series of experiments
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SiC14
run at molar ratio - from 2 to 10 and with 0.5 to 6 mols of ether to 1 mol of

H20

SiCI 4 , a mixture was obtained from which the following linear polychlorosiloxanes,

together with the unreacted SiCI 4 , were separated and investigated.

Yield, % of
Weight of

Boiling Point Polychlorosilanes
Separated

Cl 3SiOiCl 3 . . . . . . . 134 (760 mm) 50.7

CI3Si(OSiCl2 )O~iCl3 . . . 80.5 (15 m) 19.6

Cl 3Si(OSiCl 2 )2 0s iCl 3  . . 114.7 (15 mn) 12.5

Cl3Si(OSiCl2 )3OSiCl3  . . 140 (15 m) 7.8

C13si(OSiCl2 )40BiC13  . . 166-167 (15 Mra) 5.5

Cl3Si(OSiCl2 )5 iCl 3  . . 187-188 (15 m) 3.9

The residue (175 g of substance), consists of high boiling products with boil-

ing point over 1900 (at 15 im).

No cyclical condensation products were found in the reaction mixture.

The solvent plays a very important role in the establishment of the mildest

conditions of hydrolysis. Various investigators have noted that only the use of

ethyl ether or dioxane makes it possible to obtain and isolate a sufficient quantity

of the intermediate reaction products. To elucidate the role of the solvent in

establishing mild conditions of hydrolysis at low temperatures, the influence of the

quantity of solvents used on the course of hydrolysis were studied.

The yield of hexachlorodisilomne was used as the criterion for evaluating the

results of the experiment. This substance is a product of hydrolysis which can be

more easily isolated in the pure state than the other products (in addition, its

content in the mixtures can be rather accurately calculated from the data of the

elomentary analysis).

The theoretical yield of hucachlorodisiloxane may be calculated on the basis of
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the statistical equation of Stock and Meyer (Bibl.12). This equation, which enables

us to calculate the distribution of molecules of definite sizes in polydisperse mix-

tures, is based on the assumptions that only linear molecules are formed and that

all functional groups have the same activity, which is obviously sufficiently cor-

rect for the system under consideration.

The application of the Stock-Meyer

\4 equation makes it possible to deduce

- L the following relation:

6 ! ' /6 24 IIIOI - IsiCI4f
b) " IoI

(C2 H8)2O: H10

Fig.2 - Relation between Yield of lSICljl
whence, at a given molar ratio llr- -l *

Si2OC 6 and Molar 
Ratio of Ether to

the concentration of heachlorodisilox-
Water

ane can always be more or less

a) Molar ratio (C2H5)20 : H20; accurately calculated. In practice,

b) Yield of Si2OC16 in % of calculated the yield of hexachlorodisiloxane is

usually found to be lower than the cal-

culated yield, the percentage yield strongly varying with the relative proportion of

ethyl ether. The lowering of the percentage yield is found to be a regular function

of the molar ratio IH1)! (Fig.2).

It has not been possible to establish the relation between the yield and the

molar ratio ISiCiJ, since the results are entirely different, and, apparently,or o(CII.)O s

random. This gives us reason to suppose that the presence of ether makes the con-

ditions of hydrolysis milder, not as a result of some reaction with silicon tetra-

chloride, but owing to a reaction with water. This hypothesis is supported by the

fact that silicon tetrachloride forms no coordination compounds with simple ethers

(Bibl.13). The results of the experiments in the elucidation of the influence of

ethyl ether on the process of hydrolysis may be explained on the basis of the
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following hypothesis.

The oxonium compoundt

%C.116 )2() + I ICI (C2 1)2.O. HCI

fomed by other and HU is capable of reaction with water at a low temperature:

(C2HS) 20.HCI + tiO- (C21-iO)2. I ICI. 1120

The structure of the unstable compound so obtained may be represented on the basis

of the following mechanism:

II3C2\.. (] HsQ \+ IIllC ,,O(,+ II(' - -. s \ /

C -

H 0

0IC./O +" It(1) ---- \/ ...- n/ 1

CI- CI-

The compound so obtained has one active hydrogen atom which reacts with the

chlorine atom in SiCl 4 more easily than the hydrogen atom of water does:

((il-I,) 12.I I1. I-ICI Cl ISiCI o (ISiO- .(C2If,)2 .)iCI -- I I&c

or

II )+ 1

I!\/ Ii + 1iW :1, .... I lOSi]l, -t- II(0 + "N)

CI Cl-

The molecules of trichlorohydrxsilane then either interact with each other or re-

act with SiC14 to form hexachlorodisiloxane.

The decrease in the yield of haachlorodisiloxane with increasing number of

mol of ether (by comparison with the number of mol of water) may be explained by
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the formation of a compound with two active centers:

((',1 1)2 o(. I II 'f (C H-I. ) = ((II1,),O. ItO.(C, I,)20. Itc

or

+ ++/C2 I,
|lsC.-\.+. l ' i / ' ()' , 1".. .Oii / ....... 11 '11 + O'/C2ll_l ' -.. +1 - C l

1. ../ .(2 11 isC 2, / ... ..!! '

(A- C1- 1l

Such a compound my play the role of a bifunctional compound encouraging the

formation of high-polymer products in quantities larger than the statistical, and,

consequently, reducing the practical yield of hexachlcrodisiloxane below the calcu-

lated level.

Dioxane, probably, reacts according to an analogous mechanism. Other solvents

do not enter into reaction like those Just discussed, and thus their use does not

encourage the softening of the conditions of hydrol7sis to so significant an extent.

The hydrogen chloride formed during hydrolysis apparently catalyzes the conden-

sation process. This is confirmed by the fact that when the hydrolysis is run in

the presence of neutralising substances (hydroxides of metals or sodium) a large

quantity of hydroxysilanes are formed# while in the case of the saturation of the

solution by HU before hydrolysis, the process leads to the formation of insoluble

polymers.

It must be noted that when an insufficient quantity of water acts under mild

conditions on a solution of SiCl 4 , a mixture consisting of linear polychlorosiloanes

CI3Si(OSICI,)XOSiCI:, , and lower hydrWcy derivatives containing not more than one

hydrozyl group to the silicon atom is formed; cyclic condensation products have not

been found. This gives us reason to consider that the process of hydrolysis of

SiC14 proceeds according to a machanim analogous to that of the hydrolysis of

alkylehlorosilanes and the substituted ethers of orthosilicic acids.

In the general form, the hydrolysis of silicon tetrachloride may be represented
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by the following diagram:

L.i - Ct.ShOH) CI8i(OH) SI(OH).

,l.~I1 .1 - 0 0 . .... --.so, 0 - 0
,...IOH LIS11 CIi(OH) LOH)

Y V V

-1l, S C ,OCI (OH).-.- .-- i,OC ,(OH) ... --- SIO,(OH).,

V V V
(SIOLI; . " (CiS10 1.5) -- (0,)

The arrows pointing from left to right schmatically denote the reaction of

hydrolysis at the Si-Cl bond:

-Si.-- (3 W.) -- -- i-- O --I RA(

The vertical arrows indicate the processes of condensation:

-I -1)11 + ilO--SI-- rn--Si -(--Si- + tl.0
+ +

The combination of these two processes leads to the formation of the most varied

polychlorosiloxanes, polyoxychlorosiloxanes, polyoxysiloxanes, and, as the end pr-

duct, high-molecular polysiloxane (SiO2)2.

The ratio between the velocities of the processes of hydrolysis and condensa-

tion, and consequently the formation of these or those intermediate products of

hydrolysis, depends on a umber of factors: the ratio between the amounts of sili-

con tetrachloride and water, the acidity of the medium, the temperature, the rate of

stirring, the presence of solvents and of salts that bind water, etc. It is not at

the present time possible to evaluate completely the influence of all these factors.

In running a hydrolysis with insufficient water, the above discussed reaction

F-TS-9191/V 86



of SiCI4 proceeds with the formation of the following intermediates:

Si'(: 4  I 1.() = ClaSiO-l + I KA

(i1SiOl-I + I IOSiC 3 = CiSi iCI3 + 1120
(JlSiOSiC'3 + I 10 CISiOSiCI2 OH + I IC

(IaSiOSiCI 2OI + CI.SioI I G1,SiOSiCIo.OSiC -1120 etc.

with the formation of linear or branched polychlorosiloxanes. It should be borne in

mind, however, that the reaction mixture was separated at a high temperature (100 -

2000C), without using a high vacuum.

It is entirely probable that, during the course of the reaction, a large quan-

tity of hydroxyl-containing compounds are formed, for example (OH)Cl2Si-O-SiCl2 (OH),

which are condensed at high temperatures, as a result of which siloxanes are the

main products formed.

The reaction between silicon tetrachloride and a considerable excess of water

in a weakly acid medium proceeds in an entirely different way. This reaction has

been investigated in detail by Willstatter (Bibl.14) who, in order to prepare solu

tions of orthosilicic acid, studied in detail the hydrolysis of silicon tetrachlor-

ide and of the subsequent condensation of the hydrolysis products. He established

that this process can be represented in the form of the reactions:

l(,,'14 + I I) (13Si()I I + I (1
'AXSi0i A + l l0 = CI.2Si(O| I)2 + I-Ic I

4:l..Si(OI I)t -- I-IO CISi(Oti), + I I(1
(ISi(OtI)a + I Ito.- Si(lI)4 -+ I IcI

I iO),SiOI I -+ UOSi(()I 0)3 (I IO)SSiOSi(OltI), - I I()
I0)3 :Si ).St(Ol I)s + I IO).i(O1I)3. - (HO) 3SiOSi(OH),O~i(Oll), .-" I4 .) etk.

As a result of these reactions linear and branched hydroxylpolysiloxanes of

increasing molecular weight are formed.
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The basic factor affecting the velocity of condensation of hydroxysilanes in

dilute aqueous solutions, according to Willstatterts data, is the acidity of the

medium (the concentration of HC). If the pH of the solution is held within the

limits of 2 - 4, it is apparently possible to obtain dilute solutions of ortho-

silicic acid even in the absence of a solvent, and at a relatively high reaction

temperature (O°C), A method of preparing dilute solutions of orthosilicic acid is

given below.

Preparation of dilute solutions of orthosilicic acid. A thoroughly dried inert

gas or air is bubbled through a weighed portion of silicon tetrachloride (12.5 g),

placed in an evaporating flask, heated in a water bath (at 60 - 65 0 C). The vapor of

SIC14 , entrained by the current of gas, is passed over a layer of a vigorously stir-

red mixture of water and ice. If the process is performed with the object of ob-

taining a polymeric product, without neutralization, then the vapor-gas mixture, tu

avoid clogging the capillary, must be introduced through a mercury seal. To obtain

a solution of orthosilicic acid, the vapor is passed, through a capillary, directly

into water. The process is conduncted, neutralizing the HC1 given off by wet silver

oxide, which allows holding the pH of the solution within the optimum range, thereby

preventing gelation. The mixture of gas and SiCI 4 vapor is introduced under a layer

of vigorously stirred mixture of water and ice (750 g in all). The glass vessel is

cooled by brine from outside to hold the temperature at O°C until the end of the

experiment. Simultaneously with the beginning of the passage of the vapor into the

cylinder, a paste of wet silver oxide obtained by precipitation from 50 g of silver

nitrate is introduced. The process of introducing the SiC14 takes 20 - 30 minutes;

at the end of the reaction the brown color of silver hydroxide disappears, since its

quantity is insufficient for complete neutralisation of the HC1. The acidity is

then strictly chocked and adjusted by adding silver oxide paste to reaction mixture.

Toward the end of the experiments the concentration of IRl is adjusted to within the

range from 0.01 to 0.001 M. The reaction product is subjected to suction on a Nutch
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filter through a layer of activated charcoal. The completely transparent filtrate

(800 ml) contain 3.67 - 3.78 mg of SiO2 in 10 ml of solution, which corresponds to a

yield of 80% of the theoretical yield of the hydrolysis product.

Owing to the presence of orthosilicic acid, the pH of the solution exceeds the

value corresponding to the concentration of HCl. Thus a solution with 0.01 N HCl

has a pH - 2.5 instead of 2. The cryoscopic determination of the molecular weight

of the hydrolysis product in this solution gives the value of 75. In the most suc-

cessful experiment, the reaction product was characterized by the following data:

Concentration of HUI . . . . .1. 1N.

pH of Solution . . . . . . . . . . . . . . 3.4

SiO2 Content . . . . . . . . . . . . . . . 0.5%

Molecular Weight (in Terms of Sio2) . . . 62

Thus the possibility of preparing orthosilicic acid in dilute aqueous weakly

acid solution must be considered to have been demonstrated.

The solutions prepared by this method contain an insignificant quantity of HCl

(1 mol H1 to 10 - 100 gram atoms of silicon). Moreover, in the authorts opinion,

an insignificant number of chlorine atoms remain bound to the silicon (probably in

the form of ClSi(OH)3, since on neutralization to the faint yellowing of a solution

containing methyl red, the red color of the solution is restored again after 15 - 20

see, this phenomenon being repeated until the complete neutralization of all the

chlorine.

Willstatter studied in detail the process of condensation at room temperature

of dilute solutions of orthosilicic acid at various pH values. The results of the

study (Fig.3) indicate the relative stability of the solutions at H1 concentrations

from 0.01 N to 0.001 N. Thus, for ucaple the molecular weight of the lowest mole-

cular preparation rises in 4j hours after the experiment from 62 to only 67, while

to accomplish the first stage of the condensation by the formula

F-TS-9191/V 89



about 2 days are necessary. It is interesting to note that for a given solvent

(acidity of HC-i N) the curve of variation of molecular weight with time
700

(curve 4) has an inflection at the point approximately corresponding to the forma-

tion of the initial condensation products by the reaction given above, which may

point to the relatively low velocity of condensation with the second hydroxyl group

by comparison with the velocity of condensation with the first OH group. At other

values of the acidity, this phenomenon is not observed, and thus the product of con-

densation here is a polydisperse mixture of hydroxypolysiloxanes.

According to the authorts data, the acidity has considerably greater effect on

tte stability of monomeric orthosilicic acid than, for example, on the stability of

the initial condensation product

i' "(HO) 3SiC0i(OH) 3 which can be maintained

for a certain length of time in 0.5 N

)t. HC solution. Dilute aqueous solutions

LI of orthosilicic acid and the initial

0 2 4o 6,7 de /W /28 /14 ISO ,'s" products of its condensation in a
a)

weakly alkaline medium (ammonia solu-
Fig.3 - Degree of Condensation of Dilute

tion) and in a solution of aniui
ScLitions of Orthosilicic Acid vs. Dura-

chloride were found to be the least
tion of Condensation and Acidity of the

stable.
Medium

The rate of co-iensation of ortho-1 - 1/70 N HC1; 2 - 1/125 N Nd1;

silicic acid in dilute weakly acid3 - 1/625 N HCI; 4 - 1/700 N CId;

solutions is considerably slowed after5 - 1/i000 N Ff01
reaching a degree of condensation equal

a) Time of condensation, hours; to 6.

b) Degree of condensation As for the processes of further
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condensation, it is not possible today to give an exact picture of them. The dia-

gram on page 86 merely shows that the process of condensation leads to the formation

of cross-linked and three-dimensional structures and, ultimately, to high-molecular

three-dimensional polysiloxane (Si02)X.

The two examples of the conduct of the hydrolysis reaction discussed above, the

action of a minimum quantity of water under mild conditions, and in dilute aqueous

solutions using neutralization, both constitute stepwise processes which proceed

almost according to the theoretical mechanism. In practice, when the hydrolysis re-

action is run either with silicon tetrachloride or with esters of orthosilicic acid

and alkyl-(aryl)-chlorosilanes, the process may proceed in the most varied direc-

tions. The compounds (intermediate products) so formed may contain various numbers

of hydroxyl groups or chlorine atoms, may have various siloxane chain lengths, may

possess a linear, cyclic, or three-dimensional structure, etc. The formation of

these or those intermediate products depends on the ratio between the reaction velo-

cities of hydrolysis and condensation. The end product of hydrolysis, silica gel,

however, is in all cases a high molecular hydroxypolysiloxane.

According to Willstatter (Bibl.14), the gel obtained by means of the hydrolysis

of silicon tetrachloride, after centrifuging, contains about 15% of water bound to

the silicon atoms in the form of hydroxl groups or adsorbed by the active surface

of the gel. On the spontaneous condensation of the gel under water, equilibrium is

established in about three months, with the gel containing 11.45% of bound water.

The adsorptive properties of the gel vary considerably according to the method of

hydrolysis; thus, for =meaple, the gel obtained by hydrolysis in alkaline medium

contains 21.8% of bound water in its initial state.

The main factor determining the number of free hyroxyl groups in the end re-

action product, when the hydrolysis is run under ordinary conditions, is the reac-

tion temperature. The compounds obtained on the reaction of silicon tetrachloride

with water at an elevated temperature contains a smaller number of free OH groups;
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but if the hydrolysis is conducted in the vapor phase at a temperature of the order

of 500°C, the reaction product is crystalline silicon dioxide.

.Si( 11 -i -"axl I...() -. (,ii ), .:-..1.01 [II

The silica gel obtained under ordinary conditions gradually undergoes condensa-

tion in air; the molecular weight increases, and the number of free OH groups as

well as the quantity of adsorbed water decreases; the structure of such a gel has

been studied by washing away the water with acetone (Bibl.15). The authors reached

the conclusion that hydrated silicas, for example 28i02 e H20, could be prepared.

In view of the fact that the products so formed are a polydisperse mixture of

high-molecular compounds, we consider it very improbable that molecules could be

formed with so simple a ratio between the number of silicon atoms and the number of

free hydroxyl groups or the quantity of adsorbed water.

The spontaneous condensation of silica gels in air leads to a considerable de-

crease in the quantity of bound water (Bibl.16); at room temperature a product

corresponding to the empirical formula lOiO2 . H20 may be obtained. The remaining

hydroxyl groups are bound very firmly, ad are not rmoved even at a temperature of

300 - 4000 C. The process of condensation is completed only at 10000C. In this case

the silica gel passes over into the crystalline state and completely loses its

adsorptive properties.

The reaction between silicon tetraehloride and water cannot be represented by

any single chemical formula. In considering the mechanism of the process, the whole

group of possible reaction must be borne in mind. For simplification it is advis-

able to represent the aggregate of the processes of hydrolysis and condensation of

the hydrolysis products by the following arbitrary system:

SiWIl + 2112 • I+iijI|iI 2- 411 .1

But such a foruwla indicates only the principal direction of the reaction toward the
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hydrolysis of all four chlorine atoms and the formation of silica gel. It must be

borne in mind that, in reality, as shown above, the process takes a considerably

more complec course.

Reaction of Silicon Tetrachloride with Various Organic and Inorsanic Compounds

Silicon tetrachloride, as a acid chloride, readily reacts with compounds con-

taining a free hydroxyl group. The reaction of SiC14 with organic compounds, de-

pending on the number of OH groups, their mobility, and the molecular structure of

the organic compound, may proceed in two entirely different directions:

1. Replacement of chlorine by an OH group:

I i

In this case the molecule of the organic compound may be dehydrated:

Si (.1 + 1() (1 -"-----'--, %i--01 Il+ I f 1-- --

I R,
li ' .-

Similar transformations may take place not only with compounds containing OH groups

but also with other oxygen-containing compounds.

2. Formation of molecules with an ether bond:

Si - ( + Iit

In this way the reactions of the first type lead t the ultimate formation of silica

gel and a modified organic derivative. By reactions of the second type organosili-

con ethers or mixed organosilicon anhydrides may be obtained. Let us consider these

two types of reactions.
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Reactions Leading to the Formation of Silica Gel

Organic acids, on reaction with an excess of silicon tetrachloride form, under

severe conditions, the corresponding acid chlorides and silica gel (Bibl.17):

Andrianov and Dolgopolov (Bibl.18), on the basis of a reaction of this type,

have developed an industrial method of producing benzoyl chloride from SiC14 and

benzoic acid. The yield of benzoyl chloride is 95% of theoretical. Owing to the

inexpensiveness and ready availability of SiCI4 (by comparison with such chlorinat-

ing agents as PC1 5 or PC13) the synthesis of organic acid chlorides by this method

is of considerable interest.

Tertiary aromatic alcohol reacts with SiCl4 by an analogous mechanism

(Bibl.19):

SWiJl .. 4(C',%l!.,I:,(C(Il 'J Isil(0lliI 4.- 1l:,ll~

When isopropyl alcohol acts on SiCl 4 , silica gel, propylene and isopropyl chloride

are forued (Bibl.20). Two parallel reactions obviously take place:

SiCtl + 4 .i ll(X1 - Si(Oli)k.- 4 !CHI (1)

SiCi . 1 4 Of:\CHOII -- ISi(O I,j + 4CH,2UICH 3 - - 4._CI (2)

CH /

When acetone reacts with SiCl 4 , silica gel and a number of compounds from which

mosityl oxide can be obtained, are formed (Bibl.21):

SiC14 + S(CH,),O - - ISi(OH).I + 4CI.,COCII-C(CH)2 -- 411(I
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Other aldehydes and ketones react similarly.

Reactions Leading to the Formation of Esters of Orthosilicic Acid

The preparation of esters of orthosilicic acid by the reaction of SiC14 with

monohydric alcohols and phenols by the reaction

SiCI 4 + 4ROIl I Si(OR) + 411CI

is one of the processes that has been best studied and most used in practice.

The reaction of SiCl 4 with ethyl alcohol was first observed by Abelman

(Bibl.22), but the structure of the products obtained was elucidated only in the

1850's by Mendeleyev (Bibl.4, 23). The velocity of reaction depends in the first

place on the activity of the alcohol or phenol. Methanol reacts at room tempera-

ture, at a velocity close to the velocities of inorganic reactions, and the replace-

ment of chlorine atoms by methoxy groups proceeds to completion. Under the condi-

tion of removal of the HC1 by blowing dry air through the product, the process can

be conducted even at -10C (Bibl.24). Kalinin (Bibl.25) found that when a solvent

is used the reaction proceeds better, and the yield of tetramethoxysilane is 73% of

theoretical. Ethyl alcohol reacts somewhat less energetically. The ethyl,

isobutyl, allyl, bensyl and cycloheal esters of orthosilicic acid were prepared

(Bibl.26) by pouring SiCl 4 into a 10% mccss of the corresponding alcohol, heating

the mixture on an oil bath until the evolution of C1 stopped, and then neutralising

the reaction product with sodium alcoholate. By a different method (Bibl.26) (in

the cold, removing the HC1 with a current of dry air, the ethyl, butyl, allyl,

heptyl and octyl esters of orthosilicic acid were prepared.

The reaction of SiC14 with phenols (Bibl.27) is considerably less vigorous than

even with such alcohols as octyl. Thus, for instance, SiC14 and phenol do not react

for 1 - 2 hours; and this reaction can be completed only by heating the mixture to

250PC.

The reaction of SiC14 with insufficient alcohol or phenol leads to the forma-
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tion of chloro esters:

SiCI4 + ROI I = CI3Si)R + I I(:C
3IlSiOR -i- ROI I = ('I.Si()R); " IR1

The reaction with the lower aliphatic alcohols is very energetic, As found by

Kalinin (Bibl.25), the yield of chloroesters may be considerably increased by the

use of an inert solvent, making the conditions of reaction milder; thus, in the pre-

sence of benzene as a solvent, butoxychlorosilanes were obtained (Bibl.28).

Allyloxychlorosilanes (Bibl.24) have been prepared in relatively high yield

without using solvents.

The use of an organic base to neutralize the HC1 liberated encourages the more

quiet course of the reaction, but the isolation of the reaction product is made more

difficult by the formation of hydrochlorides. When pyridine was used for neutral-

ization, a number of halo-esters of tort-butyl and tert-auvl alcohols were prepared

in the absence of a solvent (Bibl.29). The high boiling alcohols and phenols, which

react with SiC14 less actively than the lower aliphatic alcohols, form mono- and

dialkoxy chlorosilanes in good yield both with and without solvents. The process is

completed after a short heating of the mixture on the water bath. Woltnov (Bibl.30)

prepared haqW crichlorosilane (yield 72%), dihoxyloxdichlorosilane (yield 4.6%),

octylaxytrichlorosilane (yield 60%), and a mixture of dioctyldichlorosilane and tri-

octyloxytchlorosilane (yields 28 and 22%) by this method. The reaction with dodecyl

alcohol in a petroleum ether medium takes a similar course and leads to the forma-

tion of mono-, di-, and tridodecyl €oayhlorosilknes (Bibl.31).

Vollnov and Hishelevich (Bibl.32), using ethyl ether as a solvent, prepared a

number of chloro-esters of thymol, caryarol and guiacol.

Other hydroxyl-containing organic compounds react similarly to simple aliphatic

alcohol and phenols. Vol'nov (Bibl.33), investigating the reaction of SiC14 with

F-TS-9191/V 96



dihalohydrines of glycerine, obtained both the aster of orthosilicic acid:

4((1( 1 1 )1 Si(I, i M/ / I l2CI + 11
" \ \C l 1--C 1I/4

and the di- and trihalo-esters:

0 I.,Br(;l IBr(I 12011 -,- S iCI!4  CI:,SiOCI I:I IBrCH..Br + I ICI I

1:l:,SiOQ 1(:li I BrCI I.Br + (:1 IgBrCI IBrCI .2OI I = (I.Si(OCI-I,.CI IBrCI IBr). + I Ic I

When the monomethyl or monoethyl esters of glycol act on SiCl 4 , even when an

excess of such esters is used, the monochloro-ester is formed (Bibl.34):

.IR( x I1 I.AI : I..) I + SiU 4 = CISi(OCH2Ci:R)3 + 31 ICI

On prolonged heating of the monomethyl ester of glycol with SiC14 to complete

removal of the HC1 (Bibl.35), the full ester of orthosilicic acid can be obtained.

Ethylene oxide (Bibl.36) reacts with SiCl 4 without forming HI1:

SiCl, + 4CH.-CIItO . Si()CH0l2 I.cI)4
I I

The reaction is completed below 100°Ce The yield of tetra-0-chloroethoxysilane is

73% of theoretical.

Compounds containing two OH groups react differently, depending on the mobility

of the OH groups and the distances between them. Dolgov and Voltnv (Bibl.37),

studying the reaction of SiC14 with dihydric phenols, found that hydroquinone and

resorcinol react with two molecules of SiC14, in the presence of an excess of

SiCl4t

2SiCI6 + C.H.(Oi4)2 -- IsSI(CHmOSiCI, + 2hCI

while pyrocatechol reacts with only one molecule:
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SiC 4 + I I -.... Cl.S I It 2HCIIc K)i- \/--L,/'

Ethylene glycol reacts somewhat differently (Bibl.38).

The first of the OH groups is replaced by chlorine:

SiCI. + 4HOCH 4OH -- - [ |Si(OH)41 + 4CICtHOtI

The second OH group reacts with SiCl4 to form an ester:

4CICaH.OI! + SiCl4 --- > Si(OCl 14C), + 4HCI

A precipitate was separated from the reaction mixture, and the author assigned the

formula HOOiOC2H4OSiOOH to it. At the present time the formation of such compounds

is considered improbable. From our point of view there are more grounds for postu-

lating that in this reaction a high molecular hydrugplysilacane is formed, a con-

siderable part of whose OH groups are etherized by the unreacted ethylene glycol.

It is most probable of all that alongside of the substitution of an OH group of

ethylene glycol by chlorine

CI (:1

.I-i-Cl +I 10(..414011 :1 --Si--,)l I + CIC2I 14)I I

a condensation reaction also takes place; here halodisilzanes would be formed:

CI CI CI C1

CI- si-O I + Ill -- , "1. (-I--,S1i- U-5i-CI -, 11..1.(I( I ( ! I I

and a partial esterification of the substances formed would take place.
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I I I I

CI-SI-O--Si-( ,1 I I :.H40I I • (:l-Si-(-Si-( x;.I 1,)l I + I I(
I I I IC1CI CI1 : C!

The water formed during the process of condensation causes hydrolysis followed

by the formation of hydroxgpolysiloxane, containing the other groups which are more

difficult to hydrolyze than the chlorine attached to the silicon atom:

I IL.)-S i-S-0-- -(':,H4OI IIC'I C:I

Benzyl alcohol (Bibl.39) reacts energetically with silicon tetrachloride, form-

ing benzyl chloride, silica gel, and the products of etherification. As stated

above, the replacement of the OH group in benzyl alcohol by chlorine involves the

liberation of water by condensation of the OH groups attached to the silicon atom.

The presence of water in the reaction mixture has the result that only traces of the

benzyl ester of orthosilicic acid are formed, together with a large quantity of its

polymeric hydrolyzate.

Analogous phenomena were apparently observed by Dolgov and Voltnov (Bibl.40) in

their study of the reaction between nitrophenols and SiCl 4 . They postulate that

this reaction takes place in two directions:

SiCI. + 4110(.H 4 NO2 > Si(OCH.NO2) + 4-ICI (1)

SiCI. + 4HOCgItNO -- * 4CI(t 4 NO2 + [Si(OH)#J (2)

They do not, however, consider that this course of the reaction has been proved.

Their description of the reactions allows us to assume that polymeric products are

also formed.

When SiC14 reacts with the lower organic acids or their anhydrides under cer-

F-TS-9191/V 99



tamn conditions, mixed anhydrides of orthosilicic acid and organic acids may be ob-

tained e

The first report of this nature was made by Friedel and Ladenburg (Bib1.41),

SiCI4 -4CH 3COOH )I Si(UCOCI i.) -- 41ICI
SiCI4 + 4(CH3CO)..O - -- Si(OCOCHs)4 + 4CICOCI

Tetraacetoxaysilane is a crystalline product distilling at 1480C(5-6 am). Com-

pounds of this class react with uctrme energy with water forming an organic acid

and CSi(OH)4).

When alcohol acts on tetraacetoxyuilane, ethyl acetate is quantitatively

formed:

i(O(UCI-l) 4 + 4( H.OIl fSi(Oli) 41 + 4CtlsC(XX.1lI3

The formation of Si(OH)4 has not been established; it is most probable that

there is a reaction of substitution of the acetoxy groups by alkoxy groups according

to the formula

Si((XX)CfI)4 + 2ROII - Si(OCOCH9)9(OR) + IIOCOC-I

which has been dmonstrated for the reaction of alkylacetozysilanes with alcohols

(Bibl.41a).

KD.Petrov has synthesized silicobutyric anhdride (Bibl.42), silicobasoic

anhydride and silicofozmic anhydride (Bibl.43).

SiCl4 + 4.,117 OO-i - - Si(OCOC2l 1,), + 41 ICI
sic14 + 4aHSCO011 -- - Si(CCOCI 1), + 4-10,

SiC14 + 41iCOOH ---- Si(OCOI 1), + 411(1

He found that these products# like the anhydrides and acid chlorides, can enter into

reactions of condensation with aromatic hydrocarbons:
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AICI3
Si(OCOCsaiI 4 + 4CHsC11 -- '- CHs("H6COCaI' + [Si(O l)6

A better yield of ketones is obtained when the reaction is conducted in a

single phase (Bibl.44) (the formation of silicoanhydrides in a medium of the corre-

sponding aromatic solvent). By means of single-phase condensation, tolylphenyl

ketone, bonsophenone, methyltolyl ketone, methylohlorophenyl ketone and acetophenone

in yields of 45 - 86% of theoretical have been synthesized (Bibl.44).

From the point of view of organic synthesis, the most interesting is silico-

formic anhydride, since neither the anhydride nor the acid chloride of formic acid

exists in the free state.

By the aid of silicoformic anhydride, the synthesis of a number of aromatic

alderhydes may be accomplished, for aaiple:

AICI,
Si(OCOH)4 + 4CHCH, --...., 4QOLCHCOIi + ISi(OH),j

The czy group obviously reacts more easily with the atom of chlorine in SBC 4

than the carbcxyl group does. Thus, ca-acids (Bibl.45) react with SiC14 to form an

ester, instead of a mixed anhydridet

SiCI. + 4H0(ROOi 1) - - - Si(ORCCOH). + 4tICI

Ricinoleic acid, reacting by this scheme, yields silicoricinoleic acid, a vis-

cous oily product# slowly decomposed by alkali# which can be brominated and reacts

with calcium chloride to form the calcium salt.

The presence of an active COOH group in the reaction product naturally compli-

cates the course of the above reactions and encourages the formation of a umber of

by-products (polysilamanes, various esters, hydrides, etc.). Compounds of the type

Si(O CWM) 4 , where X is a metal or a radicals, my be obtained in better yield than

Si(OFCOOH)4 on the reaction of SiC14 with the salt or ester of the oy-acid. Thus,
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silicolactic acid is obtained by the reaction of SiCl4 with zinc lactate, silico-

salicylic acid by the reaction of SiCl with methyl or sml salicylate.

SiCI4 is such an active reagent that in certain cases it can disrupt the ether

bond in organic compounds.

Voltnov (Bibl.46), studying the reactions of SiCl4 with complex esters of

acetic acid, and with various alcohols, found that the esters of the lower alcohols

(up to and including amyl acetate) form silicoacetie anhydride with SiCl4:

I( -F l..( ,( )I -t- SiCI4  - - S Si(((C( 11.j) -. 4R I

Isoaql acetate and the esters of higher alcohols, phenol and cresol, form the

ester of orthosilicic acid and acetyl chloridet

4( :I Is(( )I) + Si( 4  _* Si(OR). + 4(0 1 0(X)(I

The reaction is reversible and proceeds to completion only if the acetyl chlor-

ide is rmoved.

Bensyl acetate reacts differentlys

SiCIh + l I. C(xX.XlH, - - 2',ttX:l + 2CH&CF20,i + S"_

On the reaction of SiCl4 with ethyl ether at boiling point, halo-esters of

silicon are formed (Bibl.47).

Si(;I. + CHS.COHS - - CiH&OSICI. + CH$CI

This reaction makes it difficult to synthesize alUklchlorosilanes in an ether medium

by Grignrd'ts method, since substituted esters are formed besides the alklchloro-

silanes.

When SiC14 reacts with esters of nitric acid (Bibl.48), a number of esters of

orthosilick acid can be obtained (Bibl.48):

Sicl, + R(,O N Si(OR) 4 + 00 1
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The yield of product is about 80% of theoretical. If the P -chloro-ester of nitric

acid is taken for the reaction, tetra-p-chloroethoxysilane is formed:

SICIj + 4CICHCHONO -- " Si(OCHsCHgCI)6 + 4NOCI

A mixture of ethylene glycol and ethylene dinitrite (Bibl.48) reacts with SiCl 4

in the following way:

CHOH ONOCH, CHIO OCH

I + SiC1+ I iI+ 2HC1 +2NOCI
CHOH ONOCH, / \OCH,

SiCl 4 reacts with esters of orthosilicic acid (Bibl.49) at temperatures of the

order of 1600C:

SiCI. + S;(OR)* - 2ClSI(OR)t

The principal reaction product is a dialkoxydichlorosilane, but usually the

trialkoxychlorosilane and the alkoxytrichlorosilane are also present. By varying

the ratio between the reagents, the yield of one reaction product or the other can

be increased. Tetramethcxysilane reacts with SiC14 at the boiling point of the mix-

ture (Bibl.50).

Kreshkov (Bibl.51) has studied the reaction of SiC14 with oxy-acids obtained on

the oxidation of paraffin by the oxygen of the air. He considers reaction does not

take place according to the formula presented above for the ox-acids. In his

opinion, the SiC14 dehydrates the oxy-acids, after which it can add to the unsatur-

ated products of dehydration at the double bond, even in the absence of a catalyst:

RCHOHQI,(CHI),COOH + SiC4. RCH-CH(CHs)NCOOH + (Si(OH)4 -+ 4Firl

RCH-CH(CHt),COOH + SiCI4 --- RCHCHCI(CHs)ACOOH

It must be borne in mind that even the synthesis according to Shtetter (under
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pressure) involves considerable difficulties, and up to the present time has not

I I
been repeated. For this reason the hypothesis that the -Si-C- bond is formed by

I I

simple boiling of an organic compound with silicon tetrachloride appears improbable

to me. As a result of recent studies (Bibl.52) the impossibility of the addition of

silicon tetrachloride at a double bond, even in the presence of a catalyst, has been

proved.

The presence of a soluble product containing silicon and a small quantity of

chlorine in the reaction mixture may be explained either by the formation of a poly-

alkoxychlorosiloxane, or simply by the phenomena of adsorption, instead of by the

formation of a compound containing the Si-C bond or of addition products.

Reactions with Amines and Ketones

Silicon tetrachloride is able to react with amines, forming haloaninosilanes

and aainosilanes (Bibl.53).

SiCI4 + 4CqH&NH2 --- CIgSI(NHC*H)g + 2C.HNHHCI

When tertiary amines react with SiCl 4 , addition products are formed:

2 _ + SiCl4 -. (CsHN)SiCI,

According to Dolgov and Voltnov (Bibl.40)p the reaction of paraainophenol with

SiC14 takes place in quantitative yield by the formula

SiC(:I + 4HIcX 4II4NHj - • SI(OC6H4NHHCI).

I
Absolutely no compounds whatever containing the bond -S-N- are formed.

I I
One peculiarity characteristic of the chemistry of silicon as a whole must be

noted. The silicon atom has a large radiusp thus making it capable of forming con-
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ple compounds with the coordination number 6. An example of compounds of this

class is the salts of fluosilicic acid. SiCl4 likewise forms a number of compounds

of complex structure. They include, for instance, the above mentioned compounds

with tertiary amines.

SiC14 reacts well with 1,3-diketones (capable of existing in the enol form)

with the formation of complex hydrochlorides:

3CfI.0Cx :I tcI Il)OI I + Sii -.... 3 ICISCOCII-C(Cls)OJSi(.I 11(.1 + 2H(CI

Three molecules of diketones always enter into the reaction. Dilthey (Bibl.

19), who prepared a number of such derivatives, found that one atom of chlorine in

them is extremely mobile and readily enters into metathetical reactions with salts.

I(I I1C(X'H=C(CHi.)OJSiCI FICI + AgNO3 ---

- -" AgCI -ClaCOCH-C(CI.,)OI 3 SiCi.tlN ),

Alkylation Reaction of Silicon Tetrachloride

The most important reactions of SiC14, which are responsible for its practical

importance in the synthesis of organosilicon polymers, are based on its ability to

replace chlorine atoms by organic radicals on reacting with certain organometallic

compounds, hydrocarbons, and diazo compounds.

Reactions with Organonanesuim Comunds

Of the organometallic compounds that react with SiC14, the organomagnesium com-

pounds have been most widely employed, since they are relatively more plentiful and

inexpensive.

The reaction between silicon tetrachloride and organomagnesium compounds takes

place according to the mechanism (Bibl.54):

-iti( 4 + RMgX H&Q -.iC MgXCI
EMSi:I + RMgX - RSiC12 + MgXCI
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K 2SiU 2 + RMgX RSiCI + MgXCI
R .Si(:I - IMgX - R4Si + MgXCI

The number of halogen atoms that are replaced by alkyl radicals depends on a number

of conditions, the proportion between the components, the structure of the alkyl or

aryl radical, the nature of the metal and the reaction conditions.

By adjusting the ratio between the quantities of SiCl 4 and organomagnesium com-

pound, the direction may be directed toward the formation of one of the products

primarily, for instance of an alkyltrichlorosilane or the dialkyldichlorosilane,

but the reaction product will always also contain compounds of a greater or lesser

degree of substitution. The quantity of by products depends on the relative

activity of the SiCl 4 and the alkylchlorosilane with respect to the given alkylmag-

nesium halide; in some cases the dialkyl- or diaryldichlorosilanes are formed much

more easily, in other cases the alkyltrichlorosilanes. The tetra-substituted sil-

aries are as a rule formed with greater difficulty.

The reactions between SiC14 and ether solutions of the most varied organomag-

nesium compounds are described in the literature, for example: methylmagnesium

chloride (Bibl.57), methylmagnesium bromide (Bibl.58), methylmagnesium iodide (Bibl.

59), ethylmagnesium chloride (Bibl.60), ethylmagnesium bromide (Bibl.61), ethylmag-

nesium iodide (Bibl.62), bromomagnesium bromide (Bibl.63), allymagnesium bromide

(Bibl.64), butylmagnesium bromide (Bibl.59), isoaimyagnesium bromide (Bibl.63),

haylmagnesium bromide (Bibl.64), octylmagnesium bromide (Bibl.64), phenylmagnesium

bromide (Bibl.65), cycloheiylmagnesium bromide (Bibl.66), benzylmagnesium bromide

(Bibl.67), p-chlorophenylmagnesium bromide and p-bromophenymiagnesium bromide (Bibl.

68), p-tolylmagnesium bromide (Bibl.69), a-naphthylmagnesium bromide (Bibl.63), and

also reactions with a number of more complex organomagnesium compounds.

We have worked out a method of synthesizing organomagnesium compounds without

using ethyl ether (Bibl.54). The following compounds were prepared by this method:
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ethyltrichlorosilane, diethyldichlorosilane, isobutyltrichlorosilane, diisobutyl-

dichlorosilane, isoamyltrichlorosilane, hewltrichlorosilane, dihecyldichlorosilane,

benayldichlorosilane, and a -naphthyltrichlorosilane. Voltnov and Rout (Bibl.56)

conducted the reaction between SiC14 and ethylmagnesium bromide without using ethyl

ether,

In runs without using ethyl ether, the yield as a rule is not lower than with

the ordinary Grignard method. To prepare certain alkylchlorosilanes, working with-

out the use of ethyl ether represents an advantage not only with respect to safety,

but also in connection with the possibility of selecting a solvent allowing the re-

action to be conducted at the optimum temperature.

By the successive action of different organomagnesium compounds on SiCI 4 ,

alkyl-(aryl)-chlorosilanes and various tetra-substituted silanes may be obtained, in

which unlike organic radicals are attached to the same silicon atom (Bibl.59, 64).

In this case, if there are functional groups in the molecule of tetra-substituted

silanes, they will be able to react both with organomagnesium compounds and with

other organometallic compounds, by analogy to other organic compounds (Bibl.68):

(;jH..MgU,

Rir( I IIm .Ai

it. 4 ( I4.l 14.&igHr -- '*4 ,.( .i 11 I4.Si( * (. ) .(I ' N. , l I.b.' .1 1.S9 I.

,,I~ri ..1 I~ ~Ig~r -- n.RrC 1lSi( 2!.- 1 H~ I,... S I

(LII..) zdi4"
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The replacement of several chlorine atoms by branched organic radicals some-

times involves sterio hindrance. For example, by the aid of isoamylmagnesium chlor-

ide, it has been possible to replace not more than two chlorine atoms (at very low

yields)*

On the reaction between certain organomagnesium derivatives and SiCl 4 , cyclic

dichlorosilane is formedt

/CI I.--'II

BrMg(CII,)MgBir + SiCla = CH2  Si(:1,! + 2MRCIBr
\'lI-CI I

Dimagnesium derivatives of dichloroacetylene do not react with silicon tetra-

chloride (Bibl.70).

It has not been found possible at all to produce a reaction between SiC14 and

tertiary organomagnesium compounds, and organolithium compounds must be used to pre-

pare tertiary alkylchlorosilanes.

Reactions with Orwanolithium Comnounds

The reaction of SiC14 with organolithium compounds is of great importance for

the production of those organochlorosilanes of complex structure which it has not

been found possible to prepare under the action of organomagnesium compounds (Bibl.

71). The reaction between silicon tetrachloride and the organolithium compound pro-

ceeds with exceptional smoothness and is very easily controlled (Bibl.72). Such

compounds as tetraalkyl- or tetrarylsilanes, which can as a rule be obtained only

in low yield under the action of organomagnesium compounds, are very readily obtain-

ed in high yield by using organolithium compounds instead (Bibl.73): tetraethylsil-

ane in 92% yield, ttrabutylsilane in 98% yield, tetraphenylsilane in 99% yield.

The reaction takes place in the cold immediately after mixing the silicon tetra-

chloride with the solution of the organolithium compound.

Alklchlorosilanes with branched chains can be prepared by the aid of organo-
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lithium compounds; for instance, isopropyllithium yields triisopropylchlorosilane

(Bibl.74) in 68% yield; while tertiary butyllithium gives tert-butyltrichlorosilane

(Bibl.75) (in yield of 75%):

(CH,3)CLi + SiC 4 - (CH)3CSiCla + LiCI

Under the action of organolithium compounds on SiCl 4 , alkylchlorosilanes con-

taining functional groups in the organic radical can be obtained, for instance

(Bibl.76):

Br\, /Br

SIC! 1 + Li-/ - " -SiCI3 + LiI

OCH, OCl-I,

Reaction with other Orfanometallic Compounds

The alkylation of SiC14 by means of organosodium compounds proceeds readily

even with halo-derivatives containing no other functional groups. The reaction is

very difficult to control and leads to the formation almost ecclusively of tetra-

substituted silanes, good yields being obtained as a rule only for the tetraarylsil-

anes,

Manulkin and Yakubova (Bibl.77) acting with sodium on a mixture of SiCl 4 and

an aryl chloridet

SiCI, + 8Na + 4RCI - SiR6 + 8NaCI

obtained tetraphenlsilane (in 68% yield) and tetrabensylsilane (in 45% yield).

Tetmbiphenylsilane (Bibl.78) Si(C6 H4 C6H5 )4 (in 60% yield) as wel as tetra-p-

tolylsilane (Bibl.79) have been similarly obtained.

The aliphatic alkyl halides in the presence of sodium usually react less

readily: for instance, ethyl bromide forms tetraethylsilane in insignificant

yield; butylbromide hardly reacts, while isopropyl bromide and tert-butyl bromide
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do not react at all (Bibl.80). There is a statement (Bibl.78) that amyl chloride

forms tetraamylsilane in 80% yield. (Tetraisoamylsilane is obtained in insignifi-

cant yield) (Bibl.38).

As stated above, the reaction of alkylation by means of metallic sodium can be

controlled only with great difficulty, and it has not been possible to obtain any

sort of satisfactory yield of the most valuable alkylation products, the alkyl-

chlorosilanes. It has also not been possible to conduct the reaction with halo

derivatives containing other functional groups, for example with nitro- and dinitro-

chlorobenzene or with methoxyclorobenzene (Bibl.80), not to effect the reaction be-

tween SiC14 and sodium acetylide.

The possibility of performing the following reactions has been noted in the

literature (Bib.81):

/ C I lI111. (C :-I.:.

4I 2 + .N.1 + Si( ;I = CI I ,.I., + 2N aBr 4 2Na(.;
\C 1 Br \CI 1../

2C,11(I..i + S i(.i j+ 8N, >i / i

subsequently, however, the formation of the latter product was not confirmed

(Bibl.82).

By means of organomercury compounds, the arylchlorosilanes were first obtained

(Bibl.83):

SiCf 4 4 I I((C,,I 1). = (.I I3SiCI, + I lK1CuHsCl

Dimethylmercury gives practically no reaction with SiC).4 , and with dimethylzinc

the reaction proceeds at a fair velocity only at temperatures over 2000C (in a seal-

ed tube) (Bibl.84).
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.S,CI, -4- 4(IH3)2ZnI Si(CII1. )4 - .1 .n11 J.j(I

Diethylzinc reacts similarly.

Diethylbarium does not react with SiCl4 (Bibl.85).

Reaction with Hydrocarbons and Diazo Compounds

Shtetter (Bibl.86) found that under a pressure of 10 - 100 atm in presence of

metallic chlorides, SiC1 4 can add to compounds containing a multiple bond:

1. =0l1 2::( I (l ( .SiCI i--CI I .'1

SjCI' + -- • CkjSi(()cI

In this case, according to data of Shtetter, workers have been able to replace only

a single chlorine atom in SiC. 4 . Unfortunately, during the 15 years that have pass-

ed since the publication of Shtetter t s paper, no paper has appeared demonstrating

convincingly enough the possibility of such a reaction, except for the patent

reports, which reproduce the Shtetter synthesis without reference to the isolation

of the reaction products (Bibl.87).

According to the data of Andrianov and Kochkin (Bibl.88), a mixture of SiC14

and a hydrocarbon can react at a temperature over 450°C:

RI I + SiWI. = RSiC13 + IICI

When methane reacts with SiCl 4 at 5000C, methyltrichlorosilane is formed (in

12.2% yield) and when benzene reacts with SiC14 at the temperature of a red heat, a

certain quantity of phenyltrichlorosilane is obtained (Bibl.89).

Yakubovich and Ginzburg (Bibl.90) found that SiC14 can react with diazo com-

pounds, forming mono, di, and trichloroalkylchlorosilanes.

SicI4 - CI N .= (;I.siCf.C + N'
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(JI.SiCH 2 (I + Cil ,N - CIASi(CIaCI + N.
I:1Si(CH 2CI). + CHN.. = CISi(CII:CI) + N-

Reactions with Inorganic Compounds

One of the most important criteria determining the tendency of the halogen

atoms attached to the silicon atom to be replaced by any other atoms is the ratio be-

tween the values of the covalent radii. As a rule substitution reactions take place

readily only where the substituent atom has a smaller covalent radius than the re-

placed atom (Bibl.91). Accordingly, the reactions of replacement of chlorine atoms

by atoms with a larger radius either do not take place at all or take place in in-

significant yield. The chlorine atom (r - 0.99 A) may be replaced by the fluorine

atom (r - 0.72 A), and also by the oxygen atom (r - 0.66 A) and the nitrogen atom

(r - 0.74 A).

Examples of the reaction of substitution of oxrgen for chlorine are all the

above discussed reactions between silicon tetrachloride and water or

hydroxyl-containing compounds, as well as with many inorganic compounds.

Acids hydrolyze SiCl 4 , for instance:

SiCI, + 211 .SO = Si(OI 1) + 2SO-CI.

Under the action of acid anhydrides or oxides of metals on SiCl 4 , the chlorine

is replaced by oxygen, forming silica (Bibl.92) or halodisiloxane (Bibl.93):

3SiCI 4 + 2P20S = 3SiO., + 4PXtI-.

2SiC14 -+ SO3 = C1 SiOSiCI3 + SO2CI.
SiCl 4 + 2CAO -- SiO2 + 2c('l.

Examples of reactions in which chlorine is replaced by nitrogen are the reac-

tions with amines (cf.page 104)and also the reactions between SiC14 and isocyanates

(Bibl.94) and isothiocyanates (Bibl.95).
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SiCI4 + 4AgNC..) Si(N(;U) + 4AgLl
SiC14 -1 4ARNCS Si(NCS)i + 4ARCI

The replacement of chlorine by fluorine takes place readily, either under the

action of elementary fluorine (Bibl.92):

Si(14 -t- 2F", =i 4 S+ -Il,

or under the action of antimony fluoride (Bibl.96):

SiClg + SbF, - CiaSiF + SbFC
CIsSiF + SbFs - CISiF- + SbFj ,
CISiF, + SbF3 - CISiF, + SbF2CI

CISiFs + SbFq = SiFP + SbFCI

In this case a mixture of all the above products is formed.

In contrast to the above reactions, which take place rather actively, the sub-

stitution of chlorine by groups with a covalent radius greater than that of chlorine

takes place with great difficulty. Thus, for example, the reaction of SiC14 with

H2 8 (Bibl.97) leads to the replacement of one atom of chlorine:

SiC 4 + I125 - CI Si IS . HCI

According to recent data (Bibl.91), the yield of Cl 3 SiSH, even at 6000C,

amounts to only 1 - 2%.

Bromine and iodine do not react appreciably with silicon tetrachloride. The

reaction with hydrogen bromide and hydrogen iodide takes place at a high temperature

in insignificant yield:

SiCI4 + 4HX - SiX, + 41CI

Carbon tetrabromide reacts according to the formla:
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SiCl4 + CBr 4 = CC14 + SiBr4

The yield is 12%.

The reaction of reduction of SiC14 takes place with great difficulty. Hydrogen

reacts at red heat:

SiCl4 + I12 = H=SiCl -,.- HCI

Metallic sodium at 140OC does not react. The reaction

SiCI4 + 4Na -- Si + 4NaCl

takes place at red heat. Metallic potassium reacts with the vapor of SiCl 4 at a

considerably lower temperature. The analogous reaction with silver takes place at

red heat; with iron, aluminum, and magnesium, at 200 - 3000 C.

Metallic magnesium does not react with SiC14 at room temperature; heating at

'he uoiling point for 8 hours likewise does not produce a reaction. In the presence

of ethyl ether, an insignificant quantity of unstable compounds, whose structure has

not been established, is formed (Bibl.98).

Other Tetrahalosilanes

Such silicon compounds as SiF4 , SiBr4 and SiJ4 have not at the present time

acquired technical importance.

The silicon atom is bound very strongly to fluorine (Bibl.99). This is

evidenced by the heat of formation of SiF4 from its elements, which is 360.0

kcal/mol. It not only considerably exceeds the heat of formation of silicon tetra-

chloride (151.0 kcal/mol), but even the heat of oxidation of silicon (176 kcal/mol).

The possibility of preparing silicon tetrafluoride from silica is connected with

this. SiF4 is obtained, according to Merdeleyev (Bibl.8), by treating a mixture of

one part by weight of sand or glass, with one part by weight of fluorspar in 6 parts
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by weight of sulfuric acid. The reaction SiO2 + 4HF -SiF 4 + 2H20 is reversible.

The hydrolysis of SiF4 is an endothermic process, which, in contrast to the

Sil:4 + 4H0 --.. 4HF + [Si(O-I),&j-25,8 c&1

is an endothermic process, which, in contrast to the hydrolysis of all other halo

derivatives, does not proceed to completion, and some of the fluorine atoms still

remain attached to the silicon.

SiF4 is a colorless gas with a sharp odor, which fumes in the air. Its criti-

cal temperature is -1.5 0 C and its critical pressure 50 atm. Water absorbs about

400 volumes of the gas.

Like SiC1j4, SiF4 reacts with alcohols, forming ethers (Bibl.l00):

ISiI 4 + 4ROl = Si(OR)4 + 2HSiFi

This reaction, however, proceeds slowly and in low yields. The relative sta-

bility of the -?i-F bond by comparison with the stability of the -Si-Cl bond is

illustrated by the fact that under the action of alcohols on fluorochlorosilanes,

the fluorine rumains unaffected# while the chlorine is completely replaced

(Bibl.l0l).

Si.1F= "+ 2CII1,O -.- F-Si(OC4II,,)2 + 2HCI

SiF4 reacts readily with organomgnesia compounds, however, in contras4 th'

reaction with SiCl 4 , and in this case trialylfluorosilanes, containing an admixture

of tetrmalkylsilanes, are almost acclusively formed.

In 1935, Medoks and Kotelkov (Bibl.102) first studied this reaction.

SiF, + :3CIIMgBr = FSi(CjH,), + 3MgFBr

When SiF4 reacts with phenyJmagnesium bromide, tetraphenylsilane is not formed;
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benzylmagnesium chloride, according to the data of Jedoks (Bibl.103), reacts with

SiF4 , forming a mixture of tribenzylfluorosilane and tetrabenzylsilane.

The reaction of SiF4 with ethylmagnesium bromide, propyl-, butyl-, and anybag-

nesium chloride (Bibl.104) takes place with the formation of a mixture of tri- and

totra-substituted products.

Silicon tetrabromide is obtained by the reaction between bromine and silicon

(Bibl.105), and on the action of bromine on a mixture of silica with coal or magne-

sium at a high temperature. SiBr4 is a liquid of specific gravity 2.82, boiling

235 .point 151.80C, melting point 12 - 150C, refractive index nD - 1.56267.

1 1
The strength of the -81-Br'- bond is considerably less than that of the -Si-F

bond, and therefore SiBr4 usually reacts more actively. Thus, for instance, the re-

action of SiBr4 with metallic potassium at ordinary temperatures is explosive.

Yakubovich and Ginzburg (Bibl.90) described the reaction of SiBr4 with diazo

compounds. This reaction takes place readily at temperatures of an order of -70°C,

forming di- and tri-a-bromoalkylbromosilanes:

Silr,', "1 '( + '1+-IN - (Br(.l I..Sir.. + 2.,

On the action of antimony trichloride on SiBr4 p the bromine is replaced by

chlorine (Bibl.llO), and both chlorobromosilanes and iC14 my be obtained. In con-

trast to the reaction with SiC14, the reaction of hydrogen sulfide with SiBr4 takes

place readily and in good yield (Bibl.91).

SiBr 4 + H2S =; BriSiSH + HBr

The iodine atom is bound still lese strongly to silcont

Si + 2s= SiJ,(+ 6,7 ~t )

This reaction (Bibl.106) usually takes place under the action of iodine on
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silicon in a stream of carbon dioxide at a temperature of the order of 500°C, or

under the action of iodine on a mixture of silica and magnesium.

Tetrajodosilane is a crystalline substance readily soluble in carbon disulfide;

melting point 120.5 0 C; boiling point 290OC. The product is readily distilled in a

stream of carbon dioxide gas. In the air SiI4 vapor spontaneously ignites:

SiJt + 202 - Si1O + 2J

When Si4 reacts with alcohols, esters are not formed.

SIJ4 + CsHsOl = SiO2 - 2CtHJ + 2HJ

Ethyl ether reacts with tetraiodosilane according to the formula:

SIJ 4 + 4(C2H,)sO = 4CjH&J + Si(OC2H,)#

There is an indlication that when iodosilanes react with magnesium in the

presme of ethyl ether, unstable silylmagnesium iodides are formed (Bibl.107).

As a result of the fact that the covalent radii of the bromine atom (1.14 A)

and of the iodine atom (1.33 A) are greater than the radii of the atoms of fluorine,

nitrogen, oygen, and sulfur, it follows that bromine and. iodine are readily replac-

ed by these atomes. Thus, under the action of the antinony trifluoride on SiBr,

one, two, three or four atoms of bromine may be replaced by fluorine. Si4 reacts

similarly. Bromine, like chlorine, may be easily replaced by an isocyanato group

(hiba.109).

SiCIBr-" + 4AgNCO = Si(NCO)& + 2AgBr -- 2ARCI

The mixed tetrahalosilanes (Bil.fll) my be prepared by the following methods:

1. By the action of a hydrogen halide on a tetrahalosilane at high tqmpera-

turee:
SiCil -- HBr - SiCIBr + IICI
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2. By the action of an elemntar7 halogen on mono-, di-, and tribalosilanes:

[ISiCI2 + Br2 = BrSiCl., + HBr

3. By the action of hydrogen chloride or bromide on silicon.

4. By heating a mixture of two tetrahalosilanes in a sealed tube. Thus, for

instance, as a result of heating a mixture of equal volumes of SiCI 4 and SiBr 4 for

70 hours at 1400 C, a mixture of chlorobromosilanes is formed.

5. By the action of antimony trichloride or trifluoride on tetrahalosilanes

(SiBr 4 or SiI4).

Table 4 gives the molecular volumes, the energies of ionization, the bond re-

fractions and the bond lengths of the tetrahalosilanes.

Table 4

Some Properties of Tetrahalosilanes (Bibl.156)

b) d) e)...

Sivcon etraf uori Si -- I 102 1,80 1.68
con jetra Ord SiCI 81,3 97 7,01 1.97
CO trai SiBr 98,8 95 10,2 2,04SIJ, 121,7 92 15.53 2.25

a) Nme; b) Foruala; c) Molecular Volume, cc; d) Energy of

Ionization (Fomation of Singly-Charged Ion), kcal; e) Bond

Refraction, cm3; f) Bond Length,

The physical properties of the tetraftalogenated silanes are given in Table 5.
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Table 5

Physical Properties of the Tetrahalosilanes

c) d) 71
Sil:4 -- 95,7 - -65 -. 96

etraf orois ane SiCI4  -- 70 57,6 1,481 142
etrapkiorof 12S82eetrabrqmos ane $iBr4 5 153,4 2,812 106Stra lane SiJ4 120,5 290 -- 143
rifluorochrosiftne SiF3CI --138 --70 156
l oorroia SiF .i 1 -144 - 31,7 156
q luornomos (ne SiFBr -70,5 --41,7 -- 108

x luoroQ Dro4 ane SIFBr2  -- 66,. 13,7 -- 108
lortr ,rqm°q lane I SiFBF2  -82..5 83.8 . 108r oo 0 4oan S J -- 113-114 IIIIlN=oro1 odos lanetri odosi.ane SICIJ, 172 - iilr o cnioor +2 234--237

choroibro"oilane SiCI.Br -62 * 1 80,3 1.826 II
hlaerotribro.io ane SiClBr,, .-45,5 * 1 104,4 2,172 111,144
rbranoooailane SiCIBr:, -20,2 ± 1 128 2,497 144
jbromFo.iqdos an e  SiBrJ 14 192 -21IIFromotrixoosi Aane Si~rJ-, :38 230--231 -

SiBrJ3  5:4 255 - III

a) Name; b) Formula; c) Melting Point, °C; d) Boiling Point °C;

e) Specific Gravity; f) Bibliography

MONO-, DI-, AND TRIRALSILANES

Mono-, di-, and trihalosilanes possess the properties of both the

halo-derivatives of silicon and of the silanes. The replacement of a hydrogen atom

in the silanes by a halogen atom stabilizes the molecule of the compound; in con-

trait to the silanes, the halosilanes as a rule are unable to ignite spontaneously

in air. The stability of the halosilanes increases with the number of halogen

&toms.

The trihalosilane8 HSiX3 are relatively stable substances, and thus their syn-

thesis can be accomplished with considerably greater ease than the synthesis of

mono- and dihalosilanes. The practical importance of the trihalosilanos, and above

all that of trichlorosilane, is due primarily to the formation of these products as

impurities in the direct synthesis of alkylchlorosilanes, and to their ability to

replace hydrogen by an organic radical in reactions with unsaturated hydrocarbons.
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Methods of Preparation

The most convenient method of preparing halosilanes (mainly the trihalosilanes)

is based on the reaction between a hydrogen halide and silicon or ferrosilicon at a

high tanperature (Bibl.112). The use of metals, including copper, does not improve

the yields of the products, and does not help to lower the temperature of synthesis.

Preparation of trichlorosilane ("silicochloroform") HSiCI 3 (Bibl.113). 375 g

of 90% silicon is ground to lumps about 1 cm in size, and is charged into a tube of

refractory glass or quartz, 30 mm in diameter and 450 mm long. The tube is heated

to a temperature of about 300°C; at this temperature a stream of dried nitrogen is

passed for 24 hours; the temperature is then raised to 350 0 C and a stream of dry

hydrochloric acid is passed through the tube. The rate of flow of the HC is 0.6 -

0.85 mol per hour. After the condensate begins to form, the temperature is

gradually reduced to 290 - 3100 C. At intervals of 10 hours, the stream of HCl is

turned off and a current of dry nitrogen is blown through the tube for 10 minutes.

The reaction product is collected in a receiver cooled with solid carbon dioxide;

1370 g of condensate can be obtained in the course of 60 hours. On rectification of

the condensate in a column with 15 theoretical plates, 1045 g of trichlorosilane is

obtained; boiling point 31*5 - 320 C (at 729 um). SiC14 and a =iall quantity of

dichlorosilane HSiCl 2 and hocachlorodisilane Si 2 Cl6 are fomed as by products. An

increase in the rate of flow of HU, or an increase of the temperature in the tube

to 360 - 370°C, leads to a considerable drop in the yield of trichlorosilane, and

.increases the SiC14 content of the condensate.

The reaction between silicon and HBr is conducted by a similar method (Bibl.

114), but at a higher temperature (360 0 C)o The reaction product contains 2.8% of

dibramosilane H2SiBr2, 66.1% of tribramsilane H iBr 3 , and 31% of Bi~r4 . The in-

crease of the temperature in this reaction has less effect on the yield than in the

preparation of trichlorosilane; the condensate obtained at 4700 C contains 45% of

tribromosilane and 55% of BiBr 4 . A change in the rate of flow of the H r likewise
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fails to exert any substantial influence on the yield.

Another method of preparing halosilanes is the hydrogenation of tetrahalosil-

anes in the vapor phase (Bibl.15). This process is performed by passing the vapor

of the tetrahalosilane mixed with hydrogen over a ground metal capable of accepting

the halogen, for example over aluminum or zinc. The reaction temperature reaches

about 4000 C. From SiCl 4 , under these conditions, 20% of trichlorosilane and 3 - 5%

of dichlorosilane is obtained:

2SiCl6 + H, + Zn .. 2HSiCi, -t- ZnCl2
2HSiCI" + H2 + Zn AO 2H+SICI -ZnCIt

Trifluorosilane is obtained by the incomplete fluorination of trichlorosilane

(Bibl.flS) by tin tetrafluoride, titanium tetrafluoride (at i00-1200C)s or by

antimony trifluoride in the presence of attimony pentachloride. The latter reaction

takes the most quiet course.

The considerably less stable mono- and difluorosilanes, as well as the inter-

mediate products of fluorination, fluorochlorosilanes, may be prepared from mono-

and dichlorosilanes by a similar reaction. The fluorination of trichlorosilane

without the use of SbCl5 leads to the formation of SiF4 (Bibl..16):

3HSiCls + 4SbFg --- 3SiF& + 2Sb + 2SbCII + 31ICI

The preparation of mono- and dihalosilanes is in gmneral more complicated, ow-

ing to their instability. The only process with a quiet coursep with more or less

good yields, is the halogenation of silane by a gaseous hydrogen halide in the

presence of alumimm chloride (Bibl.ll7 118). In this case a mixture of products

of various degrees of substitution is formed:

SiH4 + fIX --- SiH,X +
I1,iX.-HX ----- H2SIX$+H.
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I ItsiXg + HX - HSiXg + II.

I IiX., +HX -SIX4 + H.

Reactions of this type are characteristic only for silicon and are evidently

I
possible as a result of the weakness of the -Si-H bond. The reaction temperature ofI

HC and HBr with silanes reaches lC0°C, that of HI (in the presence of aluminum

iodide) runs up to 80°C.

Physical Properties

Table 6 gives the physical properties of mono, bi and trihalosilanes.

Table 6

Physical Properties of Mono, Di, and Trihalosilanes

A) b j c) d) e) 1

S HoF -119,1 -77,5 - 11$

Difluorsilane SiHF --131.2 -97.0 - 144
ri aluoros lkane $iHSI l -It -30..j ,.446 (-1130)1 117
.h.lprosilane SiHCI, -122 8.3 1- 17

Lic h~roalqne SiHO'I -128.2 :11.8 1.3438 145T richioroa ltane

Bramosilane SiliBr -94 -1.0 1,533 i4tibraoilane SiHBr -70.1 18 (123 mm)! 2.17 154
rir i lane SiHbr1 -73.5 111.8 2.312 147

2,7889 14$
i.oqlilage SIH3J -57 45,4 2,0350 14
Io o ane SiHiJ. - -1 149,5 2.7:30 14r iilane Si m.,, 220

Lifluorochloroaiane 8 106 (14 m, :.362 14!1
luorodichlorosilane Si-ri: l - -1L - 145

SIF.. -14, -18.4 - 14F,

a) Name; b) Foriwla; c) Malting Point, °C; d) Boiling Point, °C;

e) Specific Gravity; f) Bibliography

The physical properties of the halosilanes depend on the nature of the halogens

and on their number in the molecule; thus, monochloro and dichlorosilanes, as well

as monofluoro and difluorosilanes, are gases under ordinary conditions; trichloro-
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silane, monobromosilane and monoiodosilane are highly volatile liquids; and dibromo

and tribromosilanes are also liquids, but with a higher boiling point.

Chemical Properties

As already stated, the halosilanes are exceptionally reactive compounds, which

combine the properties of the silanes and the tetrahalosilanes. Like the tetrahalo-

silanes, they are energetically hydrolyzed by water, forming polysilxanes. The

compounds obtained on hydrolysis contains -Si-H bonds, whose number is usually some-I

what smaller than in the starting monomer& The mono and dihalosilanes form disilox-

ane in the first phase of hydrolysis:

2iWSIX + H1  ... -2HX + H,SiOSIH,
2H*SiX9 + 3HO --- 4HX + (HO)H*SCSi(i,(O1i)

This compound is then decomposed, giving off hydrogen and forming a polysilox-

ane containing less than two atoms of hydrogen attached to the silicon. The tri-

halosilanes are hydrolyzed to form polysiloxanes containing hydrogen attached to the

silicon atom:

.lISIC l.,. I.SxH, (I Isil. .), • 311l.1

D.I.Mendeleyev obtained a leuconed by the hydrolysis of silicochloroform, and regard-

ed it as an oxysilane (Bibl.8).

The hydrolysis of fluorosilane proceeds somewhat differently. When fluorosil-

anes react with water, HP is formed at the first instant, and, as is well known,

easily disrupts the bonds between the silicon atoms and the atoms of most elements.

As a result of the hydrolysis, a number of substances are obtained: hydrogen,

fluosilicic acid, and a polysilaxane containing a very small number of Si-H bonds.

In the molecule of mono, di, or trihalosilane, the halogen attached to the

silicon atom has the same properties as the halogen atom in the tetrahalosilane
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molecule - the halogen is not only subject to hydrolysis, but is also easily replac-

ed by alkoxy groups, and reacts with organomagnesium compounds, etc. In these

I
cases, the -Si-H bonds, as a rule, are preserved (in the absence of alkalies, HF or

oxidants).

When a benzene solution of trichlorosilane reacts with alcohols, trialkoxysil-

anes may be obtained:

I Si(:lz + 3ROH = lISi(OR):, -- 31 I

In this way triethoxy, tripropoxy, and tributoxysilanes (Bibl.38), as well as

various esters of higher alcohols have been prepared (Bibl.119). Tetraalkoxy sil-

anes are always formed as a by product of the reaction, and in the absence of a sol-

vent the yield of trialkoxysilanes is considerably lower, and the main product of

the reaction is a tetraalkoxyuilane.

On the reaction of trichlorosilane with methylmagnesium bromide (Bibl.120),

with ethyl-, pheryl-, or benzylmagnesium bromide (Bibl.121), and also with organo-

magnesium compounds with a longer carbon chain, (up to C1 8 ) (Bibl.122), products of

the partial or total alkylation of trichlorosilane are formed, preserving the

-Si-H bonds.

I iR(I H- R.MgX. I ISiR-x4l .1eAgX(.i
I IS i. :1 + Ri \ = I IS*R:, + .%WX( I

Under the action of metallic sodium on a mixture of trichlorosilane and alkyl

halides, trialkylsilanes are formed, for instance triisobutylsilane and triisoaaql-

silane (Bibl.38).

The reaction of halosilanes with dialkylzinc likewise leads to the formation of
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alkylsilanes (Bibl.117).

I I3 i : + Zf1(( I,),. = I I.SiC I, + Zn .I 6.,0I

The mono-, di-p and trihalosilanes, like the silanes thaselves, oxidize

readily.

+-Si--I I -- ).. .Si-OilI

They are therefore strong reducing agents, like the silanes.

When mono-, di-, or trichlorosilanes react with strong alkalies (best of ai'

with 30% KOH), the hydrolysis is accompanied by the quantitative destruction of the

-6i-H bonds, a hydrogen molecule being liberated at each of them:

4.i-H + KOH -- -Si--OK + Ht

The detezination of the number of -i-H bonds in silicon compounds is based on

this reaction.

The halosilanes have a tendency, which they share with most silicon corpounds,

to form symmetrical molecules when heated:

4HSiCI3 ---- 3SiCI + SiH,

It has recently been found (Bibl.123) that unsaturated compounds may add to

halosilanes (as well as to alkylhalosilanes) at temperatures lower than the decom-

position points of the unsaturated hydrocarbon.

--Si-l + RCII=CII' -S--IltR:IIR'

This process readily takes place in the presence of peroxides, or when the
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compounds are irradiated with ultraviolet light. Under these conditions, the weak

I I
-Si-H bond is broken, t',us creating the conditions for the formation of the -Si-CI I

bond. Trichlorosilane reacts most easily of all with n-octene; and octyltrichloro-

silane is formed by this reaction:

(:l,SiI I + I12--=0 ICH1  ... :I.,SiCH,.

Methyldichlorosilane Ch3 SiHCI 2 , dimethylchlorosilane (CH3 ) 2SiHCl and many

other alkylchlorosilanes, react similarly, and a number of alkylchlorosilanes with

complex carbon radicals can be obtained in this way.

When the reaction is run at a temperature of the order of 500°C, pyrolysis of

the unsaturated compound may take place; when trichloroethylene, for example,

reacts with trichlorosilane, dichhlorovinyltrichlorosilane is formed (Bibl.124):

( I.:(i: (II: I - -. II cI+ c:I( s"(( I3
:I +:-((I-' I ISiC' . > II('IC,-(C.Isi(.I,

Alkylenechlorosilanes may also react with chlorosilanes, for instance

(Bibl.125):

I I +i . IS,--q:,Si --C I I=0; I.., > .ISSi(:l I ; Sto l:

forming compounds containing organic radicals between the silicon atoms.

Trichlorosilane may add to the double bonds of rubber. This reaction is con-

ducted in a benzene solvent at tewperatures of the order of 30C0 C and pressures of

about 60 atm (Bibl.126).

When trichlorosilane reacts with benzene at tinperatures of 750 - 770°C, a

small quantity of phenyltrichlorosilane (Bibl.127) may be formed. The reaction be-

tween trichlorosilane and ethyl chloride takes place at 3200C and 130 atm:

ll.icl:' 1t- . 1 26l > + 11 l

F-TS-.9191/V 126



CKIDATION OF HALSILANES INTO POLYHALOSILOXANW

The oxidation of the halo-derivatives of silicon at elevated temperatures by

the oxygen of the air leads to the formation of a mixture of polyhalosiloxanes.

The end product of oxidation is SiO2 .

The greater affinity of the silicon atom for oxygen than for iodine, chlorine,

or bromine, is expressed in the difference between the heat of formation of the

respective compounds from the elements:

Heat of Formation,
kcal/mol

Sio 2 . . . ...... 205

SiF4 . . . . . . . . . . 360

SiCl 4  0 151

SiBr4  ......... 71

SiI 4  . . . . . . . . * • 7

It will be seen from these data that the oxidation of chlorides, bromides and

iodides of silicon must be accompanied by the liberation of heat, while the oxida-

tion of silicon fluoride must take place with a considerable absorption of heat.

Direct measurements of the heat of oxidation of halo-substituted silanes have not

been made*

The reaction of tetrahalosilane with. oxygen in the initial stage of the reac-

tion can be expressed by the equations:

4iX4 -I- - 2XISiOiX, + 2X2
2X*SiOiiXa + 2SiXs + 0= - 2X$SiOSiX2O wX3 + 2Xj.

Linear and cyclical polyhalosilxanes are subsequently formed. On the oxida-

tion of SiC14 (Bibl.129)9 the optimum temperature for obtaining the intermediate
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reaction products is 950 - 9700C. Of the reaction products obtained on the inter-

action of SiCl4 vapor with oxygen, hwcachlorodisiloxane and octachlorocyclotetrasil-

oxane have been isolated. At a still higher temperature, silica is obtained:

SiCl, + 0, = SiO. + 2C2

For the oxidation of SiBr 4 into polybromosiloxanes, the optimum reaction tem-

perature must be 670 - 6950 C. When a mixture of SiC14 vapor with oxygen is passed

through a tube heated to that temperature, a mixture of SiBr 4 and oxidation products

(Bibl.130) of the following composition is obtained:

Yield,

Hexabromodisiloxane Br3SiOSiBr 3 . . . . . . . . . . 14.4

Octabromotrisiloxane Br3 SiOsiBr2 OSiBr 3  . . . . . . . 29.6

Octabromocyclotetrasiloxane (SiOBr 2 )4 . . . . . . . . 30.4

Decabromotetrasiloxane Br 3 SiO(SiOBr 2 )2 SiBr 3 . . . . . 10.4

Dodecabromopentasiloxane Br 3 SiO(SiOBr 2 ) 3 SiBr 3 . . . . 9.6

The oxidation of SiBr4 by ozone, or by heated silver oxide, leads only to the

formation of silica.

The oxidation of the halosilanes has been very little studied. By means of the

photochemical oxidation of trichlorosilane, trichlorohydroxysilane has been obtained

(Bibl.10):

HS 1 .-4,- ()= ll()Si ;i,

The product is easily condensed into hwmachlorodisiloxane and is readily

hydrolyzed.

On the oxidation of tribromosilane RiBr 3 , silica is formed at temperatures as

low as 90°C, together with HBr and the hydrolyzate of tribromosilane, polyhydrosil-

oxane (Bibl.130) (HSiOI, 5 )x . It has not been possible to isolate the intermediate
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oxidation products.

The halouilane containing more than one hydrogen atom attached to the silicon

atom are very energetically oxidized and usually ignite spontaneously in the air.

Preparation of Halosiloxanes from Silicon and a Mitxture of Halogen and %Mte

The most convenient method of preparing the halosiloxanes is the action of a

mixture of halogen and oxygen on silicon. When chlorine and oxygen (in volume ratio

2 : 1) is passed over porcelain at a temperature of the order of SOOOC, a mixture

containing a number of silicon oxychlorides is formed, from which heoahlorodi3il-

* oxane, octachiorotrisiloxane, octachiorocyclotetrasiloxane, decachlorotetrasiloxane,

dodecachioropentasiloxane,, tetrwAcachlorohexasiloxanep and hexadecachioropentasil-

oxane have been isolated by rectification (Bibl.131). The analogous reaction with

bromine at 7000C form a mixture (Bibl.130) containing SiBr4 and the following poly-

bromosiloxanest

Yields

Hacabromdisiloxane Si2 C~r6 0O0*066 20.6

Octabromotrisiloxane Si,02 Bre . . . . . . . 49.4

Octabromocyclotetrasilexane Sij 4 Br8t . . . 1

Decabrc tetrasiloxane Si 4O Br 1O0 . . . . 12.4

Dodecabromopentasilaicane, Si 5O4 Br1 . . . . 10.3

Higher Polybrcmsiloxanes . . . . . * 0 a . 6.2

The Proportion of Halosiloxanes

The polyhalosilozanes, being acid chlorides of the polysilicic acids, are

completely analogous to the tetrmhalosilanes in their chemical properties., The re-

actions of the hydrolysis of these compounds proceed according to the seas pattern

as the hydrolysis of tetrahalosilanes, which has been considered in detail on the

example of SiC14 ,, the rate of hydrolysis being considerably decrased with increas-

ing length of the siloxane chain (Biblo131) * The reaction with hydroxyl-containing
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compounds proceeds in the same way as with the tetrahalosilanes but at a slower

rate. Thus, the reaction of haeachlorodisiloxane with alcohols:

I :, I )Si~l.' - 6 ".4 i5011 = - (C2ilsO()3Sit)Si(( )C 21 156 -4- "11 1' 1

if the Hl is removed (by aspirating dry nitrogen through the reaction mixture), is

completed only at 105°C. The analogous reaction with octachlorotrisiloxane is com-

pleted at 125 0C, and with tetradecachlorohexasilxane (Bibl.132), at 160PC.

When hocachlorodisiloxane reacts with alcohol, considerable amounts of tetra-

alkoxysilanes may be obtained# besides the polyalkoxysiloxanes (Biblo133)o

2Si-)Cl, + 12RUI I - Si(O )4 -+- (RO)SiO.i(OR)2 Si()R ):, + 121-1(

The formation of tetraalkoxysiloxanes may. be acplained by the fact that the HC1

liberated during the reaction helps to disrupt the siloxane bond.

The esterification of polybromosiloxanee by alcohol is very difficult to

accomplish, since the HBr liberated reacts readily with the alcohol, thus foraming

I
water, which hydrolyzes the -Bi-Br bond. This reaction may be effected (Bibl.130)

I

by the action of sodium alcoholate on polybroosiloxane.

The action of halosiloxanes on organoetallic compounds leads to the formation

of organohalosiloxanes or organosiloxanes. Thus, when hemchlorodisilzane reacts

with ethylaagnesium bromide, from 1 to 6 chlorine atom can be replaced (Bibl.134):

C('SIOSiCI3 + (.,HlMgBr & CHsSiCI2CSK'I, + M9CBr

The reaction of hazachlorodisiloxane with methylaagnesium iodide and phenyl-

magnesium bromide takes a sinilar course.

When heachlorodisiloxane reacts with haloalkyl and metallic sodium (Bibl.78),

the silxane bond is split, foraming tetraalkyl-(tetraar7l)-silanes. If this process

is conducted in two stages, however, the derivative of disiloxane is the principal
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product (Bibl.J.35):

Cal IsCI + 2No - C.HsNa + NaCI
CIS~iOSICI., + 6C H&Nn - (CsH&)sSlOSi(CsHa),j + 6NaCI(,

Diethylzinc reacts with h~ohlorodisiloxane to form, a mixture of hexaethyl-

disiloxane and tetraethylsilane (Bibl.136).

The halosiloxanes are thermally stable compounds; thus, when hexabromodisilox-

ano is heated (Bibll30), it begins to decompose only at a temperature above 260OC:

MSulBrf = 3SIBr6 + SiO.-

Table 7 gives the physical properties of the polyhalosiloxanes.

Table 7

Physical Properties of Low Molecular PoJlytalosilaxanes

a) b) I C3 e

lexaf odi ox e. si-.0I- ---47,M -23.3 15
ruta&ord ID asloxane Si A()

Trill orotrichlorodi- Si OF1l -l(Nl .42.9 155
siyoaneU% .35137131 .1511

LO oiqilxae 51,00. 7635(1 MM)13

ctachlorocytetra sj, 4 cI, 77 9I (S 131)

LocachtnrotetrasilfxanS SiO 8 Ila i - 109--1I0,0 (15 ,M) 1:11

= 31ye~aloxane Si.O.CI, 130-131 (15 MM) 131

htexad C ioropenta- Si,0.OCII, 145-147 (15 Mon) 131

tearomotiilxane SiOr, 27,9 * , 1 1 is(15 MM) 1301
te cOMOCYtritroX Si01r 17,5 *0.2 1- ( 12 om) 130

* lm )' Si1 4 0.r, 123-123,5 15W) (7 mm) 1311

% ~rmtetrasi lane
brxpnt nlOCel S4i:Oar:: j-91 *2 j 122 (0.5mm 1301

Sianer a SiGO41342 -82 *2 1 150 (0.5 mm) 131)
SiO~nes$0Rr 1--8 160-180 (0.5 m 1w

a) Nate; b) FoziwlA; c) Melting Point 00; d) Boiling Point 00;

o) Bibliography
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HALOSUBSTITUTD POLYSILAND

As has already been pointed out, the direct bond between two silicon atoms is

very unstable; the strength of such bonds depends primarily on the atoms or groups

with which the rmaining valances of the silicon are bound. The derivatives of the

polysilanes are fairly stable only where all the valences of the silicon not bound

to neighboring silicon atoms are bound to atoms of halogen or organic radicals,

especially with phenyl radicals. The instability of polyhalosilanes increases with

the number of silicon atoms in the chain, and the preparation of substituted higher

silanes therefore involves certain difficulties.

The simplest method of preparing polychlorosilanes is the chlorination of

silicon or ferrosilicon at 180 - 200°C. According to the data of Martin (Bibl.2),

the reaction products contain, in addition of SiCl]4 , 5.1% of Si 2 C1 6 and 0.35% of

Si 3C18 , as well as a slight quantity of higher polychlorosilanes.

Another method of preparing polyhalosilanes is the condensation of trihalosil-

anes BSiX3 under the action of an electric glow discharge (Bibl.137). Trichlorosil-

ane yields a mixture of polychlorosilanes up to Si 6C1]4; tribromosilane, a mixture

of polybromosilanes up to and including Si 4Brjo.

Habromisilane is toramed in high yield by the action of bromine or a mixture

of bromine and oxygen on calcium silicide (Bibl.137).

Hacajiodosilane (Bibl.138) was obtained earlier than other hatabalosilanes by

heating tetraiodosilanes with silver dust at 300OC:
0

2SiJ + 2Ag - ' JiSiSJ, + 2AJ

When mercuric chloride acts on hacaiododisilane, hwahlorodisilane may be

obtained:

SigJe 4. 31itCg ---I SilCIS + 3HgJ



and Ahen bromine acts on it, herabromodisilane:

SisJs "- 3Br: Si.Bre + Us

The most convenient method of preparing hoafluorodisilane (together with

tetrafluorosilane) is the fluorination of hex¢chlorodisilane by anhydrous zinc

fluoride.

There are statements that under the action of tetrahalosilanes on silicon at a

high temperature, polyhalosilanes are fried (Bibl.139). In this way hocachloro-

disilane and hacafluorodisilane have been obtained. Relatively recently (Bibl140)

polysilanes containing ten directly connected silicon atoms in the molecule have

been described. These products were prepared by passing SiCl 4 in a stream of inert

gas or bydrogen through a furnace filled with silicon rods. The reaction takes

place at 1000 - 1100°C. The reaction product is a viscous liquid distilling in a

high vacuum at 215 - 220PC. The method of analysis of this product, its olementary

composition, molecular weight (cryoscopic), and number of bonds and number of

I I I
-S-H and Si-31- bonds (by treatment with alkali) are described in detail. On the

I I I

basis of the analytical data, the authors of this paper assign the formula Si 1 0 C122

to the product of the reaction of SiC14 with silicon in a stream of inert gas, and

the formula SilOC1 2OH2 to the product obtained in a strew of hydrogen.

On Vyro&".ysis of these products, an insoluble hard polymer containing equimole-

cular quantities of chlorine and silicon, .and stable against the action of oxgen up

to a temperature of 980C. is formed. It in not possible to elucidate the structure

of the polymer on the basis of the data givin in this paper alone. It is difficult

to agree with the formula given -.Sia5i-8i*i-; the fomation of high-mlecular

Jl lc cy

space polymers should, in preference, be supposed.

Most polyhalosilanes are solid crystalline substances; only the polychlorosil-
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anes, up to and including Si5Ci12 are liquids, while hexafluorodisilane is a gas,

Like the halosilanes, the polyhalosilanes readily hydrolyze to form polysilox-

aries. The chlorine atom enters into all reactions characteristic of the halosil-

anes and described above (cfepage 92)* In addition, a number of the chemical pro-

I I
perties of polyhalosilanes are due to the presence of the -Si-Si- bond, for example,

all these compounds are easily oxidized when heated in air.

The oxidation of polyhalosilanes lead to the formation of silica (Bibl.130).

2Si2.Brg + O2 - SiO, + 3SiBr4

The reaction takes place at temperatures over 250 0C.

The reaction of heachlorodisilane with ethyl alcohol leads to the formation,

in insignificant yield, of hexaethoxdisilane (Bibl.141):

Si1CIs -1 (I.1 16011 SigOC2 I-Is1. + 6HC(I

When propyl alcohol acts on Si 2Cl 6 , the principal product is tetrapropoxysil-

ane (Bibl.U19), with 12% of heapropoxydisilane.

Under the action of organomagnesium compounds on hexachlorodisilane, it is

possible to prepare haxaalkyl-(hmcaaryl)-disilanes (Bibl.135):

Si2(Ig +4- (i('611,M1r - Si(( 4 I,)0 + fMgCIltir

Under the action of sodium on a mixture of hexachlorodisilane and an alkyl or

amyl halide, tetra-substituted silanes are formed. However, when the reaction is

I I
run in two stages, the -81-81- bond can be preserved (Bibl*135).I I

C4 HC; + 2 Na= . INa + NaCI
Si2CIg + 6C,11&Ni - Si,(C.i,), + 6Naf .]
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When polyhalosilanes react with an alkali (best of all with 30% KOH)v one ol

I I I
of hydrogen is liberated at each -Si-Si- bond, as with the -Si-H bonds:

-ii-+ 2K034 2- 2- j-OK + 112

I I
The quantitative deteruination of the number of -Si-Si- bonds in the polysilaneI I

molecules is based on this reaction.

The polyhalosilanes have not yet found pmtical application.

Table 8 gives the properties of halo-derivatives of the higher silanes:

Table 8

Physical Prope Aes of Halo-Derivatives of the Higher Silanes

a)j b) 0CI C I
oraf 4s; ae SitFo -38.8 (780mtm) 1  ablotwmt 139
ao a !SiC. -1 146-148 1.151

r L411iane SiBre 95 265,0 152
i i ane SiJ 250 1 153

[enamiodiqi9ie SiiHBrs 2 89 156
ah orotiriquane SiXCII -67 216 1,137

,trian SiaBra 133 - 152
Dac, rte ta-il ,SiACe- 149-151 1410

eCqchopet SiBr, I5 - 140
e rrrSic/ -50 (35"t) 154

Doieahooeule!SiaCI,,. - 23U (15-Im.) 337
IO '' Sie~l, 170) (WVm ) J0(Sbleres ) 137

i 210-21510' 140

a) Mams; b) Forzias; c) Melting Point, 0C; d) Boiling Point, °C;
e) Bibliogrphyl
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CHAPTER III

OIMANO-SUBSTITUTE) SILANES

Hydrogen and halogen atom arid alkoxcy groups in the molecules of 3ilanes and

their derivatives my be replaced by organic radicals.. forming substituted silanes

I I
containing -T-,bonds, The thermal anid chemical stability of such compounds is

considerably higher than the stability of compounds containing the --Si-H or -Si-Si-

bonds,

Orgauo-substituted silans may be arranged in the following series in the order

of increasing stability:

I I2SiIR <I I2SiRt < I ISiRs -< SiR6

Completely substituted silanes SiR4 possess the greatest stability, and very

many compounds of this type have been prepared. Compound. of the type H3SiR or

H2SiR2 are less stable# and in view of the difficulties in their synthesis, con-

siderably fwier of then are known tkAn BiRk compounds.

Methylsilane CH3 SiH3 and dimethylsil~ne (CH3 )2 SiH2 were synthesized in 1919

(Bibl~l)o while compounds of the type R3H~i have long been known. Thus, triethyl-

silane (C2 H5)3 SiH and triphenylsilane (C6H5 )3SiH were synthesized as long ago as

1872 (Bibl.2)9 and trip'opXVlsilne (CH7 )3SiH was also synthesized in 1872 (Bibl.3).

Ttraethylsilane (C2 H5)4 Si was synthesized in 1863 (Bibl.4). Other derivatives of

the 3i1% type have been studied by' many investigators. Organo-substituted. di- and

F-TS-9191/V 143



trisilanes were prepared by Kipping; substituted tetra, penta and hexasilanes are

unknown down to the present time.

The principal methods of preparing substituted silanes may be reduced to three

types:

1. Preparation of substituted silanes by the action of various organometallic

compounds on silanes, chlorosilanes, alkyl- and arylchlorosilanes.

This method has permitted the synthesis of many organo-substituted silanes.

The first reactions were conducted by the action of organozinc or organomercury

compounds on BiCl4 (Bibl.5). The reaction takes place with great difficulty and

requires a high temperature and prolonged heating, as a result of which this method

has lost not only its practical interest but also its interest from the point of

view of synthesis. Substituted silanes today are prepared by the action of organo-

magnesium compounds and SiX4 . The reacti6n between SiCl4 and ethylmagnesium iodide

was accomplished in 1904 (Bibl.6). All four possible products were obtained:

ethyltrichlorosilane, diethyldichlorosilane, triethylchlorosilane, and tetraethyl-

silane. On reaction of ethyltrichlorosilane with phenylmagnesium bromide, ethyl-

phenyldichlorosilane was obtained and on the reaction of this compound with propyl-

magnesium bromide, ethylphenylpropylchlorosilane was obtained. The reaction between

chlorosilane and ethy~lagnesium bromide in equimolecular ratio led to the formation

of ethyltrichlorosilane almost exclusively.

Kipping (Bibl.7) in 1907 used Grignard's reagent to prepare a number of mixed

tetra-substituted silaness

Si(1:1 + (:fi IsRBr - - C2I&SCI, + ,WlBr

I ( IsSiCas + (:l IMgBr - -si(:l, + ,aclar
(-11:/

Si + cji: "1-1,.air - Si + M r( :,1s 
, /  :et1/s \(:!

4 Is\ i + 1ISco 6Si 11, + MC02
,H /  \I4H
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,I s\ 7(;:,I 17 1: 3 I\ ,C3H7
Si (:I1 I:,ML(J - Si" + MgCLJ(lS/  ("(:I (el /  \(,[I,

These reactions between SiC14 or alkl-(aryl)-halosilanes and Grignard's reac-

tion were accompanied by the formation of a considerable quantity of by product.

A disadvantage of this method is the need for using ether, which involves the

danger of fire. I have proposed a method for conducting this reaction without ether

in a medium of aromatic hydrocarbon in the presence of the ethyl ester of orthosil-

icic acid as a catalyst. This method has. acquired practical importance (Bibl.8).

To prepare substituted silanes, the halo-derivatives of silicon, Si 4 , may be

used, where X - Cl, Br, I, or F. The replacement of the halogen by an organic radi-

cal takes place more easily when SiBr 4 is used than with SiCl 4 , but even in this

case, it is very difficult to replace the fourth halogen atom, and a mixture of

products of all four degrees of substitution is usually obtained.

SiF4 reacts with organomagnesium compounds with more difficulty than $iC1 4 , and

when Si?4 is used, tetra-substituted silanes cannot be obtained. They may be syn-

thesized by the action of sodium silicofluoride (Naj SiF6 ) on Grignard's reagent

(Bibl.10).

The tetra-substituted silanes are easily formed by replaoing the alkoxy groups

by an organic radical under the action of organomagnesium compounds and alkyl- or

aryl-substituted esters of orthosilicic acid. The reaction is run without using

ethyl ether and at somewhat higher tempertures. This method is very simple and

convenient for preparing substituted silahes containing various nmbers of organic

radicals (Bibl.U2).

The organolithium compounds, as was first shown by K.A.Kocheshkov and V.A.

Zasosov (Bibl.12) may be successfully used in the synthesis of substituted silanes

of the 3iR4 type. The reaction takes place between alkyllithium or aryllithium and

SiCl 4 with the complete or partial replacement of the halogens by organic radicals
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(Bibl.13, 14). The organolithium compounds react in the same way with partially

substituted silanes (Bibl.15).

.IR:,Sil -1 R'i.i • e:,SiR'+ 1.1 I

The ethyl ester (or ethylthio-ester) of orthosilicic acid reacts in ethereal

solution with alkyllithum or aiyllithium compounds, giving a good yield of

tetra-substituted compounds (Bibl.15a).

2. Preparation of substituted silanes by the action of sodium (the Wurtz re-

action) or of other metals on a mixture of alkyl or aryl halide and halosilane.

This reaction was first used by Polis in 1871, who acted on SiC14 with an

alkyl halide and metallic sodium (Bibl.16). The reaction takes place according to

the forula:

4RX +. Si1 4 + 8Na 8Na(C + SiR4

The action of sodium on a mixture of aryl or alkyl halide and hemachlordisil-

ane or humachlorodisiloxane leads to the destruction of the Si-Si and Si-O bonds and

the formation of tetra-substituted silanes. The substituted disilanes and disilox-

anes, such as, for instance, humaphenyldisilane, do not react even on boiling with

an excess of sodium for 10 hours (Bibl.17).

When sodium in chlorobensene acts on hexachlorodisilane or hexachlorodisilox-

ane, certain quantities of tetraphenylsilane are obtained in each case, but the

principal products are hexaphenyldisilane.and hexaphenyldisiloxane respectively.

When hexaohlorodisilane reacts with sodium and bensylchloride, heuabenzyldisilane

is obtained. A number of tetra-substituted silanes and halosiloxanes have been

prepared by this method.

The reaction between sodium, alkyl or arylhalosilanes, and halosilanes has been

studied by many investigators. It has not lost interest even today, but the syn-

thesis of the tetra-substituted silans is more conveniently carried out with
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organomagnesium compounds (Bibl.18). Aromatic and aliphatic hydrocarbons may be

used as solvents. The reagents may be various halosilanes, alkyl- and arylhalosil-

anes (Bibl.19). The tetra-substituted silanes may also be conveniently prepared by

means of organolithium compounds (Bibl.19a).

3. Preparation of substituted silanes by the direct action of an alkyl or aryl

halide on elementary silicon or on alloys of silicon with copper or other metals.

This method is important primarily in the synthesis of alkyl- and arylchloro-

silanes. The reaction takes place at temperatures of 280 - 450°C; and it yields

mainly alkyl- or arylchlorosilanes with a certain quantity of tetraalkyl- and tetra-

arylsilanes. The conditions under which tetra-substituted silanes are obtained by

this method have been little studied.

MCO-UBSTITUTET SIWIU

Methylsilane CH3SiH3 has been prepared by the reaction between monochlorosilane

with dimethylzine by the vapor-phase method at low concentrations of the reagents.

I .3SiCIl -: n(CI I.,;. Q IISiI 1:, + .4., IZnCI

With a small eccess of methylzinc, the yield of methylsilane is quantitative (with-

out admixture of by products).

Methylsilane is a gas; melting point -156.50 C; boiling point -570 C; specific

gravity 0.62 (at -570C). It does not ignite in air, and upldes with oxgen.

Water does not act on methylilane, but alkali cleaves it. Under proper conditions,

under the action of an aqueous solution of alkali, nothyltrihydioVsilane is formed:

(;I;ISilte + 3H4 ) ---." (o Ii), + 311,

and condenses into a complex polymer. The references in the literature to the for-

mation of an acid by cleavage of waters

(.1-1S0i(O1) 3 - CII'SiOI I + Hp
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have not been confirmed by recent work.

Stock (Bibl.20, 21) described the energetic evolution of hydrogen as a result

of the action of NaOH on methyleilane. The reaction is believed by the author to

proceed as follows:

NaOH
Ci Il:,Si -+t4 21-1011 ..... CIISi(.X)II 3. .11.-

N.iOH
2iCH3)15i IN + 211011 " •[(C11)jSiO.,I + 4H.

In an excess of alkali, sodium silanolate is formed:

I(CI Is)-SiOJ., - 2NaOI I I I .)I I - 2(CHI S) ) ,a( )N .)l

An interesting method of preparing mono and dialkylsilanes, based on the re-

placement of chlorine by hydrogen in alkylchlorosilanes, was described a few years

ago.

Lithium-aluminum hydride was used as the hydrogenation agent.

Schamtically the reaction proceeds as follows:

RSi(CI + 1tl I . .. RSil 13 -+"31 l I

Ithyleilane, propylsilane, butylsilane, phenylsilane, diethylsilane, and dipropyl-

silane were prepared by this method (Bibl.22).

Under the action of H01 and ACi39 methylsilane is chlorinated, with the foma-

tion of ethylchlorosilane CHKSiH 2CI and methyldichlorosilane CH3,1iCl 2 .

DI-SUNIUTfl SILND

Diaethylailane (CH 3) 2 SiH2 , like methylilane, is prepared by the action of di-

methylsino on dighlorouilane, or by chlorination of methylailane by H01 or alumina

trichloride, followed by the reaction of the product with dimethylzinc

:1 l11S I[ $ + I I(: I CHSIH2CI + 1-I.
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( 1'1.1sil I..,C:1 + Z1(C1 1:11 + (0: W.t) il 12 + 0 113/11CIl

Eimethylailane is a gas; melting point -150 0 C; boiling point -20C; it is de-

composed in alkaline solutions, forming a polymeric product whose elementary compo-

sition corresponds to that of dimethylsilicone.

(o ,li, ) I I. + I I,() I(CHI,).SiOI + 21 1,

There are indications in the literature that other di-substituted silanes in

the pure form could not be obtained even on repeated fractionation (Bibl.23).

Diethyl- and dipropyl silane were first prepared only in 1947 (Bibl.22).

TRI-SUBSTITUTED SIlANE3

All the tri-substituted silanes are liquids or crystalline substances under

ordinary conditions. The boiling points of the tri-substituted silanes are over

1000 C, which facilitates their synthesis under laboratory conditions.

The trn-substituted silanes are usually prepared by the action of organozine or

organoaesium compounds on trichlorosilane. Triethylsilane (C2 H5 )3SiH is obtained

when ethylsinc reacts with tetraheclosysilane in the presence of sodium. Tri-

propylsilane has been synthesised by reacting propylzinc with trichlorosilane in a

sealed tube; in this case tetrapropylsilane is also formed (Bibl.24).

2SiHCi, + 4Zn(C9H,) -- - SiH(Ciat)s + (Ctl,)4Si + 3ZnClg - Za + Cg*sI4.

Trialkylsilanes have been obtained by the reaction of alkyl chlorides with tri-

-chlorosilane in the presence of metallic dodium (Bibl.25).

I lSiCl -t- 6Na + 3RCI - - HSiRs + 6ONCI

The literature data on the synthesis of triphenvlsilane and on its physical

properties are very contradictory.

In one paper it is stated that triphenylsilane (C6H5)3SiH is obtained in the
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form of crystals or melting point 200 - 2030C (Bibl.26). Kipping and Murray

(Bibl.2?) advanced the hypothesis that on the destructive distillation of octa-

phenylcylotetrasilane, Si 4 (C6H5)8 by them, triphmnylsilane was obtained in the form

of an oily product that did not solidify at 00C. Other investigators (Bibl.,28) dis-

pute the possibility of preparing triphenylsilane by, these methods and state that

the substance obtained under the action of Grignard' s reagent on trichiorosilane has

a boiling point of 152 - 1670C (at 2 un) and crystallizes in white plates from

alcohol; melting point 36 - 37"C. These data, however, are not confimed in the

literature.

Ladenburg (Bibl.29) heated tetraphenylsilane with an euivalent of bromine on a

water bath and then with a 10% ac eass of bromine for 8 - 10 hours in a sealed tube

at 150PC; as a result brombenzene and triphenyibromosilne were formed. On further

bromination, diphenylbromosilane was obtained (Bibl.30).

On the action of alkyllithium or aryllithiwn on triethylsilane, it warn noted

that an alkcyl or aryl radical is cchanged for hydrogen (Biblo31).

((4H.),Sii I+ RL:i - -(G*1,ii,)sSiR + L1iii

Triethylsilane was prepared by the action of ethyluagnesiua bromide on ethyldi-

chiorosilane.

C2HSSICIJl I + 2L"I 1~g~ (C I i)rSi + 2MCfi&

,On the reaction of trethylsilane with an alkyllithiu, triethylbutylsilane, and tri-

ethyipheplsilane were obtained. Uinder the action of trietylsilane with sodium-

alcoholate, hydrogen is given off and trietbylethemysilane in foimed.

In 1934 triethylsilane was prepared by the reaction of etbylmagnesium bromide

and trichlorosilano. (The reagents were taken in molar ratio 3 : le)

A method of preparing trimethylsilane by the action of trichiorosilane on

methy1iagnesium bromide has been described (Bibl.33).
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Tribenzylsilane has been obtained in low yield by reacting sodium with tri-

benzylchlorosilane (Bibl.34, 35) and the possible mechanism of this reaction is as

follows:

((i ISClS)sSiCl + 2\ai •(J I$CI 12)8SiN.i + Na I

(Cj 1 (l- t),SiNa + 11011 . N )l -4- (Clt 5CIl.4),Sill

Tribenzylsilane in presence of a solution of KOH in acetone is cxidized to heaa-

benzyldisiloxane:

2((:IIaCH)aSiil - - 112 + f(t1IlUl,),Sij

Triphenylsilane has been prepared in 73% yield by the action of phezy]magnesim

bromide on trichlorosilane. When triphenylsilane reacts with metallic sodium in

liquid amonia, hucaphenylaminodisilane ii formed, which is stable to boiling NaOH.

HI cleaves this amine, fozing triphenlh~ydruqilane and ammonium chloride. It

was found that bromine reots quantitatively with tripheylsilane to for triphenyl-

br msilane and HBr (Bibl.36, 37).

The triaikylsilanes are liquids, insoluble in water and soluble in may organic

solvents. They y be distilled without decomposition. The hydrogen in their mole-

cules is readily replaced by bromine. The bromides so obtained are saponified by

water, forming the corresponding hydrmq ilanes:

("$11&)*SiI + Brj - (C4Hs)*SiBr + HBr

C, II~)Si~r + I1) • (CH&)aSiOilI + IIBr

The principal properties of a few mano , di , and tr-substituted silanes are

given in Tables 9 and 10.
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Table 9

Physical Properties of Mono ,Di , and Tri-Substituted Organosilanes

a) ~b)0))

(.I I:mSiII1:, 1 156, 5 --57 0164 -54*) I1,133
&ethylailane ((.IIghSiI 1,a 15o1 -201 1.113Cimethylailane (CI )3s i I 1 -135,8 fi 7 134
Trimethylailane .IIS1117,1:713
Ethylailane CI~IIg197 -1. 3

134,3yaian 22

Tripropylailane (C3I ?)aSiI I 1711 24
futyluilane C:,I ls1 I I., 13M 2 134
Isobutylailane (o: 1:)jlI.1, .~48, 6 22
Triiaobutyl- (2 .)C ( 2 .SII24 i ~ - 2

ailane214 -t 5

Tri isoamylai lane ((:11I:.) 1III(~ ~ai 246 2.5
Triphenylailane ~ I)SI :;3 5.17~ u 62
Uicyclohexyl- 2

Tribenzylsilane
Tri-a-naphthyl- ((4.l1,I I 1 I),Si I I +9 16.34

silane ri-1.1 :, 7 )3,SiII 240 4

a) Name; b) Fornila; c) Mlting Point, 0 C; d) Boiling Point, 0 C;

e) Spec ific Gravity, dZ ; f) Bibliography

Table 10

Physical Properties of Organosilanes with Unsaturated hdicals

a)b) C) d) e

'jnia CII.-CIIiI; I,1),1Sl 22 1 O11 4430) 9
silan. ((:1 2. (:I -CI 2)SiI I Q), 5 ,.87o15 1. 467

Triallylailane 2l ..M(: .0 Ia~sji 1 61 - 63 1. 7885 1, 4550
Diisftt 1. (IIg(17 )

Allyl-(~ :II 19 4(I--:I--~ vI, .7m1 1 .44142 imo

a) Name; b) Fozuala; c) Boiling Point, 0C; d) Specific Gravity, d45
20e) Indmx of Refraction, nD ; f) Bibliography
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TETRA-SUBSTITUTE SIIANE

The tetra-substituted silanes are prepared with comparative ease. Their

stability depends on the molecular weight of the radicals attached to the silicon

as well as on the symmetry of the molecules. Among the substituted silanes, the

tetra-substituted silanes are most stable.

The hydrogen atom in silanes may be replaced by either like or unlike radicals.

When the hydrogen atoms in silane are replaced by like radicals, simple

tetra-substituted silanes are formed, while when they are replaced by unlike radi-

cals, mixed tetra-substituted silanes are formed. The latter are an extensive group

of organosilicon compounds, and a special section of this Chapter will be devoted to

than.

Simple Tetra-Substituted Silanes

Methods of Preparation

The most widely used method of preparing simple tetra-substituted silane is the

method of replacing the chlorine in SiC14 . Friedel and Crafts (Bibl.38) prepared

tetraethylsilane by the action of ethylzinc on $iC 4 in a sealed tube:

Si(:14 + 2U.n( jIs) ... - Si(W.l ,)4 + 2Z+nC.

When SiC 4 reacts with phenlbromide or chloride in an ethereal solution in

presence of sodium, a tetrearylsilane is obtained (Bibl.39):

S i(4 + 41I:1 + Ma ... iR-+ Na(I

This reaction sometimes proceeds very violently, and then cooling is necessary.

In all cases R3SiCl and other alkyl-(ar7l)-chlorosilanes are formed as by products.

This method has made it possible to prepare a large number of different

tetra-substituted silanes, but in low yields.
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A large number of different tetra-substituted silanes have been prepared by

using the Grignard reaction. The reactions between SiCl4 and organomagnesium com-

pounds were conducted in ethereal solution:

Sid4 "- 4MgC - . SiR 4 + 4MgCIHr

The product so fomed was decomposed under the action of water, the ether was

driven off, and the residue was treated with concentrated sulfuric acid; the SiR4

does not dissolve in the acid and can be easily separated.

By using the Grignard reaction without ethyl ether, considerable quantities of

tetra-substituted silanes as well as triarylhydroxysilanes can be obtained, in addi-

tion to the di- and tri substituted silanes.

Si( C14 +4 I 11,M/J -- (CI-I3)SI + 4MgJCI
Si( i4 *t: ,lJ '.Br -"(CeI )3SiC .+ 3MgCIBr

" .I I)SI( : - 12 - "(( :1 1)3SiO I -+ HCI

With the object of elucidating the relative activity of various organomagnesium

compounds (Bibl.41) on their reaction with alkylchlorosilanes, the reactions between

mixtures of various organomagnesium compounds and trialkylchlorosilanes were investi-

gated.

On the reaction of a mixture of various molar quantities of methylmgnesium

bromide and ethylmagnesium bromide with trichlorosilane, only methyltriethylsilane

is formed.

,i3 MgBr + C2I.I3MWBr ...l,;:, iCl - - 1*C 03 ,I +i ll " Mg(I. "I ,;. lIl, I

When a mixture of equal molar quantities of trimethylahlorosilane and triethyl-

chlorosilane reacts with ethylmagnesium bromide, ethyltrimethylsilane and tetra-

ethylsilane are fomed in the molar ratio of about 2 : 1.
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(CHg)jSiCl + (CIi,)SLiCI + C4.&HM9r ' (CHs)3SiC21j, + (C-sH&)4Si + MgCIBr

When mixtures of equal molar quantities of trimethylchlorosilane and triethyl-

chlorosilane react with propylmagnesium bromide, the reaction proceeds toward the

formation of propyltrimethylsilane, while propyltriethylsilane is not formed.

(CH,),SiCI + (C) + CsiHMgbr --. (CH,),SiC*I 17 -1- (CH,)gSijCi + MRCIBr

Reaction of triethylchlorosilane with a mixture of ethyl- and methylmagnesium

bromides. In a three-liter three-necked flask, provided with a stirrer with a mer-

cury seal, a reflux condenser, and a dropping funnel, 139 ml (0.42 mol) of methyl-

magnesium bromide and 165 ml (0.42 mol) of ethyblagnesium bromide are placed. To

this mixture 63 g (0.42 mol) of triethylchlorosilane are added during 15 minutes,

under stirring and cooling.

The mixture is boiled 4 hours; then the reflux condenser is replaced by a

straight condenser, and a liquid is distilled from the reaction flask at tempera-

tures up to 100 - 1100 C. The process of distillation lasts 8 hours. The distillate

so obtained is again returned to the reaction flask, and, with stirring, 500 ml of

water is slowly added to decompose the unreacted Grignazd reagent. The reaction

product is then distilled with steam. The organic layer is separated, while the

water layer is actracted with 65 mi of ethyl ether. The ether etract is combined

with the separated layer, the ether is distilled off, and the residue is boiled with

dilute HC1 for 8 hours to transform possible traces of triethylhydroxysilane (formed

by hydrolysis of the unreacted triethylehiorosilane) into hexaethyldisiloxane.

The organic layer is then separated, washed with water, and dried over

anhydrous magnesium sulfate. The fractionation of the product in a column with 20

theoretical plates yields 36.1 g (0.28 moi) of methyltriethylsilane; boiling point

1260C (729 mm); indec of refraction 20=u 1.4160. Tetraethylsilane was not obtain-

ed.
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Reaction of ethylmatnesium bromide and a mixture of trimethylchlorosilane and

triethylchlorosilane. To 0.5 tol of ethylmagnesium bromide a mixture of 0.5 tol

each of trimethylchlorosilane and triethylchlorosilane is added. The further treat-

merit is the same as described above. The fractionation of the reaction product gave

18.3 g (0.18 mols) of ethyltrimethyluilane, boiling point 620C (734 m); index of

refraction n20 1.3819-1.3821. On distillation 13.6 g (0.095 mols) of tetraethyl-

silane was also obtained; boiling point 152 - 1560 C (734 mm); index of refraction

-0 1.4104; and 25.1 g (0.101 mol) of hexaethyldisilxane; boiling point 1280 C
(30 m); index of refraction 20 - 1.4335.

Reaction of propTimafiesium bromide with a mixture of triaethylchlorosilane and

triethylchlorosilane. To 0.5 tol of propylagnesium bromide a mixture of 0.5 tol

each of trimethylohlorosilane and triethylchlorosilane is added. The further treat-

ment is conducted as described above, but, before fractionating, the reaction product

is treated with 50 ml of cold concentrated sulfuric acid which, as is well known,

dissolves hexaalkydisiloxanes and does not dissolve tetraalkylsilanes. The upper

layer formed on treatment with 12S04 is separated, and, after the acid is washed out

with water and a solution of sodium bicarbonate, it is then dried over anhydrous

sodium sulfate. Fractionation of this upper layer gave 33.3 g (0.287 ool.) of

propyltrimethylsilane; boiling point 899C (729 nu), index of refraction 20 -

1.4330. In this layer 22.1 g of a product with index of refraction 20 . 1.4,40 was

also found. No propylethylsilane was found. The sulfuric acid layer was treated

with ice water; the organic layer separated was removed, washed with water, dried

with sodium sulfate, and fractionated. It yielded 9.5 g of 1, 1, l-truethyl-3, 3,

3-triethyldisiloxane; boiling point 800 (30 mm); index of refraction n20 - 1.4105;

and 10 g of hucaethyldisilxane; boiling point 137C (29 m); index of refraction

= 1.4332.

Tetra-,substituted silanes are obtained in better yields and with smaller quan-

tities of by products when Grignardts reagent acts on trialkylchlorosilanes than
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when it acts on alkyl trichlorosilanes (Bibl,42).

Z.Me.Manulkin (Bibl.43) has prepared totraethylsilane by the action of ethyl-

magnesium bromide on sodium fluosilicate.

Many methods of preparing SiE4 from the esters of orthosilicic acid by replac-

ing the alkoxy groups are known. This reaction was first performed by heating

alllzinc and an ester of orthosilicic acid in a sealed tube in the presence of

sodium (Bibl.44).

Na
SiJOCsH,) 4 + 2Zn(CsH,), --- Si(CIH,), + 2Zn(OCIH) 2

The tetra-substituted silanes were also obtained by the action of organomagne-

.sium compounds on esters of orthosilicic acid:

SI(MCHs), + 4RMgBr ---- ' SIR, +48/r

\Br

Mono- and di- substituted esters of orthosilicio acid may also be converted

into SiB4 by heating with acid chlorides (CH3 COCl, C6HCOC1) followed by the action

of a Grignard reagent on the chlorosilane so formed (Bibl.45):

(C, I,)SI(OC*H,)q + 2C.H,CI - (C.I1,)*SiCI3 -+ 2C4HCOgH
(CKH,)*SICI + 2(CH.)MCI - 0 (CgH,),Si + 2MiCI,

Simple tetra-substituted silanes are formed when mixed tetra-substituted oil-

anee are heated; for instance, by heating triethylpherylsilane, tetraethylsilane may

be obtained:

2(CsHx)*SiC4Hs A (CsH&)#Si + (C*H&),Si(C.H*),

Dolgov (Bibl.46) effected this reaction in a hydrogen atmosphere at 2600 C and

100 atm pressure.

Soshestvenskaya has described an interesting method of preparing tetrabemnyl-
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silane by the action of Grignardts reagent on Na 2SiF6 (Bibl.47). When an ether

solution of benzylmagnesium bromide acts on a2 SiF6 at room temperature, the reac-

tion makes practically no progress even over a period of 21 days. Heating a mixture

of Na2 SiF6 with the Grignard reagent (after distilling off the ether from it) for one

hour to 160 - 170°C leads to the formation of tetrabenzylsilane:

.,,.,1- + ,1(:, 11CH, CI - - IKHCIi) 4Si + 2N'al: + 2MRi.. + 2MgCI.2

The yield of tetrabenzylsilane is over 20.7% figured on the basis of the

Na 2SiF6 taken. No tribenzyifluorosilane was obtained in this case.

Tetrabenzylsilane crystallizes in coarse colorless prisms, melting point

127.50C.

It is possible that a longer heating time and still higher temperatures might

have an effect on the yield of tetrabenzysilane.

Tetrabutylsilane was prepared from the ethyl ester of orthosilicic acid (in 25%

excess) and butybmagnesium bromide; the reaction liquid was found to heat up

strongly (Bibl.45). The yield was 50%.

To prepare certain tetra-substituted silanes, organolithium compounds are used.

The ethyl ester of orthosilicic acid or SiCl4 reacts with a lithium alkyl or aryl in

ether almost immediately:

Si(O( ; 15,4 + 4RLi ---- * SIR4 4- 4.,OCli-1

The yields of compounds of the SiR4 type are high.. K.Kocheshkov and V.Zasosov

(Bibl.48) prepared tetraphenylsilane by the reaction of pheanyflithium and SiCl 4 in

absolute ether.

Ractio of henlithjjuM and silion tetrachloride. Into a solution of

phenyllithim prepared from 20.7g (0.132 mol) of bromobenzene, 2.01 g of lithium

(0.29 graa-atom 4 10%) and 80 cm3of absolute ether, 3.4 g (0.02 niol) of SiCl 4 dis-

solved in 10 cw3 of petroleum ether was added in small portions from a dropping
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funnel. The mixture was heated 2 hours on a water bath, and, after cooling, was

poured into 250 cm3 of ice water. The product separated and aspirated, washed with

alcohol and ether and dried in the air. Yield 6.54 g (97.5% of theoretical). Melt-

ing point after one crystallization from amyl acetate, 233 - 234°C. According to

Polis (Bibl.49), the melting point of tetraphenylsilane may be as high as 2340C.

A few aliphatic compounds of the SiJ4 type were subsequently prepared by this

method (Bibl.50); (Si(OR) 4 may also be taken as the starting compound]. If tertiary

or secondary radicals are attached to the lithium, then the chlorine atoms in SiCl 4

are incompletely substituted (Bibl.51).

Physical Properties

The simple tetraalkylsilanes are liquids with an odor of kerosene with an ad-

mixture of turpentine; they are insoluble in water; and neither acids nor alkalies

act on them. The specific gravity of the tetraalkylsilanes is less than unity.

Their boiling points are higher than those of the corresponding hydrocarbons; they

distill without decomposition at atmospheric pressure. In presence of oxygen and on

contact with an open flame, the vapors of the tetrealkylsilanes explode.

The tetraarylsilanes are solid crystalline substances, very stable on heating

to high temperatures. They are readily soluble in benzene and other aromatic hydro-

carbons; and almost insoluble in ether and bensine.

The tetraalkyl- and tetraarylsilanes are thermally stable substances, and there

are a number of properties that remind one of methane derivatives. A comparison of

the physical properties of the tetraalkylsilanes with the properties of the corre-

sponding paraffin hydrocarbons showed that the boiling point, index of refraction,

and density are higher in the tetraalkylsilanes, while the viscosity is lower, than

in the hydrocarbons.

A number of papers have been devoted to the study of the physical properties of

tetraalkyl- and tetraphenylsilanes. The specific heats (Bibl.53), melting points

(Bibl.54), and boiling points (Bibl.55), have been determined, and the baman
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spectrum (Bibl.56), the normal vibrations of the molecules (Bibl.57), the free rota-

tion of the molecules (Bibl.58), the viscosity, atomic and molecular refraction

(Bibl.59), have been studied. The entropy has been calculated from Kinneys equa-

tion, and an investigation of the tetra-substituted silanes in the infrared spectrum

has been made.

On ultraviolet irradiation, tetraphenylsilane and tetra-p-tolylsilane show a

bright green phosphorescence. Tetra-p-diphenylsilane does not manifest this (Bibl.

61). The molecular structures of tetramethylsilane, hexamethldisilane (Bibl.62),

and tetraphenylsilane have also been investigated, as well as the crystallographic

properties of octaphenylcyclotetrasilane (Bibl.63), and the structure of hexadeca-

methylcyclooctasiloxane (Bibl.64).

In papers devoted to the preparation and study of the properties of

tetra-substituted silanes with a double bond between the carbon atoms in the radi-

cal, the physical constants of a large number of individual compounds have been

determined, such as triethylvinylsilane (Bibl.65), tetraallylsilane (Bibl.66),

ethylallylisobutylbenzylsilane (Bibl.67), triethylvinylsilane, triethoxyallylsilane

(Bibl.68), and other unsaturated compounds of more complex structure (Bibl.69).

Table IU gives the physical properties of simple te.ra-substituted silanes.

Table 1

Piysical Properties of Simple Tetra-Substituted Organosilanes

Tetrmethyl ilene, (CH;).Si - 26,5 0,646 1.3478 69,78: 137
Tetreethyls il e (4Ha)aSi - 153 0.7662 1.424 69,91
Tetsreproylile' e (C*H?),Si - 213 0:705 - 24,1U
Tetrabmtylaileme (C4)4Si I- 157 0,008 M 1,445 135: 138

I I (22 ,, )

(continued)
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A) b) 0) c) e) f) q)

Tetreemyliaosilane (CHi).i 275 - - 25
Tetreemylsilane i(C&H11)4S1 - 318 0.8252 1.4510 17

Terpeyeln I'&4, 233 530 1,078 - 16.17,71
Terbayaiae C4X~)4i 128 550 1,078 - 16,17. 18

Tetra mtolYIIjmIn.: (C4 t,)4181 151 1,118 - 16
Tetr..a to ;Pi.a (C 5CH) 5Si 228 -- 1,079 - 16

he aip. nylai lefte (C13Ho)4SI 274 - - 17

Cf. a150 Table 13 (page 178).

a) Name; b) Formula,; c) Melting Point, 0C; d) Boiling Point,, OC;

a) Specific Gravity, d204 f) Refractive Indet n20*; g) ilomh

Chemical Proportion

The pyrolysis of tetrealkylsilanes has been studied in detail. For tetra-

ethylsilane and tetrapropylsilane,, the following mechanism of their cleavage is

given2

S 2,), -- ' Si .4. 4CF15

ii(..z I103 Si + X2.111., (180apdy)
Si((..,)s SI(Cs1 [?)a + C.H- (siewty)

Si(C,1,)a 3 - Si + -(,1 (rawily

Thus the cleavage of tetraethyl- andi tetrapm'pylsilane, takes place in stages

with formation of sil.ica,, hydrogen,, and hydrocarbons. The decomposition of

tetra-substituted silanes into -SiR3 and J- radicals takes place more slowly than

!the cleavage of -SiR3 into silicon and a freradical.

Ipatlyev and Dolgov (Bibl*71) have heated tetmethylsilane, with hydrogen under

pressure at 350PC,, and have obtained ethane and triethylsilane. From pho~ltri-

ethylsilane, under these conditions, benzene and triethylsilane were obtained.

Si(C21 15)4 + 11: 01 CI C1. + (C4H)*SiH



C,1 l1Si(C.-H6)3 + 1i ... . C1l 1 + (CSII)$SiH

It was found that tetraphenylsilane is stable at 450°C; at a higher temperature it

condenses to form a high-molecular substance.

In 1931 Dolgov and Voltnov (Bibl.72) published further studies of the ability

of tetra-substituted silanes to undergo disproportionation. Tetrabenzylsilane at

4000 C under pressure of 100 atm, gives no reaction with hydrogen (Bibl.71). They

considered the low reactivity of this compound to be due to the fact that the sili-

con prevents the reaction. On studying the behavior of the corresponding hydroxl

derivatives it was found that while triphbrqlcarbinol is easily reduced to tri-

phenylmethane, triphenylsilanol is not reduced but is dehydrated to the dimer.

When mixtures of various quantities of tetmethylsilane and tetrapropylsilane

are heated, a mixture of the following cooposition is formed (Bibl.72):

Si(CH.)4.............1
CH,)Si(CA),I. ........... 21

CHSi(CH) 3. . . . . . . . . . .  24

Si(C,H). .............. 10

L.GJUakarova and A.N.Nesmeyanov (Bibl.73) have found that tetraphmnWlsilane

does not react with nitrogen oxides. An attempt to effect the reaction between

silver nitrate and tetraphenylsilane also proved unsuccessful (Bibl.74). Tetra-

uethylsilane was found to be very stable to heating. Its therml decomposition

begins in the range 659 - 717°C (at 850 ui) (Bibl.75).

The tetalkylsilanes are chlorinated and brmnated with relative ease..

Chlorination takes place in the cold, while bromination requires heating. The

halogen replwes hydrogen in the organic radical:

(CgH4)OSIC 4JH, + CI2 - (C$,)3Si(C,I ICI) + HCI
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Friedel and Ladenburg (Bibl.76) obtained triethylchloroethylsilane and tri-

ethyldichloroethylsilane by the chlorination of tetraethylsilane.

Ushakov and Itenberg (Bibl.77) described the chlorination of tetraethylsilane,

with 1 - 2% of PC15 used as a catalyst. Triethyl-0-chloroethylsilane,

triethyl-a-chloroethylsilane and other silane derivatives were obtained in 75%

yield.

Chlorination of tetramethylsilane (Bibl.78). Tetramethylsilane is dissolved in

carbon tetrachloride, phosphorus pentachloride is added as a catalyst, and chlorine

at the rate of 0.5 mol per hour is passed for four hours. During the chlorination,

the system is irradiated with a 450 watt quarts lamp. About two-thirds of the pro-

duct consists of polychlorinated compound, and only one-third of chloromethyltri-

methylsilane.

Halogens act differently on a tetraarylsilane. Bromine, for instance, replaces

one aryl radical during the course of 12 days, even in the cold:

(G'.H,)aSI(:,I I + IBr,. - • (,1ll,),SiRr .- ( lloHr

PCi 5 at 180C chlorinates a tetraarylsilane, also splitting off an aryl

radical:

(C6a)Si -+ 2PCI (C1ll),Si( l + C I .(A + PCI.I
(C, H&)Si -: 21 .11 - (C4lt$)2SiCl2+ "2C'Gl (:l+ ~ f T. ...

In this way, complete cleavage of al the aryl radicals may be accomplished

and SiC14 obtained. By hydrolysis of the halosilane so forued, all the hydroxysil-

anes may be obtained:
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PCI:. H O
-..b ArSiCI ... ArgSiOl I

2PCI, HOQ
. .... 3,o Ar.2SiCI . - Ar,2 Si( )l I

Ar4Si

ArSiCi, - "oArSi~)II,
4PCI HO

--. Sic:! -- -. SiaOI 1),

The tetraalkyl- and tetraaryl-silanes are readily chlorinated by molecular

chlorine; which replaces the hydrogen in the radical, but replacement of the radical

itself does not take place.

The tetraarylsilanes are nitrated under mild conditions (in CC14 ); and in this

way nitro-compounds are obtained; thus, from tetraphenylsilane, SI(CGH&NO4 4 is form-

ed (Bibl.79). Concentrated nitric acid on heating oxidizes SiAr4 . A study of the

nitration product showed that the meta and para nitro-isomer were mainly formed;

the ortho isomer was not found (Bibl.80). On heating in an acid medium (HC1 or

acetic acid) traces of the decomposition of tetraphenylsilane into benzene and tri-

phenylhydroxysilane are detected:

(CgH&)6SI + H9O - - (CH&)iSIOH + CGH.

The nitro-derivatives may be reduced to amino compounds by the action of tin

and HCi. The u-amnophewsilanes are stable against the action of hot alkalies and

hot HCl. The p-aminophenylsilanes are less stable, and when boiled with Ha or

alkalies they are decomposed, forming alkyl- or arylsilanes and aniline (Bibl.81).

The degree of stability of the o-aminophenlsilanes has not yet been studied.

Triphenylsilane does not react with lithium p-thiocresolate, nor with phenyl-

magnesium bromide, even after prolonged boiling of the reaction mixture (24 - 30

hours).

The preparation of other substituted silanes by using organolithium compounds

has also been described (Bibl.82). At room temperature, triethylsilane was prepared

F-TS-9191/V &



by the Grignard reaction, and the product was then subjected to the action of butyl-

lithium. As a result, triethylbutylsilane was obtained in 58% yield.* When the

corresponding organolithium, compound was used,. propyltriethylsilane in 74.5% Yield

and phenyltriethylsilane in 81% yield were obtained by this method.

The introduction of alkyl and aryl gr-oups in trialkylsilanes by the aid of

organolithium compounds is conducted in ethyl ether. Petroleum ether slows down the

reaction. In the presence of lithium ethoxide, triethylsilane and ethanol form

triethylethoxysilanoo

When phenyt'.ithium reacts with Bid4 , followed by hydrolysis, triphenyihydroxy-

silane in 97% yield is formed.

-SICI4 +X3411gLl ILICI + (C.11G)SSiCI -* (C.i.)sSioI + HCI

When 3 uvls of phenyllithium reacts *ith 1 mol of SiCl4 , and 1 aol of

p-tolyllithiuu is added, triphenyl-p-tolylsilane is formed; melting point 134 -

135 OC. The yield is 91% of theoretical.

When 2 nols of phenyllithium (or of p-tolyllithium) reacts with Sid 4 , and 2

aols of p-tolyliithium or of phenyllithium are then added, diphenl-p-tolylsilane is

formed; melting point 176 - 1770~CO The yield is 78% of theoretical.

A.D.Petrov and his associates (Bibl.83) studied the possibility of synthesizing

the asynetric alkyl-(ary)-silanes with aryl radicals from aromatic hydrocarbons

with condensed ring.s* They found that on the action of a-naphthyltriethoxysilane on

ethylaagnesium bromide,, a-naphthyltriethylsilane is formed in low yield, when under

the action of butylmagnesium bromide, gt-naphthyltributylsilane is formed in high

yield (80%).

Under the action of haylmanesitu bromide, the yield of a-naphthyltrihuc~l-

silara. decreases to 45%., Under the action of nethylagnesium chloride on

cl-naphthyltriethoxysilane, no a-naphthyltrimethylsilane is formed at all, but tri-

mthylethoxysilane instead.
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Mixed Tetra-Substituted Silanes

The mixed tetra-substituted silanes are substitution products formed by the

replacement of the hydrogen atoms in SiH4 by unlike organic radicals. A study of

the mixed tetra-substituted silanes made it possible to establish a number of regu-

larities, allowing determination of the character of the bonds in molecules of the

type RSiR'3 , ViRt2 , SiRRtRf'R't', and the dependence of the physical properties on

the nature of the substituent, the molecu4ar weight, the symmetry of the radicals,

etc.

Methods of Preparation

The simplest method of preparing mixed tetra-substituted silanes is based on

the reaction between SiC14 or organochlorosilanes, or esters of orthosilicic acid or

substituted ortho esters with an alkylzinc or Grignard reagent. These reactions

have already been discussed in part, above.

The action of ethylzinc (Bibl.84) on phenltrichlorosilane forms phernltri-

ethylsilane

2Ce IISiCI, + 3Zn,(C2I I). "-- -2CgHSi(CII,), + 3ZnCI2

At the same time, as a result of rearrangement, tetraphenylsilane and diphenyl-

diethylsilane were also obtained:

2CRIa ISsi((CIl I6). (( I,115)45i :-.4 1 ) :16s)t

Dolgov and Voltnov state that under the action of diethylzinc on triphenyl-

chlorosilane at 230PC# not only triphenylethylsilane, but also a certain quantity of

diethylphealsilane and tetraethylsilane are formed.

On the reaction between organozinc compounds and various esters of ortho-

silicic acid, the successive replacement of the alkoxy groups takes place (Bibl.85).

2(CS I:O)sSi "- Zn(I I,) ±" 2Na -- 2C1IlSi(Xl I + 2(4 IO a + Z,,
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XcfsSi(oCI13).3! Zfl(C41&I)S + 2Na - 2(C2l 8)'.Si(o(Al18)2 + 2CHI13 Na + Zn
2(C21-1g)sS1((C-110 2 + Zfl(C3[17)- .+ No 2(C:I113) 2((C,, 17)Si(OCI 13) + 2('1 I3ONa + hi'

2(CFI,)2((:3I 7)Si((oc1 13) + Zii(CI 13 + 2Nn - 2(C2! I)(('31l,)Si(CI 13) + 20 FIONi + Zfl

Under the action of nitric acid (at room temperature, in a solvent) on

tetra-substituted silanes containing aromatic radicals,, the aromatic radicals are

nitrated.

The difficulty of nitration increases in the following order: phenyltriethyl-

silane, diphenyldiethylsilane, and tetraphenylsilane (Bibl.86). When these com-

pounds are nitrated, the nitro group goes into the pars or meta position with re-

spect to the silicon atom. We give the quantitative relations between the isomers

obtained on nitration of these substances.

Yield of
Para- nitro- Yield of meta-
Isomer, % Nitro- Isomer, %

C6H5 Si(C 2H5 )3 . . . . . . . 83 17

(C6 H5 )2Si(C2 H5 )2  . . . . . 70 30

(C6 H5 ),SiC2 H5 . . . . . . . 40 60

0c6 H 5 ) .. ....... 00 2 76

The conclusion may be drawn from these data that the triethylsilane group

(C2 H 5 )3 3i is mainly oriented toward the pare, position, and the triphnylsilane group

C6 H5 )3Si toward the meta position.

A large number of mixed tetre-substituted silanes have been prepared by the

Grignard reaction (Bibl.87).

CIS' S /C3?+ cHIAVJ --- p Si / 4 + M0c.I.

(4&/S\C C.H./ \Gi3
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CeHiSiCIS + 3CiI"Br ... CgH&SI(CHI)' + 3MgCIBr
(C2H&)2SiCI2 + 2CH$MgBr . (CSH&)2SI(CHs)j + 2MCIBr

The radicals in the mixed tetra-substituted silanes may be made more complac by

replacing the halogen atoms in then by organic radicals (Bibl.88).

Si -4- / +(HMRBr - 2 Si + MgCIBr
( ,Hs/ \cjis1 ( HI/ \CtH.

The literature describes methods of preparing alkyltriaethylsilanes and alkyl-

triethylsilanes, in which the alkyl radical has a high molecular weight, and also

describes their properties. Under the action of a Grignard reagent on BiCl 4 , alkyl-

trichlorosilanes were at first obtained. 'The products, after being purified by

fractional distillation, were introduced into an ether solution of methyimLagnesium

bromide or ethylmagnesium bromide, and as a result alkyltriaethylsilanes or alkyl-

triethylsilanes respectively, in yield of about 70% of theoretical, were obtained.

RMgBr + SiCI -- - RSi(la + MCIBr
kSiCI, + :X.1 I,6MBr - --- Si(CII), + 3,MCIB,

Such yields are obtained, for instance, in the synthesis of lauzrltrimethyl-

silane aid hentyltrimethylsilane uif the reaction between trimethylchlorosilane and

the corresponding Orignard reagent.

When methyllithim reacts with triethylsilane (Bibl.89), methyltriethylsilane

is formed i

((;,lls)*Sill '~I 'ii ((CIlI&)*iit 13 -" L ilIl

Triphenylsilane reacts with organolithium compounds to form the corresponding

tetra-substituted silanes (Bibl.90)t
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RiSil I R'li RaSiR' -l.11ill

To perform the reaction, one equivalent of an ether solution of the organo-

lithium compound is added to a solution of triphenylsilane in ethyl ether. After

the completion of the reaction, the mixture is treated with water (to remove the

LiH), and the corresponding tetra-substituted silane is separated from the ether

solution and recrystallized from benzene..

When triphenylsilane reacts with butyllithium, butyltriphenylsilane, (melting

point 860C, yield 63.2%) is formed, together with a mall amount (10.7%) of tetra-

phenylsilane.

Under the action of a-naphthyltriethosyilane on methylmagnesium chloride,

c -naphthyldimethylethoxysilane and trimethylethoxysilane are formed. The reaction

apparently takes place according to the s6hme:

,A- :,oII,Si(OCI l,)3 + 2CHM0:1 . -",g I,(CH),SiO ,l is 2MgCI1(U,I I ,)
%-CtoH?(CH),sSi(OCI 4,) + 0iI.1.CI .... 2C,.I IMgrCI + (CH')sSiOCsl's

It has likewise not been possible to obtain pure a-naphthyltrioctasilane

a-C1 oH7 Bi(C8H1 7)3, since a mixture of this substance with a-naphthyldioctylsilane

a-ClOH7Si(CsH7)2H was formed.

While in the case of the trialkylmethyls R3C-,the ability of these radicals to

enter into the Grignard and Wurtz reactions decreases with increasing length of R

from mothyl to butyl (at least for synthepis under ordinary conditions), the oppo-

site relation holds in the case of the trialkylsilanes RSi. It has recently been

possible to synthesize *-naphthyltrimethylsilane by means of an organolithim com-

pound.

a-C,*H,Li.+ (Ci,)SiCl -- a.-C,HjSi(CH,) + LICI

A.D.Petrov and T.I.Chernysheva (Bibl.91) prepared a-naphthyltrinethylailane by
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means of an organoagnesium compound.

i,-CesHSi(CH&)sCI + MgBrCH -_# a-CeH7Si(CHa)s + MgCIBr

It is interesting to note that it was found that a-naphthyltrimethylsilane

coulC be obtained by substituting fluorine atoms for the ethoxy groups in

at-naphthyltriethoxysilane, followed by the action of CH3NgI on the product so

obtained.

,S-ClISi(OC41i,)s + 3FIF --- * a-C,*H,SiF + 3C,HOi I
"-CloHSiFs + 3M9JCHs ..... 3M9JF + e-C1eHSi(CHs)s

a-naphthyltriphenylsilane has also been prepared, but attempts to synthesize

tetra-i-naphthylsilane proved vain. Even when lithium was used instead of magne-

sium, and at high temperatures, only tri-ai-naphthylsilane could be obtained, which

was evidently fomed on the treatment of the reaction products with water by the

formula:

(f-C, I I)aSiLU + HOH - - - LiUH + (&-C"ie|l),SiH

Tetra-0-naphthylsilane is obtained in good yield from 0-bromonaphthalene

(Bibl.92).

It was not possible to prepare a-nphthyditolylisoa=lsilane a-C1 H7 (C6 H4CH3 )2

CH 3

Si--ClH2-CH3 by the aid of organomagnesiup compounds.

CH3

-naphthldi-p-tollethylsilane and a-naphthyldi-p-tolybutylsilane are pre-

pared by this method with relative ease.

By the action of organomagnesium compounds on tetraethoxysilane, only two

a-naphthyl radicals could be introduced, giving (Q-CI0H 7)2Si(OC2H5 )2.

A.D.Petrov and T.I.Cheryheva (Bibl.93) has prepared silanes with two and
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three a-naphthyl radicals by means of lithium, for example: (a-C10 H7 ) 2Si(C4 H9 ) 2 ;

(a-CloH.)2Si(C6H5)2; (a-C1 0 H7 )3 Si(OC2 H5); (a-C0lH 7)3SiC 6H5; (a-CoH7 )3SiC 2H5 ;

(c"-ClOH7 )3SiC3H7 -

Using organolithium compounds, alkylbiphenylsilanes have been obtained in high

yield. It is interesting that in the series of the alkylbiphenylsilanes, as in the

series of alkyl-a-naphthylsilanes, a lowering of the freezing point or melting point

with increasing length of the alkyl radical from C2H9Si(CH3 )3 to C2H9 Si(C4 H9 )3

has been noted.

The action of SiCl on 9, 1O-dilithium-9, lO-dihydroanthracene by formulas I

and II has yielded 9, 10-dihydroanthracene-9, lO-di(trialkylsilanes). The

symmetrical compounds obtained by formula II were solids (in some cases mixtures of

the cis and trans isomers). The reaction by formula II usually did not proceed to

completion; a mixture of mono-substituted and mixed di-substituted hydroanthracenes

was obtainedt

Il\/l.i I I\ /SiR

Ii I !+2R,SiC,- - .3C% +l II ' (I)

i' 1.i H/\Si ;

t1\/Li H\/SIR',

RSiC, + I R.S + I I i n) +

lf/\Li H/\Si.

When these substances were heated to 300°C, no decomposition with liberation

of anthracene was noted, but 20% H01 did split off anthracene from them, while

under these same conditions, biphenyl was not liberated from a trialkylbiphenylsil-

ane.

In 1950 a paper was published describing the synthesis, mainly by the aid of
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lithium, of 19 organosilanes with sterically hindered radicals: orthotolyl,

mesityl, and others (Bibl.94). A series of substituted aryltrimethylsilanes of the

type:

X (X)

was obtained, where X is the substituent in the ortho, metha, or par position,

being CH3, (CH3 )3 3i, C6  etc. In addition the physical properties and infrared

spectra of these compounds were studied.

It has, finally, recently been possible to prepare (Bibl.95) tricyclohemyl-

chlorosilane (C6Hii) 3 SiCl, but only by using lithium. In this compound, however,

even by the aid of the corresponding organolithium compounds, the chlorine could not

be replaced by a C6H5, C2 H5 or CH3 group.

The yield of tetratolyldisilanes on their synthesis from pars, meta, and ortho-

tolymagnesium bromides and SiCl4 , respectively, is 35%, 8% and 0%; and it was not

possible to obtain o-tetratolylsilane, when sodium, or even lithium, was used in-

stead of magnesium. In the case of lithium, used at a temperature of 1700C, two

substances with melting points of 2300C and 340°C were obtained (Bibl.95) which,

according to the analytical results, correspond to one and the same formula

(cH3C6H) 4si.

When isopropyllithium acts on HSiCl3, it has been possible to replace only

three chlorine atoms by isopropyl groups; tert-butyllithium, at the boiling point

of pentane, is able to replace only one atom of chlorine in SiCl4 by tert-butyl. A

second tertiary butyl group is introduced only at an elevated temperature (70C),

while it has not been possible to introduce a third and fourth group under any con-

ditions.

In the reaction of alkyl-(aryl)-lithiu (RZi) with SiCl4 , the radicals can be
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arranged in order of decreasing reactivity in the following order:

:-'--Cl 11

C C'

Ye.M.Soshestvenskaya (Bibl.96) obtained tetrabenzylsilane by the action of

potassium fluosilicate on benzylmagnesium chloride:

4C411sCIMgCI + KSiid (- ; ([lsCHt) 4Si +2M4(CI., + 2MRF.. r" 2K 1

Potassium fluosilicate reacts more readily than sodium fluosilicate.

Tetra-substituted silanes are obtained from organosilicon compounds whose mole-

cule contains the Si-OR and Si-H groups by the action of an alloy of sodium and

potassium (Bibl.94).

By the action of indenylodium and indenyflithium on alkylhalosilanes, methyl-

indenylsilanes and ethylindenylsilanes were obtained by the following reaction

(Bibl 97)t

\,- \_ i

or (Mmli. Na)

C\/ + 2(CtH.,j.S1(;1 -- •I- S~~ + :
M ~~/Si(Hs)n W

Organolithium compounds with multiple bonds between the carbon atom more or

less close to the silicon atomp should possess a number of specific peculiarities.

In order to study such compounds, Ushakov and Itenberg have synthesized triethyl-

vinyluilane and studied its properties. It was found that this compound is not
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polymerized under the conditions studied by them (Bibl.65).

Allyltrimethylsilane was synthesized by the following method:

Preparation of allrltrimethylsilane. To 5.8 mols of freshly prepared allylmag-

nesium bromide, 542 g of trimethylchlorosilane was added during the course of 4

hours. The ether was then distilled off in a rectifying column until the tempera-

ture had reached 850 C. The residue in the flask was now heated at this temperature

for 24 hours, after which it was hydrolyzed with water and distilled with stea.

The organic layer was separated from the aqueous layer, dried, and fractionated in

a column with 15 theoretical plates, yielding 291 g of allyltrimethylsilane; boiling

point 84.9 0 C (737 Mu); specific gravity dk - 0.7193. The yield was 51% of

theoretical.

Diallyldiethylsilane was first prepared by BMNYakovlev (Bibl.98) by the action

of allymagnesiu bromide on diethyldichlorosilane:

24.112 =('I l--CQl2 Mg~r + (CI I8)..Si(;l - " (CI-I,---- I-H,)2Si(CII., + Mg(:I2 - MgiBr

The yield of diallyldiethylsilane was 60% of theoretical; boiling point 91 -
20 2(34 m); specific gravity d4 - 0.8076; inde of refraction nD -4594.

'The product is polymerized under the action of peroxides.

The synthesis of substituted silanes with unsaturated organic radicals has

recently attracted great attention. A.D.Petrov and associates (Bibl.99) have syn-

thesized a large number of unsaturated organosilanes by the action of orgaagne-

sim and organolithium compounds on halosilanes,chloroallcltrialkyl-(aryl)-silanes

and alkyl-(r71)-halosilanes. They obtained compounds containing double bonds,

double and triple bonds, etc., in the organic radical by the reactions:

, :.?H,)iiI: lr-.IBr + Br,%, I 2U I--H,-

-- s ( I,).ji-l .-- CH--Hr--.CH= :11 + MaBr,
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or

(CH:,)s.iCI - Urgt I !-. (21 I (C-4 l ),SiC :-c-cI I=c112 + mzll

Triphenylvinylsilane was prepared by the action of phenyllithium on vinyltri-

chlorosilane:

3CIijLi -t Cl 3SiCII=CH2  - •( 41i,)sSiCi-i=C-i + 3LiCI

Substituted silanes containing the vinyl radical were likewise prepared by the

action of a Grignard reagent on vinyltrichlorosilane (BibllO):

CH2= CHSiC13 + .FI.MgBr . CFimCHSi(C4H,), + UAM.lBr

This reaction proceeds in good yield.

Physical Prooerties

Many papers have recently appeared on the synthesis and study of the physical

properties of various tetraalkylsilanes. Papers on the properties of the now tetra-

alkylsilanes, tetrsarylsilanesp and mixed tetraalkyl-(aryl)-silanes are of great

interest (Bibl.69).

Figures 4 and 5 show graphically the variation of certain physical properties

of tetra-substituted silan.e with the mmber of carbon atoms in the molecule (for

co.arison the variation of the same properties of the hydrocarbons is also shown)

(Bibl.lol).

Table 12 gives the physical properties of mixed tetra-substituted silanes.

Table 13 gives more detailed data on the physical properties of mixed

trimethyl- and triethyl- tetra-substituted silanes. The boiling point and specific

gravity of tetra-substituted silanes depend strongly on the size and structure of

the radicals entering into their molecules, and on the symmetry of the molecule as

a whole.

Table 14 gives data on the physical properties of tetra-substituted silanes
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Table 15

Physical Properties of M-ixed Tetra-Substituted Silanes Containing the

a-Naphthyl Radical

8) b) c ) e) f

(:,0H-7si((:H 3).1  -21,.5 118-119 0,9871 83
(3 mm')

C1Nnthyti inl-7Si W31-10 3  40 1 73 0.9627 83
me t yfa I ne (8 mnm)

(1Nltlr- -,11S(.) 3 -50 349-350 0.9493 83
aNptyt~ri (:0 1 1Si(C.1I5, I 83--1851 -- -- 158

a.-1Yphthyjtri- C10H7Si(C$II4CHs,,, 174-1,61 83

ato la n (: 1 01I17Si(CH:C4 tI6.,, 54 :386--389 -- 83
Cl.Naphthyltri- (:1 1HsicHS) ) 4 *o 809318

benrylai lane CllS(sj3-0 3034093 ~
cyct 0 exy t1ktne (CjaH7)2Si(C3H7)2  33 203-206 -- 13ti

Pi~.naphhy1.(5 aMWW4
p p In 01 1I-l, 2Si(CI-I,) 4 401-)40511,0184 158

dib .iane im-,,(Cl) qts)-

niphe 1axan (C I 0110siC6 "0. 1 Of- 191 15
phthl 11 - 3

propyl lane
Tri i1.?:pkathyl- 0 ;i 7)3Si(4I Is iLI i 158

at; (II 7 CIlI4U.1)- 2Si ~11  45 224..-226f1,0798 83t T;Tetth~(!!1.n (I 5mmk)

f-tyd iio~~c ls.abiI ,5( 272291 1, 0697 '43
q-:Nmphthyff:enayl- L-eII?((Ila f 1,S((~), 208-..210 -

t 10 I?~. I5C-1o(c. ai( 1(CSHO7  27 8
b .n ypty heny n. 'I17(F3SCI -,CH)CH~CI. 40-45 306-- 3 IV1,126 8:j
(Taphth yihenyl. (3C raml)

dibutylai ane ('101 17(C.1 I. 1Si(C4H.9)2 256~-2601 2.56-260 1,0258 83
%1Naphtbyl1j~tolyi- ! (20 m4aiP ropy Ia ace 1-(In-(.11 1" I-I)sW((3II, 2  193-195 1,0119 136

206

a) Specific Gravity, d 20 f) 3ibliography

containing unsaturated radicals, while Table 15 gives data on the physical proper-

ties of tetra-substituted silanes containing a-naphthyl radicals.
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Chemical Properties

A characteristic feature of the mixed tetra-substitutcd silanes is their ten-

dency to rearrangement and formation of symmetrical compoundb.

J00
20---

210----

240-
22O

14:~~~1 1.49 .= ,/10- - - j .&oC -
- / ,,oo --, ./4/ "- /

10-------- z7 I/N£ /
$ 7 ' /7 b)b)

Fig.4 - Relation between Boiling Point Fig.5 - Relation between Refractive

of Alkylsilanes and Number of Carbon Index of Alkylsilanes and Number of

Atoms in Molecule: Carbon Atoms in Molecule:

1 - Alkyltrimethylsilane; 2 - Alkyltri- 1 - Alkyltrimethylsilane; 2 - Alkyltri-

ethylsilane; 3 - Hydrocarbons ethylsilane; 3 - Hydrocarbons;

a) Number of C atoms in molecule; a) Number of C atoms in molecule;

b) Boiling point at 260 mm, OC b) Index of refraction 20

When triethylphenylsilane is heated, rearrangement takes place and diethyldi-

phenylsilane and tetraethylsilane are formed.

When triethylphenylsilane is heated under pressure in a hydrogen atmosphere,

condensation takes place, as noted by Dolgov (Bibl.72), which is accompanied by the

formation of symmetrical compounds and cleavage of the phenyl groups:

II.
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Studying the rearrangement of many asymmetrical tetra-substituted silanes, Dolgov

later reached the conclusion that the rearrangement, according to the conditions,

proceeds according to either eq.(l) or eq.(2):

2RSR .. R,SIR + SiR, (1)

2RSiR; + H, 2R"- . + R; Si-SIR (2)

The former reaction takes place on simple heating of the substance, while the

second occurs when it is heated in a hydrogen medium. When three like radicals and

one unlike radical are attached to a silicon atom then rearrangement or destruction

takes place when heated in an atmosphere of hydrogen. In this case, if the com-

pound contains one phenyl group, it is displaced rather easily, but two phenyl

groups at one silicon atom stabilize the compound, and no displacement of a phenyl

group is observed in this case.

On the action of sulfuric acid on methylethylpropylphenylsilane, hydroxysilanes

and benzenesulfonic acid is formed:

(4H,\ /CHI H.SO0 Cs1i,\ /CH:,
Si _H _ Si + CgH&SO.-II

This reaction may be used to prepare hydroxysilanes that are hard to

synthesize.

The action of sulfuric acid on methylethylprpylbenzylsilane leads to cleavage

of the methyl group and formation of a silanesulfonic acid through an intermediate

compound, ethylpropylbenzylhydroxysilane (Bibl.102):

(CI.,) (C.,I I,)Si(CqH,) (CH T.H) + I ISO,..
110 \S / CIH- H.90. I IQ\, / ('311-

Si - S1
qH / \C-IT'11 C/21V5/ \C1II85lIISO'I
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Other sulfonic acids of organosilicon compounds were synthesized later by the

action of chlorosulfonic acids:

/C l 12C., lt CHi C I-I+., )..
CC3li')i + CISO2OII - I I( I + (('. 17)2SiCi. 26HS()&I I

\ ( :..I 1l

Under the action of chlorosulfonic acid on (C6 H5 CH2 ) (C2 H5 ) (i-C 4 H9 ) (C3 H)Si, the

cleavage of the isobutyl group occurs.

Under the action of fuming HCI on triethylphenylsilane, triethylchlorosilane

is formed:

(C~ls) S(CelIs) - H I •(C.&-16),Si('I + (7 1iti

Under the action of an alloy of potassium and sodium, or of potassium amide, on

tetra-substituted silane, trialkyl-(aryl)-potassium is formed. Phenylisopropyltri-

phenylsilane, for instance, undergoes the following transformation under the action

of a sodium-potassium alloy in ethyl ether (Bibl.l04):

CiI, (1I
Nas+K I

\C-Si(.I 103~ + C' 1 C--, + (CIH$)jSiK
" / I ether I

01| :1 CI 1

Trimethylbenzylsilane is converted by the action of potassium amide into trimethyl-

silanepotassium amide:

(CI l),Si--('l-I.(.,i Is + KNI 2 - P (CI 1)Si NI I K + CI l., tlis

Mixed tetra-substituted silanes with four unlike substituents possess optical

activity owing to their asymmetry (Bibl.105).

The reaction between allyltrimethylsilane and various chemical compounds pro-

ceeds in two directions:
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1. HBr, Hi, Cl, and H, add on the double bond.

The addition proceeds in accordance with the Markovnikov rule. As a result of

reaction with hydrogen halides, p-bromopropyltrimethylsilane and 0-iodopropyltri-

methylsilane are formed. When these compounds react with aqueous alkali, propylene

is evolved and hydroxytrimethylsilane is formed. Under the action of a hydrogen

halide on allyltrimethylsilane at high temperature, a trimethylhalosilane and

propylene are formed. As a result of addition of chlorine to the double bond of

allyltrimethylsilane, 03, Y -dichloropropyltrimethylsilane is formed, which, by ther-

mal decomposition, yields trimethylchlorosilane and O-chloropropylene.

2. Under the action of sulfuric acid, HCI, or bromine, on allyltrimethylsil-

ane, cleavage of the allyl gmoup takes place. As a result of the reaction, tri-

methylsilane sulfate and propylene, trimethylchlorosilane and propylene, or tri-

methylbromosilane and 0-bromopropylene, are respectively obtained.

.2(CHa)8SiCir-aC I=ClI, + 1 1&., - ((CHsp),,SIIjO, + 2HI,-Ci-C-,
(C II).Is Ir=-CI*l-Ca Is + I WC . (aiOsICl + C1 I-CH -CH,

(Cl l)&S-CIrCl I-- Is+ - Br2 - - (CI.Hg)SIBr + CI-lr-1i=C I,

When a solution of KOH in methanol reacts with trimethylallylsilane, trimethyl-

methoxysilane and propylene are formed. Under the action of aluminum chloride,

allyltrimethylsilane polymerizes.

Reaction of allyltrimethylsilane with hydroien bromide. In a test tube with a

gas inlet tube, 22.8 g of allyltrimethylsilane is placed, and 0.2 mol of dry HBr

are passed in. The reaction proceeds at room temperature, but it can also proceed

even at as low a temperature as -60°C. The passage of HBr is terminated when the

weight gain of the test tube corresponds to the theoretical (on the basis of the

addition of 1 mol of HBr to 1 mol of allyltrimethylsilare). On fractionation in a

vacuum, 27.5 g of O-bromopropyltrimethylsilane is obtained, boiling point 310C

(6 m). The yield is 70% of theoretical.
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The use of benzoyl peroxide in the process of addition of HBr to allytri-

methylsilane does not lead to formation of Y-bromopropyltrimethylsilane, but only

O-bromopropyltrimethylsilane is obtained.

Behavior of 0-bromopropyltrimethylilane on heatini. In a flask with reflex

condenser, 13 g of 0-bromopropyltrimethylsilane is heated at about 40OC (at a

temperature over OCPC, decomposition of the substance is observed). The yield of

propylene amounts to 73% of theoretical. From the residue in the flask, after

fractionation, 2.9 g of trimethylbromosilane was separated; boiling point 76 - 790C.

The yield was 88% of theoretical.

Reaction of allyltrimethylsilane and hydrogen iodide. In a 100 ml two-necked

flask, 22.8 g of allyltrimethylsilane is placed and dry hydrogen iodide is passed

in. After addition of 85% of the theoretical quantity of HI by weight, the passage

of HI is stopped, and the mixture is fractionated under reduced pressure, yielding

22.7 g of 0-iodopropyltrimethylsilane; boiling point 570C (6 MRu). The yield is 48%

of theoretical.

This compound fumes in the air and decomposes when heated to a temperaturG. of

about 750 C, or on reaction with dilute aqueous alkali or with anhydrous aluminum

chloride. When 81 g of this product is heated for 30 minutes at 800C, propylene is

formed in 55% yield. As a result of fractionation of the residue, 31.6 g of tri-

methyliodosilane, boiling point 1060 C, in yield 46% of theoretical, is obtained.

Reaction of allylmethylsilane with hydrogen chloride on heatin,. In a flask

with reflex condenser, 22.8 g of allylmethylsilane is heated at the boiling point

with at the same time HC is passed into it for 24 hours. As a result 4.4 g of tri-

methylchlorosilane, boiling point 57 C, is obtained. During the reaction 15% of

propylene is given off. The residue contains 10.9 g of unreacted allyltrimethyl-

silane.

Reaction of allyimethylsilane with chlorine. Into ll.4 g of allyltrimethyl-

silane at a temperature of -70°C, 7 g of chlorine is passed at the rate of
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0.003 mol/minute. Fractionation of the reaction product under reduced pressure

yielded 10.3 g (56%) of (3, y-dichloropropyltrimethylsilane, boiling 360C (4 n). Of

this 03, y-dichloropropyltrimethylsilane, 7.2 g is heated to 900 C for 30 minutes,

effecting decomposition. Fractionation of the decomposition products yielded 2.6 g

of alkyl chloride with a boiling point of 44.50C, in yield of 87% of theoretical,

and 3.4 g of trimethylchlorosilane, boiling point 570 C, in yield 81% of theoretical.

Hydrogenation of allyltrimethylsilane. In the presence of a nickel catalyst,

22.8 g of allyltrimethylsilane was hydrogenated under a pressure of 1 - 3 atmos-

pheres. After 12 :ours of hydrogenation, 14.6 g of butyltrimethylsilane, boiling

point 890C, yield 63% of theoretical, was obtained.

Reaction of allyltrmetiylsilane with sulfuric acid. On the reaction of allyl-

trimethylsilane (5.7 g) with strong sulfuric acid (2.5 g) at -20°C. 5.2 g of impure

trimethylsilane sulfate was obtained, melting point 49 - 520C. In this reaction

propylene in yield of 48% of the theoretical was also formed.

Reaction of allyltrimethylsilane with bromine. In a 100 ml two-necked flask,

provided with a stirrer, 22.8 g of allyltrimethylsilane and 50 ml of anhydrous ethyl

ether were placed. The flask was placed in a bath with solid carbon dioxide, and

32 g of bromine were added to the mixture under vigorous stirring. Fractionation

of the reaction product yielded 0-bromopropylene and trimethylbromosilane. For the

better separation of the products, the mixture was treated with water to convert

the trimethylbromosilane into hexaethyldisiloxane. Treatment with water and frac-

tionation of the mixture yielded 3.8 g of allyl bromide (10%), 9.4 g of hexamethyl-

disiloxane (58%), and 5.2 g of 1, 2, 3- tribromopropane (7%) with a boiling point of

2180 C; no P, Y-dibromopropyltrimethylsilane was obtained.

Reaction of allyltrimethylsilane with methanol. A mixture of 22.5 g of KOH,

25 ml of anhydrous methanol, and 22.8 g of allyltrimethylsilane was boiled for 24

hours in a flask with a reflex condenser. Propylene was gradually evolved during

the reaction, and was absorbed by bromine. By the end of the boiling, the yield of
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propylene amounted to 70% of theoretical. Fractionation of the mixture yielded 8.6

g of an azeotropic mixture of methanol and trimethylmethoxysilane (18% of the

methanol by weight) with a boiling point of 5000. The yield of trimethylmethxysil-

ane is about 35% of theoretical.

Reaction of allyltrimethylsilane with sodium hydroxide. A mixture of 20 ml of

12 N NaOH and 3 g of allylmethylsilane was boiled in a flask with reflex condenser

fcr four days. 5% of the theoretical amount of propylene was evolved.

Reaction of allyltrimethylsilane with aluminum chloride. In 10 minutes, 22.8 g

of allyltrimethylsilane was mixed with 2 g of anhydrous aluminum chloride, form-

ing a viscous mixture, which was then extracted with 75 mm of pentane and washed

with dilute HCl. The pentane was distilled off under reduced pressure. Fractiona-

tion of the residue yielded 12.9 g of a transparent oily polymer of boiling point

290 - 34CPC (15 nun). Analysis of this product showed a silicon content higher than

theoretical. This allows us to assert that in addition to simple polymerization,

processes of condensation also take place here, which are connected with the cleav-

age of the alkyl group, so that the silicon content of the product is increased.

TETRA-SUBSTITUTED SIIANES WITH FUNCTIONAL GROUPS IN THE

ORFANIC RADICAL

The synthesis of alkyl- and aryl-substituted silanes into whose organic radi-

cals functional groups have been introduced, has become widespread in recent times.

Such functional groups include the halogens, hydrxyl groups, carboxyl groups,

nitro groups, amino groups, etc. Tetra-substituted silanes containing functional

groups in the organic radical are polar and susceptible of further transformation.

These compounds are also interesting for the elucidation of the influence of the

silicon atom on their properties, chemical activity, resistance to hydrolysis,

mobility of the substituents, etc.
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Tetra-Substituted Silanes with a Halogen in the Organic Radical

Methods of Preparation

As already stated, under the action of a halogen on mixed tetra-substituted

silanes, substituted silanes with a halogen in the organic radical may be formed

(cf *page 163 ). On the halogenation of arylsilanes, the halogen enters in the para

position with respect to silicon. In the alkylsilanes, the halogen may enter the

a, p, or Y-position with respect to the silicon atom.

In alkylphenylsilanes of the type RSiC6 H5, one hydrogen atom in the phenyl

may easily be replaced by a halogen atom:

RsiCgH, + CI .-. RSiCH&CI + I IC I

Tetra-substituted silanes containing a halogen in the organic radical may be

prepared by the action of the corresponding organomagnesium compounds; thus, for

example, triethyl-p-bromophenylsilane has been prepared from p-dibromobenzene by

the Grignard reaction (Bibl.106).

BrC4H4MgBr + SiCI. --- BrCsHSiCIa + MgCIBr
BrC6.i-gSiCIs + 3CsHMgBr ..... BrCoHSi(CI-Ii)s + 3gUBr

By the same method, triethyl-p-chlorophenylsilane (Bibl.107) has been prepared

from p-chlorobromobenzene (Bibl.lO7).

Triethyl-p-iodophenylsilane is obtained on treatment of the corresponding

organomagnesium compound with iodine.

(CH,),SiC.H.MgBr + J, (C2H)SSIC4H 4J + MBr

Trimethylchloromethylsilane is obtained in good yield on the photochemical

chlorination of tetrmethylsilane (Bibl.108, 85).

(CII,)4Si + Cl --- 30 (Ctl ),SiCHCI + I ICI
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The chlorination is accomplished in CCI4 solution in the presence of a small

quantity (2%) of P2C15.

The chlorine atom in chloromethyltrimethylsilane is more reactive than in mono-

chloromethyltrimethylmethane, but less reactive than in n-hexyl chloride. This will

be seen from the following data on the quantity of chlorine cleavage under the

action of various saponifying agents on chloromethyltrimethylsilane (I) and on

n-hexyl chloride (II):

Quantity of Chlorine
Cleavage, %

I II

CH3COOK in absolute ethanol . . . . . . 23 29

CH3COOK in glacial acetic acid . . . . 26 32

KOH in absolute ethanol o. . . . . . 52 69

KOH in 70% ethanol * , * . . . . . . . 16 22

KOH, aqueous solution. .o o e o * 9 o 0 1

The boiling of chloromethyltrimethylsilane with aqueous silver nitrate for 5

minutes does not lead to the formation of a precipitate of silver chloride. Under

the action of sodium iodide in dry acetone on chloromethyltrimethylsilane, a halogen

exchange takes place, and iodomethyltrimethylsilane is obtained, which, in contrast

to all organic iodine derivatives, does not react with aqueous nor alcoholic solu-

tion of silver nitrate. When iodomethyltrimethylsilane reacts with magnesium,

organomagnesium compounds are fomed in good yield.

a- and p-chloroethyltrichlorosilane are obtained by the action of sulfuryl

chloride on ethyltrichlorosilane in the presence of a small amount of benzoyl

peroxide:

So.c I
-:- 12 , I 'CI.-I - CI I.CHCISiCI , :11(;IC! I S,( :iC ,

F-TS-9191/V 192



Under the action of methylmagnesium bromide on the compounds so obtained,

corresponding tetra-substituted. compounds with a halogen in the organic radical are

obtained.

-I.{C1 ICISiI:, 30 IVigBr - [6 (-Hi (Si(CH 3 ) :-3MgCBIr

c-chlorobenzyltrichlorosilane, C6 H5CHClSiC1 3 , is obtained by a similar method, and

by the action of a Grignard reagent can likewise be converted into a

tetra-substituted silane. Attempts to use this method for the chlorination of

methyltrichlorosilane and phenyltrichlorosilane were unsuccessful (Bibl.109).

The chlorination of propyltrichlorosilanes by means of sulfuryl chloride in

the presence of organic peroxides yielded all three chloro-substituted products:

a-chloropropyltrichlorosilane CH3 CH2CHClSiCl3 (I),

y-chloropropyltrichlorosilane CH3CHCICH2 iCI3 (Ii)

0-chloropropyltrichlorosilane CH2 ClCH2CH2SiCl 3 (III).

The total yield was 96% of theoretical. The ratio I : II : III was

1 : 3.5 : 3.1.

These products may be converted by the Grignard reaction into the corresponding

tetra-substituted silanes with a halogen atom in the organic radical. The

monochloro-derivatives of triethylchlorosilane and triethylfluorosilane were used

to prepare new tetraalcylsilanes containing chlorine in the organic radical.

Preparation of 0-chloroethylethldiethlsilane. In a flask provided with a

stirrer with a mercury seal, a reflex condenser, and a dropping funnel, 0.5 mol of

methylmagnesium bromide in 250 ml of ethyl ether were prepared. The reagent so

prepared was added over a period of 2 hours to an ether solution of 62 g of

P-chloroethyldiethylchlorosilane, and then the reaction mixture was heated in a

flask with a reflex condenser for 2 hours on a steam bath. The reaction product is

treated with a mixture of ice and acid after which the ether layer is removed. The

ether extract is washed and distilled.
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P-Chloroethyldiethylphenylsilane is prepared by an analogous method.

The following are the properties of the products so obtained:

P-Chloroethyldi- O -Chloroethyldi-
ethylmethylsilane ethylphenylsilane

Boiling Point, °C

at 200m .......... . 125 219

at 760 mm ............ 172 274
20 093 00

Specific Gravity, d . 0.9036 1.0109
2 0

Refractive Index, n20 i.4452 1.5229

Molecular Refraction, MR . . .. . . 48.54 68.51

Atomic Refraction, R . . . o . . . . 6.98 7.48

Heat of Formation (Calculated),

kcal/mol . . . ...... . . . 10,000 13,000

Trimethyl-sec-bromobutylsilane was prepared only recently by A.D.Petrov and

G.I.Nikitina (Bibl.llO) by the reaction:

(Ull) 3SICl I.MCI + BrCFIPC I=CI I, . . (CI Is)3SiCHCHII=C I..

(Cll 2)3SiltCl I1Ic F I (1 -I - Br - (CH8)3SiCHtCHr-CIBr

With the purpose of modifying organic resins, S.NoUshakov (Biblolll) has pro-

posed the esterification of the free hydroxyl group of resol and novolak resins by

means of a- orO -chloroethyltriethylsilane.

Physical Properties

The tetraalkyl-substituted silanes with a halogen atom in the organic radical

are colorless, very stable liquids, which distil under atmospheric pressure without

decomposition. Table 16 gives the principal physical properties of a few organo-

silanes containing a halogen atom in the organic radical.
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Table 16

Physical Properties of Organo-.Substituted Silanes Containing a

Halogen in the Organic Radical

d) 1
a)b) C)d20VD

Trm~hlclooetiy-(CHj),SiCHsCI 97,1 U,8791 1,4180 78.85.
silane (3 m 0

Triuethyliodomethyl- (CH3)sSiCH 2 J 139,5 1,445 1.4917 78
ailsne (744 mm)

Trimethyldichloro- (CI-1)sSicl1C1.. 133 1,0395 1,4430 78.85,

Trmtyl. .chloro- (CH3 ,SUICICIIS 117,8 0.8768 1,4242 42
ethylailane (735 mmv)
TilethlrUp~ (Cil)CsHBr 70 1,1173 1,4541

TrisethylchloroSiyl- (25 mm)"
silanO (CI-a)*SiC&H1*CI 90 0,869 1 .4338

Trimtlbromoamyl- (55mm)eiln (CHj)*SiqHj0Br 92-3 - 1.4590 125
(18 1M)

Trinethyl-p-chloro- (CH)SiCI-14CI 120 1.0282 1,5128 lobS
phenlal. (50 Mn.4

TrarI hl~boo (CIla)sSir4I-I6Br 147 1,2197 1,5302 107. 1061
M 71;.b.(50 MM)phnll(GH*)*SiC;H 4F 92 0,9452 1,.4711 lob

TriwethylI. fluaro- (6 mnm)
phenY1ia (CH3)*Si(CHCI)z 160 1,075 1.4570 78,85,
"imet ldihl:oo (724 m)108
methylailase (CjHs)3SiCHCICH, 72-73 0.9143( d:) 1 ,4588(17') 77.142

Trieth1 l-chlo- I(9 MM) 1

Trehy Slaneoro (C2 5I15)SiCHCI-ICI 80-82 0,9158( d,") 1,4562(17) 91. 142
erithli-Flame (3 MM)

Tri hy iploro (Csifs)3SiC H4 CI 137 1,0050 1,52193 106,107
P her Iee(44 mm)

Tr haylaa-baae I (CII S)AiC.I-15Br 148,8-I15' 1.1643 1.5332 106.107

ph nyls lions (44 ma)
Tr ih iodomethyl. (CI-la)2SiCIIJ 216-218 1,3418 1,5036 10IS
Tit;y~-oo (CH ),114J I 165 1,3342 1.56233 106.107

Trietyl-p-odo-(44 mwt)
Trie-prLpilan -chioro- (C3 I?)aSi~cI 160 0.9663 1.51234 106,10

peTra:Prylat an (44 mmn)

Triothy 14.-dichloro- (CsI-1)*SiCII 2C~i1CI 2  20.8 112 I~

Tr lt 4_ iodoethyl. (4111l)skSiCIIjCIla 97 1,2959 1 ,C51
ails.. I 9m

Ethyldimothyliodo- (C2 I$)(C'II,),SiCH,.J 169 1,3939 1 1.495.5
moth imilane I76

fliethy mothyliodo-(73mi

a) Name; b) Formula; c) Boiling Point, OC: d) Specific Gravity, d 20

20
e) Refractive Indexc, nD ; f) Bibliography

Chemical Properties

The tetra-substituted silanes with a halogen in the organic radical are stable

against water, and possess properties close to those of organic compounds that are
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able to form organomagnesium compounds, which makes it possible to obtain from them

new compounds with complex organic and organosilicon groups. Thus, under the action

of various reagents on bromomagnesiumphenyltriethylsilane, the reactions take place

according to the following mechanism (Bibl.l12).

CHCHO + HOH n-CHCH(OH)CH 4Si(CjH&),

CHCHO + HOII _ 3 n-CtHCH(OH)C#H&Si(C2H&)3

C,HCHO + HOI
'a-BrMgC(4 1I4Si((sHB)-3 - . n-CHCIi(OH)Ci 4Si(C 2H&,),

-so-CN,CHO + HOII n.H3o-CIi.CII(Oll)L 4 ISi(CtHsI.

Sici,> n.-('I;Si( HIl1si(C.lS)

From the mixed tetra-substituted silanes containing halogen in the organic

radical, organosilicon compounds containing atoms of lead, tin, and arsenic have

been prepared.

Triethylsilanephenylenetrimethylplumbate is obtained as a result of the reac-

tion between trimethylbromoplumbate and triethylmagnesiumbromophenylsilane.

(C.H&)=SiCsHMgBr . (CH,)lhBr --. (Cl 1l)3SiC.l IPh(CI !,). ' MgBr,

Triethylsilanephenylenetriethylplumbate is a colorless thick oil with a faint191%(17 speificgraity20

odor; boiling point 191mC (17 mm); specific gravity d4  1.3997; refractive index

n2 0 - 1.54937.
D

Triethylsilanephenylenetriethylstannate is obtained by the reaction of tri-

ethylbromostannate with triethylmagnesium bromophenylsilane:

(CII )3SiC=! 14,MgBr 1- (CH&),SnBr --- (CgHs)3SiC4H4Sn(C=I 1&)3 - ,MgBr.

Triethylsilanephenylenetriethylstannate is a colorless, heavy, almost odorless

oil; boiling point 2149C (18 mm); specific gravity d20 . 1.1216; refractive index

n 20 . 1.52756.
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Triethylsilanephenylenediphenylarsine is obtained by the action of diphenyl-

chloroarsine on triethylbromophenylsilane in the presence of metallic sodium:

(((.H5).-Si(,l " -I- (( \ II3) 3Si(:Ail 4As(:, I s::

Triethylsilanephenylenediphenylarsine is a colorless oil soluble in alcohol and

ether; boiling point 279 - 2810 C (17 mm); specific gravity d 20 = 1.1661; refractive
20

index nD = 1.61455.

The tetra-substituted silanes containing chlorine in the organic radical in

the a-position do not enter into reaction with silver nitrate nor with alkali in

aqueous alcoholic and aqueous solutions, but the isomers containing chlorine in the

[-position do.

[-Chloroethyltriethylsilane is decomposed on simple boiling, according to the

reaction:

o c IIC,ll i((-.ll15)., ("(l:'.ll ),,5i(" I I.- II

This reaction is accelerated in the presence of ACI 3

Compounds in which the chlorine is in the Y-position do not react at all on

titration with alkali, but on prolonged reaction with alkali, the cleavage of the

chlorine is complete.

It follows from this that compounds containing the C-Cl bond possess a reactiv-

ity which varies according to the position of this bond with respect to the silicon

atom (Bibl.139). The compounds containing chlorine in the organic radical may be

arranged in the following series with respect to their reactivity: the most reac-

tive are the compounds containing the halogen in the P-position, followed by the

a-position, and, last of all, in the y-position.

In contrast to the a-chloromethyltrialkylsilanes, the 0-chloroalkyltrialkyl-

silanes are unstable, and even under the action of methyl- or ethylmagnesium bromide

undergo quantitative decomposition at the Si-C bond (Bibl.113). A.D.Petrov and
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V.F.Mironov, (Bibl.l14) however, have shown that in presence of a P-chloroethyl

radical in the compound, only partial cleavage of the organic radical takes place,

while the secondary O-chloroalkyltrialkylsilanes react with BdgX without destroying

the Si-C bond at all.

They have synthesized a number of compounds by the reaction:

(C.II,)3SiCHgCHBr - Mg -COH&Br . (CH,),SiCHsCHCjH, -.- M Br
I Io 11, CH,

-, Y-Dihalo-derivatives of the tetalkylsilanes are easily decomposed on heating

according to the reaction:

(rH,)sSiCI I.2 1CICH'I (Cis)aSiCI + CH=-CH-CIUI

An anhydrous solution of sodium iodide reacts with chloro-derivatives and a

halogen exchange takes place:

(CH3)sSiCII.CI -4- NaJ (CH8 )$SiC(I1J + NaCI

a-Chloro-substituted silanes undergo a number of transformations under the

action of various reagents, for example:

AICI,(CI IS)sSialltl ... == (CI sSi( l

kt;iII,) 3siaI -?- RONa - - (ai 3 )sSiCH4)R
(CHg)gSiCH'CI + HSCIiCOOH -- (CjH,),SiCH-SCHtOOII

(Ci,),sialtCI 4- ROOC:-CH3 - . (CIt)gSiCHIOCOCII,
(C2l I6)ISiCI ICI--(CI 1,.i KOI I -•(Ctls)3SiClt=CI I-.

Tetra-Substituted Silanes with an Alcohol Group in the Organic Radical

The organosilicon compounds whose radicals contain a hydroxyl group cannot be

prepared by the ordinary methods of synthesis. Triethylhydroxyethylsilane has been

prepared by chlorinating tetraethylsilane, then converting the chloro-derivative
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into an acetoxy derivative, and hydrolyzing this derivative:

,21 l11s jSiC.l I., - •(CI l ) 2Si(2114I •" (C2I Is)sSiC., 4OAc (L'1I ,)SiCl ISCI ,()l-I

Trimethylhydroxypropylsilane (Bibl.115) has been obtained from chloromethyltri-

methylsilane by the action of magnesium on it, followed by the action of acetalde-

hyde on the organomagnesium compound.

. 1,s. i .U.i- Mg •(Cils)sSiCH 2Mg(.I + CIsCHO .--.-

(CI.1).SiCI I,,' H3  - 1- • ' Ih,)SiCH(liCH,-"i MRt I()

OMgCl

Trimethylhydroxymethylsilane has been prepared in good yield by the following

reaction (Bibl.116):

KOAc
HOAc MeOH

(: .)illf2 C . ((H,)SSi(:1!.oAc (C! I,) (A.CIIOI1
190 HO.

Preparation of trimethvlacetoxymethylsilane. A mixture of 3.1 Mols of chloro-

methyltrimethylsilane, 3.8 mols of potassium acetate and 420 ml of glacial acetic

acid is placed in a rustless steel autoclave and heated for 18 hours at 190 - 1920C.

The contents of the autoclave are thoroughly washed with distilled water. The

liquid insoluble in the water, after being dried over anhydrous sodium carbonate,

takes on a light amber color; its weight is 416.5 g (92%). The mixture is distilled

in a column. Almost all of it passes over at 136.2 - 136.8 0 C (748 m) and is tri-

methylacetoxymethylsilane. 5 ml of the product passes over at a higher temperature.

Preparation of trimethylhdroymethylsilane. In 9 mols of absolute methanol,

420 ml (2.5 ols) of trimethylacetoxymethylsilane is dis lved. The solution is

acidified with 10 drops of concentrated sulfuric acid. After standing at room

temperature for 2 days, 165 ml of an azeotropic mixture of methanol and methyl-

acetate and methyl acetate are distilled from the solution. The residue is diluted
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with 4 mols methanol and allowed to stand 4 days at room temperature. Distillation

of the reaction mixture yields 268 ml of trimethylhydroxymethylsilane (80%). It has

an odor recalling that of methanol.

Organosilicon Y-alcohols with three carbon atoms between the silicon atom and

the OH group are prepared by the action of ethylene oxide on the magnesium deriva-

tive of trimethylchloromethylsilane.

(CHs),SiCHMgCI + CHr-Cl Ir-O . (CH,),SCH1C1,CiOMgC
I I

(CHs)sSiCH-lCHCIItOMgCI + 1120 -- (CH,)gSiHtCH't11011 r MCIOH

Since the OH group can be replaced by bromine under the action of PBr 3 , it is

possible to prepare e -hydroxyamyltrimethylsilane by the successive treatment of

Y-hydroxypropyl-rimethylsilane with PBr3, magnesium, ethylene oxide, and, finally,

water.

To study the reactivity of trimethylhydroxmethylsilane, Davis and Farnum

(Bibl.117) have compared the velocity constants of reaction of equivalent quantities

of two alcohols with phenyl isocyanate in benzene solution. They found that on the

reaction of the alcohols with phenyl isocyanate, the formation of the corresponding

phenylurethane takes place rapidly, irreversibly, completely, and unaccompanied by

side reactions. Trimethylhydrox methylsilane and phenyl isocyanate react according

to the formula:

t.I1.,),SiCIIH -+ OC=N-.-,IIs - * CqH3 NICOOCHi(CH,)%

In a vessel with well ground stopper, 1 equivalent of phenyl isocyanate is

placed together with 2 equivalents of trimethylhydroxymethylsilane dissolved in

10 ml of dry benzene. The contents of the vessel are allowed to stand for 24 hours

at about 250 C. The benzene and the excess of the alcohol are then evaporated off,

and the liquid is filtered. The final drying of the precipitate is done under a

high vacuum for 24 hours. The product obtained melts at 80 - 80.5°C.
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The reaction of neopentyl alcohol with phenol isocyanate was investigated by a

similar method. The reaction product melted at 1130C. According to the literature,

neopentylphenylurethane melts at 1140 C.

For studies by this method, benzene solutions of exactly equivalent quantities

of trimethylhydroxmethylsilane and neopentyl alcohol were prepared, In a flask

with a glass stopper quantities of each solvent, calculated for the reaction with

1.096 g of phenyl isocyanate, exactly measured from burettes, were mixed. These

solutions were rapidly mixed with phenyl isocyanate and allowed to stand at about

250 C for 24 hours. Similar experiments were run with solutions of trmethylhydroxy-

methylsilane, methanol, and ethanol. The silicon content of the non-volatile reac-

tion products was determined, and the proportion of the silicon derivative partici-

pating in the reaction was calculated. The ratios of the velocity constant of the

reaction of trimethylhydroqmethlsilane with phenyl isocyanate to the velocity con-

stant of the reaction of the corresponding alcohol with phenyl isocyanate have the

following values:

K2KRo H -. 6.56: Ksi/A'eCo,g - 2,9: a Il//cCHOH - 3.57

The relative velocity constant of reaction were calculated by the Davis and

Farnum formula, in which KSiARoH represents the ratio of the velocity constant of

the reaction of trimethylhydroxyethylsilane with the diisocyanate, to the velocity

constant of the reaction with the other alcohol.

A comparison of the velocity constant of the reacticr, between trimethylhydroxy-

methylsilane and of several organic alcohols with phenyl isocyanates shows that the

reactivity of the organosilicon alcohol is considerably higher than that of the

organic alcohols (Bibl.55).
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Rate of Constant of Reaction
Alcohols of Alcohols with Phenyl

Isocyanate

(CH) sicH20H . . . . . . 2.42

(CH3 )3CCH20H . . . . . . 0.45

CH3OH . . . . . . . . . . 1.000

C2H5OH * e * * •.. . 0.82

The high reactivity of trimethylhydroxymethylsilane in the formation of

phenylurethane indicates the activating influence of the silicon atom on the 0-H

bond. The elevated activity of trimethylhydroxymethylsilane may be explained

(Bibl.ll8) by the electronegative nature of the radical (CH3 )3 SiCH2 . It is, how-

ever, impossible to explain in this way why benzyl, neopentyl and isobutyl alcohol

should have different activities, while the value of the electronegativity of the

radicals in then is almost the same. The activity of the alcohols is apparently

also affected by their structure.

The alcohols may be arranged in the following series according to their

activity:

C.HOl > ( f'I,0 > CHOH> CHOH > , Cl 1,011 > CHOH - C1CH0H.

- (0 QI,).CHsOI (-H,-C OH

CH,

Organosilicon alcohols are viscous liquids with a number of the properties of

organic alcohols. Thus, for example, trimethylhydroxymethylsilane forms very stable

sodium and aluminum alcoholiates, complex ethers, etc.

At room tanperature, sodium slowly dissolves in trimethylhydrox.methylsilane

with evolution of hydrogen.
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2(CHs)jSiCiOSH - 2Nt - - 2(CH,) 3SiCH2ONa-! H2

The organosilicon alcohols behave variously with respect to the action of

alkalies. While (CH3 )3SiCH2OH and (CH3 )2Si(CH2OH)2 are stable compounds,

tetramethyl-l,2-(dihydroxymethyl)-disiloxane is readily decomposed under the action

of alcoholic solution of an alkali. This same reaction also takes place when the

corresponding acetoxy derivatives react with an alkali.

:*iCHCOOCH(CH,),SiOSi(CI I,),CHOCOCH, -;- 3M2O ....
20Si(CI . : -0\

6CH3CO('XI I: 0- Si(CI I i
\Si(C 1 -O/

0

Apparently the group -- Sj-C-O--, owing to the considerable positive polarizationi I

of the silicon atom under the action of the adjoining oxygen atom and carbonyl

group, is unstable under the action of nucleophilic agents (OH-groups).

Trimethylhydroxymethylsilane, when dissolved in a boiling 75% solution of KOH,

in a few hours forms a transparent solution from which a refractory and easily

inflamnable gel is separated on the action of acid; trimethylhydroxymethylsilane

dissolve pure amalgamated foil very rapidly, with liberation of heat; the reaction

is cata'jtically accelerated by traces of carbon tetrachloride.

When trimethylhydroxymethylsilane is heated with a small amount of metallic

sodium in a sealed ampule for 4 days at 1750 C, the trimethylhydroxymethylsilane does

not change its properties.

Trimethylhydroxymethylsilane reacts with trimethylchlorosilane as follows:

(CH 3),SiCH2OIi + CISi(C[ 2)3 - ' (CH,)1SiCH2 OSi(CH), + HCI

Preparation of hexamethyloxymethlenedisilane. In a dry solution of quinoline
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in chloroform, 19.7g of trimethylhydroxymethylsilane is dissolved, and, after cool-

ing and vigorous stirring, it is treated with an equivalent quantity of trimethyl-

chlorosilane. The mixture is then vigorously stirred for 5 minutes more, and is

then diluted with 250 ml of absolute ether. The quinoline hydrochloride is removed

by filtering. Distillation of the filtrate yields 36 ml of hexamethyloxymethylene-

disilane; boiling point 129.8°C (738 nmm), (in 84% yield).

In 1946 it was found that (CH3 ) 3SiCH2Cl readily forms a Grignard reagent (in

90% yield), which is able to enter into reaction not only with alkyl halides, but

also with carbonyl compounds. Under the action of this reagent, for instance, on

acetaldehyde, the corresponding secondary alcohol

(0 I ),SiCHhMC -4- CH 3-C "........(Cg)sSiCIICHOHC1 Is

is obtained. On dehydration of this alcohol, cleavage of the organic radical takes

place.

-- si --(I 1lCI Ol IC| I, -. Si--OIl -I- CH,=.HC -CI 1.
I I

This cleavage is due to the weakness of the Si-C bond in compounds in which

functional groups (hydroxyl, halogen, carboxyl) are attached to the O-carbon atom.

On displacement of these functional groups from the O-carbon atom to the

Y-atom, the Si-C bond becomes stronger. Thus, the compounds in which hydroxyl and

ether groups are attached to the Y-carbon atom have been found to be fairly stable.

Compounds of this type have been prepared by the following .eactions:

((:il,):,Si(;I I.sMIX ;CH. -.- t .--O .- . (CII,),SiCH.C H:CHjai (i)
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(cI 133ic .,.clm~ QII,-4112-0 (CHs)3Si -(CH)ja [:"()[I(2

I I

1.I ,;):tS it I-Cl I.,(tXX(:. la 2CH.MUX (CI II)Si-Cl I..-CI I.--.O (4)

CH, CI 1:1

(0 ;i I)'Si( .114: ;i i-C-oIi + I i : - (CH, 1,SiC..H:- G. -(A'

3-13 :16

Table 17 gives the physical properties of tetra-substituted silanes with an

alcohol group in the organic radical,

Table 17

Physical Properties of Tetra-Substitutod Organosilanes Containing an

Alcohol Group in the Radical

)b)c) d) e)

lldrrthy iri IIOCHqSi(CH3), 121,6 0.8261 1.4169(25~) 116
Hydroxj1mjl'i I IOC.HSi(CIFI).3  W 1.4371 115.118

mOCH 4S(lH,) oaten - I1fly op, by1tri- (
Mtyhoypheyl1 I IO(CH.)C.H.Si(CRH&)* 173-4 0.9596 1.51822 115.118S
rthyl i oneyl (14.5 mm)

tr::I'pfhenl fO(C;H)gHiSi(,H)s 185 0,9575 1.51243 115,118
p-Propjhdxyez1 OHf(CsIH,)C9HCHSi(CtH)s 199-201 0.9491 1,10343 115

o-r ,yhyrxybamzyl. ()II(C 4Ii?)CSHCH.Si(CI,). (1914792 0.45 121 1,51212 11.5
triethy silone (38mm)

Di7h~~jyteth1) (-frl OACl~h 13 0,943 j1,4611 11

a) Name b) Formula; c) Boiling Point, 0C; d) Specific Gravity, d 20

e) Refractive Index, 20 f) Bibliography
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Tetra-Substituted Silanes with Ether or Ketone Groups in the Organic Radical

When chloromethyltrimethylsilane reacts with sodium alcoholates, alkoxmethyl-

trimethylsilanes are formed (Bibl.119):

(CHs)sSiCH2CI I- RONa --- (CH$)sSICH*OR + NaC!

Together with this reaction the cleavage of the chloromethyl. groups and the

formation of hexamethyldisiloxane and methyl chloride also takes place* This side

reaction depends on the molecular weight of these alkoxy groups. Kethoxymethyltri-

methylsilane is prepared in good yield without appreciable cleavage of the chloro-

methyl group. Ethoxymethyltrimethylsilane is obtained in yield up to 70%, and the

cleavage of the chloromethyl group amounts to 11%. Butoxymethyltrimethylsilane is

obtained in 19% yield, with the cleavage of the chloromethyl group amounting to 31%.

The silicon content of ethoxymethyltrimethylsilane may be determined by its

oxidizing in the presence of water.

Preparation of methoxymethyltrimethylsilane. In 40 ml of absolute methanol,

26 g (1.13 mol) of metallic sodium is dissolved. To the solution so obtained

122.5 g (1 mol) of chloromethyltrimethylsilane is added, and the mixture is boiled

under a reflex condenser for 24 hours. On completion of the reaction the product is

fractionated in a 90 cm column.

The first fraction is an azeotropic mixture of methoxymethyltrimethylsilane and

methanol, and boils at 600C. This fraction, (165 ml), contains 64% of methoxy-

methyltrimethylsilane.

The sccond fraction, (85 ml), is collected at 610C, and is a mixture of

methanol, methoxymethyltrimethylsilane and chloromethyltrimethylsilane.

The third fraction, boiling at 640C, is pure methanol.

No residue of organosilicon compounds is found in the still. The first and

second fraction are combined, washed with water to remove the methanol, and again

fractionated, giving 114 ml of methoxymethyltrimethylsilane in 75% yield. No

phenomena indicating cleavage of the chloromethyl group are observed during the
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synthesis.

Preparation of ethoxymethyltrimethylsilane. Ethoxymethyltrimethylsilane is

prepared from sodium ethylate, but before distillation the mixture is first neutral-

ized with dry HCl, and the NaCi separated is filtered off. Three fractions are ob-

tained on fractionating the reaction products.

The first fraction, (80 ml), boiling at 65.5°C, contains a mixture of tri-

methylethoxyethylsilane, ethanol, and a certain quantity of unreacted chloromethyl-

trimethylsilane.

The second fraction (25 ml), boiling at 720 C, is an azeotropic mixture of

ethanol and chloromethyltrimet]ylsilane. It also contains a small amount of ethoxy-

methyltrimethylsilane.

The third fraction, (205 ml), boils at 740 C. and is an azeotropic mixture of

ethox.ethyltrimethylsilane and ethanol. This fraction also contains a certain

amount of unreacted chloride.

The further separation of the reaction product proceeds as follows.

The first fraction is treated with dilute HCl. Under this treatment an organic

layer separates and is then treated with concentrated sulfuric acid. The part of

the liquid that does not dissclve in the sulfuric acid is trimethylchlon'methylsil-

ane. The sulfuric acid is then treated with water, and a small amount of hexa-

methyldisiloxane is collected.

The second fraction is washed with water, and 56% by volume remains undissolv-

ed. The washed organic layer is then treated with cold concentrated sulfuric acid.

The part that does not dissolve in the sulfuric acid is chlorotrimethylsilane.- The

sulfuric-acid layer is then diluted with water. After the dilution an organic layer

consisting of ethoxyiethyltrimethylsilane is separated.

The third fraction consists mainly of ethoxymethyltrimethylsilane. It is

thoroughly washed with water, dried over calcium chloride, and fractionated. The

fraction, (101 ml), boiling at 99 - 1020 C is ethoxymethyltrimethylsilane with a very
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insignificant admixture of chloromethyltrimethylsilane. The product does not change

its properties on standing for a few weeks.

Butoxymethyltrimethyleilane is prepared from sodium butylate and chloromethyl-

trimethylsilane, as methoxymethyltrimethylsilane was prepared, and is separated by

fractionating the reaction mixture. The yield does not exceed 20%. The molecular

weight of the product cannot be determined by the Meyer method, since when the

butoxymethyltrimethylsilane is evaporated in air, strong explosions have been

systematically observed. The infrared spectra of all compounds with alkoxy groups

in the radicals very much resemble each other and are characterized by an absorp-

tion peak at wavelength 1100 cm. This same peak is also characteristic for simple

organic ethers.

Ethylcarbcxymethyltrimethylsilane has been prepared by the reaction of ((tri-

methylsilyl) methylJ magnesium chloride and ethyl ether with chloroformic acid, by

the formula (Bibl.120):

ICH.s)SiCHMEl + - --- mai, (C! Ia)Sil ICOostis

Ethylcarboxymethyltrimethylsilane is a colorless liquid with a pleasant fruity

odor; it does not react with water. Dilute HC, alkali, anhydrous HC1, bromine, and

absolute ethanol react with ethylcarboxyethyltrimethylsilane according to the

following formulas:

H,
21CH,)SCI I(XX-2ti, + I I1 -- -- * (C! I,)SiOSi(Cl I1,s + 2CH3COOCt I.OHO

(CH)SSiC[I 2LXXtis -:- HCI .... (CHs)*SiCI -ClCOOCtlls

(CI,)$SiCHCO(X..Hg + Br, (CH9)sSiBr - BrCHsOOCtH

(CHg)3SiCI I2CO(XCH& I- (4 H01 I (CHI)sSi(OCt14) + CHsCOOCIH&

Preparation of ethylcarbcxyethyltrimethylsilane. To 325 g of freshly

distilled ethyl ester of chloroformic acid, 1000 ml of dry ether are added. 2 mols
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of the Grignard reagent prepared in 95% yield from 2 mols of chloromethyltrimethyl-

silane and 2 gram-atoms of magnesium in 500 mg of dry ether is added gradually.

After introduction of the Grignard reagent into the mixture, it is heated on a water

bath for 5 hours. Owing to the abundant precipitation of magnesium salts, which

makes the stirring difficult, 1000 ml more of ethyl ether must be added. After

standing 12 hours at room temperature, the reaction mixture solidifies, owing to the

formation of etherates of magnesium chloride. The reaction mass is hydrolyzed with

1000 ml of 3% HCI, the ethereal layer is washed with water and dilute sodium carbon-

ate solution and dried over sodium sulfate, and, after distilling off the ether, it

is fractionated on a column with 15 theoretical plates, giving 113.5 g of the ethyl

ester of chloroformic acid, in 25% yield, with a boiling point of 43.50 C (120 mm),

and 239.5 g (1.50 ol) of ethylcarboxymethyltrLmethylsilane, with a boiling point of

75.5 0 C (42 m) or 1570 C (730 n). Yield, about 75% of theoretical.

Pentamethylchloromethyldisiloxane reacts with potassium acetate in an equal

volume of acetic acid to form pentamethylacetoxymethyldisiloxane, even on simple

heating of the mixture to boiling (Bibl.21). On this reaction, a partial rearrange-

ment of the pentamethylacetoxymethyldisiloxane into heuamethyldisiloxane and

tetramethyl-l,2-di- (ac etoxymethyl)-disiloxane is observed:

(CH)$SI0SiI(Q)C IgtCI + CH.OOK ..... 3KCI L (CHs),SiOSi(CHs)*CH 1 )OCH.,

2(CH,)gSiOSi(CHs)3CHOOC HI
-- ((:I.,)*SIOSi((H,) + CHSCOOCHl(CH)gSiOSi(C.Is)CHaCOCIH

When 1,2-dichloromethyl-l,2-tetramethyldisiloxane reacts with this potassium

acetate under similar conditions, 1,2-diacetoxymethyl-l,2-tetramethyldisiloxane is

formed in quantitative yield.

Ac etoxymethylpentamethyldisiloxane and 1,2-dicarboxymethyl-l, 2-tetramethyldi-

siloxane are stable to the action of aqueous solutions of acids, and are not

hydrolyzed even after 56-hour boiling with 6 N H2SO4.
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The heating of 1,2-diacetoxymethyltetramethyldisiloxane with 2 N NaOH in 50%

ethanol leads to its rapid hydrolysis, forming methyl acetate and hecamethylcyclo-

trisiloxane.

NaOH
Ii ii~ C 1 1si(:I 31I12o -

-4 6C, COOCHO +r 2j(CH,)sStOI,

When 1,2-diacetoxymethyl-l,2-tetramethyldisiloxane reacts with an excess of

absolute methanol in the presence of Hl in the cold, 1,2-dihydrcxymethl-l,2-tetra-

methyldisiloxane is formed in 90% yield. The methyl acetate liberated is distilled

off together with the methanol at 53 0 C, and then the residue is again diluted with

methanol to the original volume, and after 24 hours standing, the methanol and

methyl acetate are removed under a vacuum at 250C and 20 mm Hg. The residue is

viscuous product A. The viscosity at 560C is 9.1 centistokes, and at 210C it reach-

es 32.6 centistokes. Product A forms a di-3,5-dinitrobenzoate with a melting point

(crystallized from ethanol) of 118.5 - 11900. Product A is unstable, and its vis-

cosity increases markedly when heated half an hour at 560C. When the product is

distilled in vacuo at 5 umm, the water is split off and a resin is formed, which, in

turn, is again converted into a liquid on treatment with water. The ease of forma-

tion of the acetoxy derivatives from chloromethylpentamethyldisiloxane and 1,2-di-

chloromethyl-l,2-tetramethyldisiloxane is due to the fact that the halogen atom in

chloromethylpentamethyldisiloxane is in the a-position with respect to the silicon

atom.

The use of acetoacetic ester and its sodium derivative for the synthesis of

organosilicon compounds has made it possible to prepare the most varied organic

compounds containing the silicon atom. The compounds so prepared have included

complex ethers, acids, acid chlorides, ketones, tertiary alcohols, halogen alkyls,

and, finally, compounds with several functional groups, for instance keto-ethers.

On the action of sodium-acetoacetic ester on trimethyliodomethylsilane,
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-Cethylcarboxy-'aceto)-]-ethyltrimethylsilane is formed. The yield does not exceed

48% of theoretical.

Na ((: 14).Si---I

This compound, on treatment with sodium ethylate, forms an ester, ethylcarboxy-

ethyltrimethylsilane, in 64 - 70% yield:

(C.I I.1),5i(a H2\XICI 1('O((X 
I I -,11 

G2 )0N >

(CI.3).SiCI , (Al C .H

N C c (CCXX 1 ,Is -I CI I.,C00Ns I- I I 1 )3StI 14:11 2U XX"I I,

Ethylcarboxyethyl-trimethylsilane is also formed under the action of trimethyl-

iodomethylsilane on sodium-acetoacetic ester in the presence of an excess of sodium

ethylate.

Ethylcarboxyethyl-trimethylsilane is easily hydrolyzed on heating with dilute

aqueous solutions of acids or alkalies; forming carboxyethyltrimethylsilane in 87%

yield.

-[ethylcarboxy-(aceto)]-ethyltrimethylsilane is converted on successive treat-

ment with sodium ethylate and alkyl halides (CH312or C2H5Br) into P-fethylcarboy-

(aceto)1-ethyltrimethylsilane (in 58 - 72% yield):

')i NCN(XX I I~. Hr -- ) NaBr + (-. (.(X:I I

R

The cleavage of keto-ethers with formation of keton. takes place under the

action of concentrated HCl, or (better) of a 10% aqueous NaC solution, By this

method, -Caceto(alkyl)]-ethylmethylsilane (in 81% yield) has been prepared; and
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from O -C ethylcarboxy- (alkyl)-aestoj-ethyltrimethylsilans, there have been prepared

0-ac eto- (methyvl) -ethyltrimethyvlsilane (53%) and O -Caceto- (ethyl) )-ethyltrimethyl-

silane (203%) by the reaction:

;H,)sSiCI It\ / RN&OH

cH CO C C21 I. H2~0 - -(1 3)3Si( 1 lCI iR(XX 16 CO C) I~o I:1,1

where R - C 2H 50 CH 3 or H.

From the organosilicon ketones fanned under the action of organomagnesium com-

pounds, tertiary alcohols are in turn fanned. Thus, from acetomethyltrimethylsilane

was prepared O -Chydroxy- (dbinethyl) J-ethylmethylsilane:

1CH3),siCH"I2o':lI1, - :HsMaBr 51 (CH8)SiCIiC(C1 3).AOMgBr

-~(CH.)SiCIlI-(:(Cl4.)2OFI + AWA~ IHr

From (ethylcarboxyethyl)-trljnethylsilane and methylmagneuium bromide Was synthesized

Y-Chydroxy- (dimethyl) ]-propyltrimethylsilane in yield 63% of theoretical:

Mao
S(CI1 Is).SiCI ItCI igC(CH3),OMgBr + Mg~r(OC2H&)

(CHs),SiCHjCHC(CHs) 20H +. MgBr(OII)

Under the action of concentrated HCl, the hydroxcyl group of Y-[hydroxy-(diznethyl)1-

propyltrimethylsilane is replaced by a halogen atom (in 48% yield), On cautious

oxidation of 0-(aceto)-ethyltriiuethylsilane by sodium hypobromnite in an alkaline

medium, carboxyethyltrimethyluilane (in 41% yield) is formed.

0-CCarboxy(methyvl)J-ethyltrimethyvlsilane is formed on the action of sodium

alcoholate on O-( (ethylcartbox(methyl)aceto)-ethyltrianethylsilane followed by acid

cleavage by the reaction:
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(CHsCO\ /("OOi Is 2HO
C \ 2(W IlONa -'-

(CI !s),5i(-it / \C IsC

.. ) aS ( I-COON , - (:O3UONa - 2C-lOlI -- 3

(U1SCI'I 12'

- (IH(XX)I I + CH1COOH -4- 3CHjOf Ij- 2NaCICI I'/

Under the action of thionyl chloride on O-[carboxy(methyl)]-ethyltrimethylsil-

ane, the acid chloride is formed.

((:l-)Si(H HCOOH + SOCIt - - (CH,)SiCHH(I -; -So-, I ICI

0113 CI 3

The corresponding ketones were prepared by the action of dialkyl cadmium com-

pounds on an acid chloride:

2(CI 1 )3SiCI I.- 'C! IC(XI R201 - 2(CHs,)SiCH-CHCOR + C4dCl.
I 1I( I1., Cl,

where R - CH3 or C6 H5 .

Similar substances have been synthesized using phenydiethyliodomethylsilane

(CH3 )2 (C6H5 )SiCH2 I instead of trimethyliodomethylsilane as the starting substance

for the preparation of the ester.

A characteristic feature of compounds containing the keto group is their

stability to the action of aqueous solutions of acids and alkalies. Compounds in

which the keto group is in the y-position with respect to the silicon atom are con-

siderably more stable than compounds in which the keto group is in the a or

P-position.

The simple mixed ethers are liquids. Ethoxymethyltrimethylsilane eplodes

violently on evaporation in a stream of oxygen or air, and also when mixed with
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sodium peroxide.

Table 18 gives the properties of the substituted silanes with an ether group in

the organic radical.

Table 18

Physical Properties of Substituted Silanes Containing an Ether Group

in the Radical

C) d) e

MethoxYmethvl -
trimethyl si Ie (:.XHsSi(CHA:, 8: -- 0,7576 1.3878 ii
Etioxne hyj -e (aHOOCHSi(CHs):, IU3 - 0.755 1 .3911 1I

utximetyl -l m -(751 MM)
[utorxeti y I- (4 lOCH2Si(CH,):, 150 ,- ,774 1.4038 114t rime thyl s ilane S(738 l)
Acetoxymethyl- (:;HCOOCISi(CH,)* 138.8 0.W671.4(l It
trimethylsilane1.
AcetoxyCeyltri- 'HsCOOC2HSi(CaH&):, 20L- 214
3, $-l:nitr0uh~y CeH=a(NO),(;(W)(HSi(IIs~,. 74 7-.r [ - III

ca ro xmetI tr, -yexthylr- 116

3,5Di - C(Hs).Si( .H ,()Si((H,. , I . 0.77MI I.;971 116sle n

Ethucorb xy-ehyltr|- :.HCAX X:1 liI('.H.oi, 1 157.U 10.8762 A. 141

methylailame (7..1 tmi)

a) Name; b) Formula; c) Boiling Point, °C; d) Melting Point, °C; e) Specific

20 20
Gravity, d4 ; f) Refractive Index, nD ; g) Bibliography

Tetra-Substituted Silanes with a Carboxyl GrouD in the Organic Radical

Organosilicon compounds containing a carboxyl group in the organic radical may

-be prepared by various methods. The first compounds of this type were prepared by

the action of the ethyl ether of chloroformic acid on trimethylmethylmagnesium-

chlorosilane followed by saponification of the ester so obtained:

((:ll=)3Si('llt (:l : (:I(.(XX:2I15 -), ((Ii.j).jSiCII.* :O(: IIs ;- MR lJ

(CIls).SiCII!4:(XX,2!Is-: 1O ( 1(:II,).SiCt 12COOII C(21 ,OH
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The first attempts to separate the carboxymethyltrimethylsilane did not lead to

the desired results, since on saponification of the ethyl ester, the destruction of

the molecule and cleavage of the organic radical connected with the silicon atom

were observed. It is only when the ester is saponified by cold water that the acids

can be prepared.

Carboxymethyltrimethylsilane has been synthesized by the action of solid carbon

dioxide on trimethylmagnesiumchloromethlsilane, the yield reaching 88% of

theoretical.

j :ll1,)SiR.I 1.4 C1I + (). ---- (I l:Si(C IIC(X)MkgCI -- ,, (CI')Sil I,( -)H MRCIOI I

Other compounds have also been prepared by this method (cf.Table 19), such as,

for instance, carboxymethylpentamethyldisilcxane and carboxymethyldimethylphenylsil-

ane. They were purified by recrystallization from pantane.

Carboxyethyltrimethyleilane has been prepared from chloromethyltrimethylsilane

and acetoacetic ester (in 63% yield), and also form chloromethltrimethylsilane and

malonic easter (in 68% yield). It was purified by distillation in vacuo at 1470 C

(65 --).

Table 19 gives the properties of compounds with a carboxyl group in the radi-

cal. For comparison we also give, in the same Table, data on a few organic acids.

It will be seen from Table 19 that the presence of silicon lowers the dissocia-

tion constant of acids. With increasing length of the carbon chain terminated by

the carboxyl group, this influence decreases (Bibl.22).

Tetra.-Substituted Bilanes with Nitro and Amino Groups in the Organic Radical

Only a few representatives of the tetra-substituted silanes with nitro and

amino groups in the organic radical are known. The literature describes the pre-

paration of tetra-substituted silanes containing an amino group by reduction of the

nitro group, for example, in trimethylnitrophenylsilane (Bibl.123) or by the action
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Table 19

Physical Properties of Tetra-Substituted Organosilanes Containing

a Carboxyl Group in the Radical (Bibl.148)

a)b) 0) d() e
"D K-tO'

m e l iarb e ri . (C I )2S iC H ,C (X )H 4 0 - - ,6 () 0 3 4
m~yn''sij1P~a'e-(CIi)SiOSi(CHs)2C:HjCOOH 17 1,4 144 0,0 0,34

C~bxrehl - ((.H,)((;H,) 2SiCH-00i 90 j 1,54 11,31

Csbp Yetydi - (1:H3)xSiCH 2 C.H4.OOK 22 1 .4274 1,.24 07
mehyl ni we

Trimethylpropionic jCHII4.-CC:HC()I I I,(K) 0,57
acid

Propionic Acid (:HCH.JC(X)Fi- Ij 07
4;HCCX)H 1,7 ,77(

a) Name; b) Formula; c) Melting Point,, OC d) Refractive Ind.ac nD; a) Dissociation

Constant at 250 C. K - 105; f) Fatio of the K of the Acid to the K, of Acetic Acid

of dimethylaminophenyllithium on tetraethoxysilane or SiC14 (Bibl.124):

(CI Ia)2N-(-6! 14, + (C 2HsO)dSi ----- (C*H*O)3SiCI1.N(CH,)t -.- C;2HsOLi

Table 20

Physical Properties of Tetra-Substituted Organosilanes Containing a

Nitro or Amino Group in the adical

a) b) d)____

Tetra-nitrophenyl). 1- ___

Tetra (m-w~inophenyl). (NO 2q.H 4 ).Si 225-226 1 49
ShI~ I 'one.H..S 380 350181

p-Nitrophenyltri- ~ N0( 4H.)SI(C21 10.1 - (14 6 4
ethylsilane (NH..CoII.),Si (C2Hs) 89-90 -- 149

(NO44H) 2Si(C H., 102- 1 o" 144
ie.I~thyrhl on I 0,H.,(:ONHC,1II.:Si( III 163.-- 164 141

Di7( acetaminopheiyl )
diethylailonePon Cd)Bingont0

a) Name; b) Formula; c) Melting Pit ;d)Blngoi, 0C;

e) Bibliography
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Table 20 gives the physical properties of tetra-substituted silanes containing

a nitro or amino group in the organic radical.

ORGANO-SUBSTITUTED HIGHER SIANES

The higher silanes are unstable substances and have therefore been insuffi-

ciently studied. The derivatives of the higher silanes in which only some of the

hydrogen atoms have been replaced by organic radicals are also unstable substances.

For this reason, down to the present time, such substances as, for example, those of

the composition H5RSi2 , H4 R2Si2 , H3 R3Si2 , etc., could not yet be prepared. Such

derivatives of trisilane, tetrasilane, pentasilane and hexasilane have likewise not

been isolated.

On complete replacement of the hydrogen in the higher silanes by organic radi-

cals, more stable substances, which can be isolated by the usual methods, are

obtained. Completely substituted higher silanes of the composition Si2R6 ; Si3R%;

S4RIO have been prepared in the pure form, and their properties have been studied;

but it has not been possible to isolate completely substituted pentasilanes and

hexasilanes in the pure state. There are statements that under the action of metal-

lic sodium on diphenyldichlorosilane, dodecaphenylhexasilane is obtained together

with other products, and Kipping (Bibl.125) assigned the formula [(C6H5)2Si]6 to

this compound. He also states that from the mucilaginous products obtained on the

action of metallic sodium on diphenyldichlorosilane, a mixture of cyclic phenylpoly-

silanes of composition (c 6 H5 ) 2Si37 and (C6 H5 )2Si] 9 has been separated. These sub-

stances, however, were not isolated in the pure form, and their formulas have not

been established.

Methods of Preparation

Heaethyldisilane has been obtained by the action of diethylzinc on hexaiodo-

silane in a sealed tube

Si2Je - 3Z,(( :.1 Is), - -- Si 2(C2 0 I),, . ZnJ
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The actual reaction is considerably more complex, and by products are always formed.

Their composition has not been studied (Bibl.126 Ipatlyev and Dolgov observed the

formation of hecaethyldisilane as a result of the action of hydrogen under pressure

on a mixture of tetraethylsilane and phenltriethylsilane (Bibl.127).

By studying this reaction, Dolgov and Vol'nov (Bibl.128) were able to establish

that, when hydrogen under pressure acts at 280 - 3000C on mixed tetra-substituted

silanes of the general formula Rt3SiR, there is not only the symetrization reaction

characteristic of mixed tetra-substituted compounds, but also another reaction

always forming organic derivatives of silane as by products:

U31 Si I I.. - 2RI ; R;SiSiI?

By this method they prepared not only hexaethldisilane but also hexamethyldisilane.

Isobutyltriethylsilane, under these conditions, undergoes rearrangement, forming a

mixture of various ethyl and butyl-substituted disilanes. They obtained diisobutyl-

tetraethyldisilane and diethyltetraisobutyldisilane.

Hexaethldisilane has been obtained in insignificant quantities by the Grignard

reaction (Bibl.120). Hexaphenyldisilane could not be obtained by that reaction.

The reaction proceeds with the formation of phel-substituted monosilanes

(Bibl.129).

The reaction between an alkyl-(aryl)-halosilane and the alkali metals potassium

and sodium is of great interest for the preparation of organic derivatives of disil-

ane or the higher silanes. By means of this reaction, a considerable number of sub-

stituted polysilanes have been prepared, both with radicals of the same kind and

with mixed radicals. Under the action of metallic sodium in xylene solution on

triphenylchlorosilane, hexaphenyldisilane ',as been prepared (Bibl.130):

2 (CAIII. i ,( I .- 2..\., j (',llIli..SiS0 5, 3 l~ -,- 2'\:,(

By this method, hexabenzyldisilane and mixed derivatives of disilane have been

"F-TS-9191/V 2i8



prepared (Bibl.131). By the action of metallic sodium in aromatic solvents on di-

phenyldichlorosilane, octaphenylcyclotetrasilane can be obtained:

Si((.HG)2
4(CsII,)2SiC1 2 + MaR (Ca H&)2Si \Si(C*H&)2 j- 8NACI

Si(CsHs)2

Octatolyltetrasilane and other substituted higher silanes have been prepared by

this method (Bibl.132). Together with octaphenylcyclotetrasilane, octaphenyltetra-

silane is also formed. The following structure is attributed to it:

-(CI I,)aSi(CEi,)tSi(CH)gSi(C.I l,).Si- -

Octaphenyltetrasilane is insoluble in the ordinary solvents. According to Kipping,

it possesses high activity with respect to the action of chlorine and other halo-

gens. On oxidation it forms a dioxide, to which one of the following structures is

attributed:

(Cal ls):SiOSi(Cs H&).2 si(( l lOS- O-Si(C, l-l&).
(I) ( H O i(!or ) I(C.,I ID..Si.--Si&()I l (C--

Under the assumption of formula (I), Kipping postulates the existence of trivalent

silicon, which is not very probable, since this compound does not react with hydro-

gen bromide (Bibl.132). It would be more correct to assume that Kipping had to do

with a more complex compound than octaphenyltetrasilane. This is confirmed by the

poor solubility of the product under discussion in solvents. The action of various

reagents on it, and its high sensitivity to chemical reagents, especially to chlor-

ine, is due to the halogen breaking the Si-Si bond and becoming attached to the

silicon.

Physical Properties

The substituted higher silanes are rather stable substances and can be
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distilled without decomposition. They are liquid or crystalline substances in-

soluble in water, but readily soluble in such organic substances as benzene,

toluene, xylene, dichloroethane, benzine, white spirit, ether, and acetone. They

are sparingly soluble in alcohol. Table 21 gives the physical properties of a few

representatives of this group of compounds.

Table 21

Physical Properties of Organo-Substitution Products of Higher Silanes

) )) dc) 2
dJ

0

ilexameth ldi si 12 112 i.72:3 3S.1
Hexaethyldisil ane ((C., 13)6Si= - 255 0,84U 3 2.128.jI.I

HlxImropydisi ane ((.,) 6S1, - 144 (3 mm) 1869 152
Diethyldipropyldi- ((:.1 i). c:I I,)(C4lIl).Si. - 27( -- 159
phenyldi silane , (I 10mw.)
,,l,2-Tetrap henyl- ((, I,,)&(CI I( :ll,)-Si. - 22q -230 - I .)!,

2,2-di-p-tolyldisi aner

D4ethyj dipropyldio (C I )(C:I 0 )24(Q1 ; CI I.S -- 244 -- 15
di2' I one--2 1,5(.

t sme oyl (Cali~: 14(1 I I1)S1., 283-285' 159disilan e 288- 2! 00 1:32

1 1 2,2-t t i ho yl. It'JIIl),( ,,IIs(I ,IS . 252- -253 IS"
.12 ' to yfJ, an e
H2ex2yfala1e (CeH )i." 352 3- 521,,Ri n122,2-NC26-4
,tritoly .i.. (C.,1 h(C.rHgCH ,)Si 2 1 2-Hex--to yrcd Mfsln

1. 2-Tri toyl-,1,- (HCH 3)Si, 354-=3152
,,trlpheyiJ se lane (C.4CHj)g(C*H$).S-- 226-227 159
He eDen Iy can .

tapheny tetrasitane (CstisCH,),Si.. 194 - I$.aM
Oc 9pbmylcyclotetra- (Ce| |).Si. " - - 13 s

a eI(C.H,)SIh 4- -400

teta olyldis lIne )t(CHCH)&Si2  240-241 - - 159

tetra oy1 dis lane (CsHs)t(C*HCH3),Si. 240-241 - - 159
Octi-p-tolyl tetra-,,,an e (C ,H)S293 - - 132
Octm-P-tylylcyclo- I(C.H.CHA-Sij. 310 - - 154
Diethyloctaphenyl- (CqHs)(C.H$)$Si. 254 - - 153
tetrasilane

a) Name; b) Formula; c) Melting Point, 0C; d) Boiling Point, °C; e) Specific
20

Gravity d ; f) Bibliography

Chemical Properties

The phenyl substitution products of the higher silanes, on heating with water

in the presence of piperidine, form diphenyldihydroxsilane:
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(Ce'i,)aSi4 + 8j'O - 4(C.Hs):Si(OH)2 + 4H2

This reaction may serve as proof of the structure of cyclooctaphenyltetrasil-

ane. The substitution products of the higher silanes are unstable with respect to

the action of air (Bibl.146). When heated in the presence of air, oxidation of the

Si-Si bond takes place with formation of the siloxane bond Si-O-Si. The action of

alkaline solutions is difficult owing to their poor miscibility with solutions of

the substitution products of the higher silanes. Under the action of alkalies in

the presence of air, oxidation of the substitution products of the higher silanes

takes place, forming siloxanes.

Destructive distillation of octaphenylcyclosilane in the absence of air leads

to the formation of tetraphenylsilane, triphenylsilane, and a residue of undestroyed

octaphenylcyclotetrasilane.
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CHAPTER IV

ESTERS AND HALO-ESTERS OF ORTHOSILICIC ACID

The compounds in whose molecules the silicon atom is coupled to the organic

radicals through oxygen constitute the extensive and rather well studied group of

organic esters of the silicic acids.

The contemporary literature manifests a tendency not to include the esters of

orthosilicic acid among the true organosilicon compounds, since their molecules do

I I
not contain the -Si-C- bond. This fact does undoubtedly set the esters and

I I

halo-esters of orthosilicic acid apart as a special type of organic derivatives of

silicon. These compounds are of interest today not merely as intermediates in the

synthesis of the substituted esters, but also with reference to the direct prepara-

tion of polysiloxanes.

We distinguish simple esters of orthosilicic acid, or tetraalkox-(tetrsarl-

axy)-silanes, in which the silicon atom is bound to four like alkozy-kary1oxy)

groups, and mixed esters, in which the silicon atom is bound to unlikealkoay-

(aryloxy) groups.
I I

In the molecules of halo-esters, the ether bonds -Si-O-C- are accompanied byI I
-Si-X bonds, I being a halogen atom; thus, in their properties, the halo-esters areI

a class intermediate between full esters and halo-derivatives of silicon. Among the
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halo-esters, simple (with the same kind of alkoxy groups) and mixed halo-esters

(with different alkoxy groups) are distinguished.

ESTERS OF ORTHOSILICIC ACID

Methods of Preparation

Reactions of Esterification of Halosilanes

The principal method of preparing the esters of orthosilicic acid, which is in

widespread use both in laboratory practice and in larger scale operations, is the

reaction between silicon tetrafluoride and alcohols or phenols. The reaction be-

tween SiCI 4 and ethanol is of greatest importance.

The preparation of the ethyl ester of orthosilicic acid - tetraethoxysiloxane

- was described by Ebelman as far back as 1846 (Bibl.l), but the structure of the

silicon derivative so obtained was established only in the middle of the 19th

century by Mendeleyev (Bibl.2), who states that this product is a "true neutral

ether of silica*. In 1858 he demonstrated (Bibl.3) that the reaction proceeds

according to the following formula*:

SiCl. 1- 4C 0HOIi Si,( EOCtsI + 41 (1

The process of esterification of SiC14 by absolute ethanol may be schematically

represented as follows:

SiCde + Cji1.OH - ISiOXgis + I ICI
CIsIOC2H& + Ct11lOH - CIsSi (OC21 1)s + IILI
CiaSI (OC0 H)- + CKs Oi - CISi (0('4l i)- + HC I
ClSi (OCH&), 4- CgH6OH - Si (OCjt1l) 4 + lIIC

*V.N.Dolgovts monograph (Bibl.4) erroneously states that the structure of

tetraethoxysilane was established by Friedel and Crafts. They published their

papers in 1866 - 1870, while Mendelyev published his in 1858.
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A certain quantity of intermediate compounds, with the silicon atom attached to

both chlorine and ethoxy groups, is always produced in the process of esterifica-

tion. Such compounds are called chloro-esters of orthosilicic acid, or alkoxy-

chlorosilanes (they are sometimes called "alkyl chlorosilicates"). When SiC. 4 is

mixed with alcohol, a complex mixture of products at various stages of esterifica-

tion is formed. The process is in practice completely irreversible. The course of

the reaction represented by the above equations depends on the ratio between the

starting reagents, the temperature, the vigor of stirring, and the order in which

the components are mixed.

To accomplish the most complete esterification it is advisable to pour the

SiCl 4 into the alcohol, taken in slight eXcess over theoretical (4.2 - 4.4 mols per

mol of SiCl 4 ). In this case a certain excess of alcohol will be maintained in the

reaction mixture throughout the entire process. The removal of the HC1 from the

reaction mixture also favors the completion of esterification. This removal may be

accomplished by heating, by aspiration of dry air, or by neutralizing the residues

of HCI with sodium ethylate or phosphorus pentoxide (Bibl.5,6,7,S).

Preparation of the ethyl ester of orthosilicic acid (Bibl.5). The apparatus

used for preparing the ethyl ester of orthosilicic acid consists of a round-bottomed

liter flask, provided with a stirrer, a reflux condenser, a thermometer and a drop-

ping funnel, the end of which is lowered to the bottom of the flask. The reflux

condenser is connected through a CaC1 2 column to a system assuring the sorption of

the HC1 liberated during the process of esterification. The flask is cooled from

the outside by ice water.

Into the flask 400 g of absolute ethanol is charged, the stirrer is started,

and 340 g of SiC14 is introduced at a uniform rate through the dropping funnel. The

rate is so regulated as to hold the temperature of the mixture in the 20 - 40OC

range.

At the beginning of the addition of the SiC14 the process is strongly
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exothermic, mainly on account of the heat of solution of the H11 in the alcohol.

This is confirmed by the fact that when the reaction is run with ethanol which has

first been saturated with HC1l, the temperature of the mixture does not rise.

After about half of the SiCl 4 has been introduced, the alcohol is saturated

with HCl, and the evolution of HC is intensified.

At this time the source of heat is withdrawn from the reaction mixture.

As long ago as Mendeleyev (Bibl.2), it was noted that the liberation of heat in

the process of esterification of SiC14 could be compensated almost completely by the

cooling resulting from the separation of H01.

If the stirring is vigorous, favoring the evolution of H01, the mixture tem-

perature may even fall below zero. At this stage of the process it is advisable to

heat the mixture to 20 - 40°C.

The introduction of the SiC14 is usually prolonged for 4 - 5 hours, after which

the mixture temperature is gradually raised to 800C and held there until no more

HM1 is evolved. The mass is then cooled and rectified. The tetraethoxysilane is

distilled at 166 - 1680C. When absolute ethanol is used, the yield is 70 - 85% of

theoretical.

The ratio between the quantity of tetrathoysilane and that of the

high-boiling products in the reaction mixture is determined by the water content of

the starting ethanol. Thusp when 92 alcohol in used, the yield of tetraethoxysil-

ane falls to 55% of theoretical.

All investigators have noted the formation of high-boiling products during the

synthesis of tataetrboxyilanes. Mendeleyer (Bibl.2) was the first to empress the

opinion that these products consist of polymeric hydrolyates of tetmethaxsilane,

which m later completely confirmed.

The effect of the water content of the alcohol on the yield of the ethl ester

of orthosilicic acid has been shown in detail by ae (Bibl.5); it was established in

that paper that the yield of ester increases with the concentration of the alcohol
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(Figure 6). The formation of high-boiling products has usually been explained by

the hydrolysis of the tetraethoxysilane by the moisture, followed by the condensa-

tion of the hydrolysis products into poly-

t imre. In view of the fact, however, that

the rate of hydrolysis of an alkoxy group

V is much less than the rate of hydrolysis

S1 W N R, M $7 SO A of the Si-Cl group, this ecplanation is
A)

not very plausible. It seems to me that
Fig.6 - Effect of Concentration of it would be more correct to suppose that
Alcohol on the Yield of Ethyl Ester

on the introduction of the SiCl 4 into the
of Orthosilicic Acid

mixture of alcohol and water, parallel to

a) Alcohol concentration, %; b) Yield the main reaction of esterification of the

of ester, % of theoretical SIC14 , the partial hydrolysis of the SiC1 4

and the condensation of the hydrolyzates

to polychlorosilaxanes also take place:

.S1(:14 -+-I 1.:A) "(;'i.,. I +1 , 1(1

2( :I:Si()l I = I liSiosi(:l:, + I I0 etc.

or that there is hydrolysis of the halo-esters formed in the initial stage of ester-

ification, and condensation of the products of hydrolysis, forming polyethoxychloro-

siloxanes:

2 4 .l 5( )S i 1., ) I -: ! IOSCI-OSiCI.X I I I. II)

I..liOSi(,,OSidI.O(w.ll I .:I I-= C .ItliCIe.OSiCI(OII)OC . II - IICI

(AI ,I osII .OsiCII I)(('.I Is + -lOSiCI_ )C.2 ! II -
-- G.I I OiiClOSiCI(OC l li)O iCI..( ),.I I, - I .( ) tc.,

In connection with the processes of hydrolysis, the quantity of water in the
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reaction mixture decreases, and the reaction is gradually directed toward esterifi-

cation, at first of the SiCI 4 , later of the polychlorosilxanes and polyethoxy-

chlorosiloxanes to form both tetraethoxysilane and polyethoxysiloxanes.

Hydrolytic processes may also occur during the stage of warming up and

removal of the HCl. In the cold, the process of condensation of the intermediate

products of hydrolysis does not proceed to completion, but on heating the condensa-

tion is more complete, and in this case water is split off:

CI CI CI CI
t 1 I I-Sil-Oil -+ HO--Si- -- Si-O--Si--- !! )

OI It II(

I I I
The water first hydrolyzes the -Si-Cl bonds, and then the -Si-OC bonds as well.

I I I
When SiCI 4 reacts with ethanol containing more than 8% of water, coagulation of the

reaction mass is, as a rule, observed, in connection with these processes of hydrol-

ysis. The processes of esterification of SiCl 4 are still further complicated by the

additional formation of water on account of the side reaction between the alcohol

with the HC liberated:

Ci 11O-1 + HLi C- liCI -i- I1.0)

When SiCl 4 reacts with ethanol, this side reaction does not ecert a substantial in-

fluence on the course of the procese, but in the reaction with methanol it does

play a great role. Thus, in performing the process by the same method as used in

the synthesis of tetraethoxysilane, only polymeth=ysilanes are formed instead of

tetramethoxysilane. Even when absolute alcohol is used, the reaction mixture often

coagulates. The esterification of SiCl 4 by methanol takes place considerably fast-

er than by ethanol, and therefore the synthesis of tetraethozysilane is usually

performed by rapidly pouring SiC) 4 into methanol, taken in slight ewes* (5%),
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followed by the immediate driving off of the H0l and the unreacted methanol (Bibl.9).

The yield of tetramethoxysilane in this case amounts to 60 - 80% of the theoretical.

According to Kalinin (Bibl.l0), the synthesis is facilitated by using benzene as a

solvent, adding it in equal volumes to the alcohol and to the SiC. 4 . The yield of

tetramethoxysilane by this method is 73% of theoretical. The yields of tetraethoxy-,

tetrabutoxy-, tetraisobutoxy- and tetraisoayloxysilane are 87, 82.5, 81.6 and 79%

respectively.

According to Kreshkov and Nessonova (Bil.ll), both the ethyl and methyl esters

of orthosilicic acid may be obtained when the reaction mixture is cooled with solid

carbon dioxide. The HCI is removed from the reaction mixture by aspirating dry air

through it. The yield of the products in this case, hoverer, is not increased; thus

tetramethoxysilane is obtained in yield of 67.3% of theoretical, and tetraethoxysil-

ane 79.3% of theoretical.

The esterification of SiC14 by allyl alcohol is performed by the same technique

as that of methanol, at low temperature, followed by rapid distillation.

The butyl and isobutyl esters of orthosilicic acid have been synthesized by me

by the method described for the synthesis of the ethyl ester (Bibl.5). For the com-

pletion of the reaction I recommend heating the product of esterification to a tem-

perature of about 150PC. A more convenient method of synthesizing the esters of the

higher alcohols is the alcoholysis of the lower esters. The velocity of the esteri-

fication reaction of SiCd4 by phenols is considerably lower than that of the alipha-

tic alcohols, and a prolonged heating at high temperature is necessary to complete

the process (Bibl.12).

Proearation of t etmuheMilane. In a retort provided with a reflux condens-

er, 100 g of phenol is placed and 30 g of SiCl 4 is added. When these reagents are

mixed, no H01 is evolved. The signs of a reaction occurring can be observed only

after 1 to 2 hours (at 120C). The evolution of HC1 is accompanied by a lowering of

the temperature, and if the mixture is not heated, it stops after 10 to 12 hours.
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The temperature of the mixture is then raised to 600 C and maintained at this level

for 4 - 5 hours, after which it is then gradually raised to 220 - 250°C. After

maintaining this temperature for 3 to 4 hours, the evolution of HCl is completed.

The mixture is now distilled. The excess of phenol passes over up to 2500 C, the

cloro-esters at 250 - 2700 C, and the tetraphenoxysilane at 415 - 440°C. On redis-

tillation, the tetraphenoxysilane boils at 417 - 420OC. It is a syrupy liquid,

which crystallizes when cooled to O°C. Recrystallization from a mixture of benzene

and petroleum ether yields crystals of the melting point 47 - 48 0C. The yield of

the product is 78% of theoretical. In this way a number of aromatic esters of

orthosilicic acid were prepared, including the esters of phenols containing a second

hydroxyl group, for example carvacrol and guaiacol (Bibl.13).

The preparation of mixed esters of orthosilicic acid is usually performed in

two stages:

1. Synthesis of the alkoxyhalosilane from SiC1 4 and the alcohol:

SiCI, + xRO- - (RO)SiC 4 _X + xHC1

2. Esterification of the alkoxyhalosilane by a different alcohol:

(RO)8SiCI4. + (4 - z)ROOH - (RO),Si (OR*),_. + (4 - x) HCI

A number of alkylalkielne esters of orthosilicic acid were prepared by this method

(Bibl.12).

Preration of diallrlc iethomrsilane. To a mixture of 56.7 g of dieth ii-

chlorosilane and 52.2 g of anhydrous pyridine, cooled in an ice bath, 38.3 g of

allyl alcohol is gradually added. The reaction product is rapidly washed for

several times with cold water, dried over calcium chloride, and distilled in vacuo.

The yield is 72 - 8% of theoretical. By a similar method the same product may be

obtained by esterification of diallyloxadichlorosilane by ethanol. The yield is

70% of theoretical.
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Esters of orthosilicic acid may be prepared by the reaction of SiCI4 with

esters of nitrous acid (Bibl.14)e

SiCl 4 + 4CF13ONO = Si(OCH3), + 4NOC.

The reaction is completed in the cold, and the nitrosyl chloride is then removed by

heating. The process proceeds more smoothly and with better yiold if it is run in a

medium of neutral solvent, for instance in benzene (Bibl.15). Tetramethoxysilane is

obtained in this way in yield of 80% of theoretical.

The esterification of SiCl4 may also be conducted by the action of ethylene

oxide (Biblel6); in this case esters with halogen in the organic radical are fomed:

SiC14 + 4CF12CHIO = Si (OCI2CH2CI)6I I

A substantial advantage of this process is that HC1 is not evolved.. It is believed

that in the first phase of the reaction the H01 dissolves in the BiCl 4 combined with

the ethylene oxide:

CIK.C[ 2O + tlCl = I IOCHCII0CI
I I

In the second stage, the HC1 is regenerated:

SiC14 + 41-1OCH.ClI.I - Si (OrHP, I.1C), -- 4HCI

The ethylene oxide my either be pumped into the autoclave together with the SiC14

under a pressure of 1 - 1.1 atm, or may be passed in in the foru of bubbles at the

boiling point of SiCl4. The yield of tetm--chloroetho silane amounts to 70 -90%

of theoretical.

An ester ismeric with tetraallyloxayilane may be prepared from acetone and

SiC14 (Bibl.17). On reaction with metallic sodium, acetone form acetone alcoholate

(phenol fern) C2 a CCH3 a, which reacts with BiCl 4 to yield the ester of
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orthosilicic acid:

C11, CI

SicI, + 4CH, - CONa - Si((o - CH3,) + 4NaCI

When SiCl 4 reacts with organic acids, mixed a ihydrides of orthosilicic acid may

be obtained:

SiCl6 + 4RCOOfI = S(OCOR)6 + 4HCI

K.D.Petrov (Bibl.18) has prepared the most interesting representative of this

class of compound, silicoformic anhydride.

Preparation of silicoformic anhydride. To a solution of 92 g of formic acid in

150 m1 of benzene, under stirring and cooling, 85 g of SiCl4 are poured. The mix-

ture is heated to 60°C on a water bath until the evolution of H1 stops, and then

for 1 hour on a boiling water bath. The bensene is distilled off and then, under

reduced pressure of 20 =, the unreacted formic acid. The residue in the flask is

silicoformic anhydride contaminated by the products of its partial decomposition,

which are siloxanes of the following structure (Bibl.19):

-0 /, 1 \i 0 / 0

The product so obtained can be used for the synthesis of aromatic aldehydes and

esters of formic acid.

By the same reaction as SiC 4 , the other chlorosilanes and oxychlorosilanes

also react with alcohols and phenols, The reaction of an aliphatic alcohol with

trichlorosilane (Bibl.20) my take place either with formation of a trialkylsilxane

H1i(OR)3 or a tetraalkaxysilane. The velocity of the second reaction, in which

cleavage of the -Si-H bond occurs, decreases at a low temperature, even when a
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solvent is used, and also decreases with increasing molecular weight of the alcohol.

When '12 ml of absolute ethanol is added to 25 ml of trichlorosilane at a temperature

of 0C, the reaction product will contain only tetraethoxysilane (14 g). If at the

same temperature, 35 ml of ethanol is added to 15 ml of trichlorosilane dissolved in

50 ml of benzene, and the mixture is held at 0C for 2 hours, the reaction product

will contain 12 g of triethoxysilane and 3 g of tetraethoxysilane (Bibl.20). From

butyl alcohol, in the absence of a solvent, 16% of tributoxysilane and 32% tetra-

butoxysilane is formed, while in a solvent it is 71% of tributoxysilane and 7% of

tetrabutoxysilane that are formed.

On heating hexachlorodisilane (Bibl.21) with ethanol, hezaethoxysilane in 25%

yield is formed; the reaction with propyl alcohol leads to the formation mainly of

tetrapropoxysilane with 12% of hexapropoxydisilane.

The reaction of e,.terification of polychlorosiloxanes takes place at a rela-

tively lower velocity than the reaction of esterification of SiCI4, and it requires

higher temperatures for its completion. The process with ethanol is conducted with

the removal of the HCl by a current of nitrogen (Bibl.22), otherwise the prolonged

heating of the mixture will lead to its hydrolysis on account of the water formed by

the reaction of the alcohol with HCl. In this way a number of polyethcxysiloxanes,

up to hexasiloxane, were prepared. The reaction velocity depends to a considerably

greater extent on the number of silicon atoms in the siloxane chain than on the

molecular weight or the structure of the alcohol. Thus, to complete the reaction:

Si.O:4. 4, -- 14C4II.o I - SieO. (( I:2 .-)14 -i- 14HC;

the reaction mixture must be heated to 160 0C, while hexachlorodisiloxane can be

esterified by cyclohexanol at a lower temperature.

When a mixture of 11 g of hexachlorodisiloxane, 50 ml of ethyl ether, and 27 g

of cyclohexanol is boiled for 8 hours, hexacyclohucyloxydisilo/.ane is formed

(Bibl.23) as crystals with a melting point, after recrystallization from benzene and
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dioxane, is 217.1 - 217.60C.

It is commonly known that the phenols give practically no reaction with HCI,

and therefore the esterification of polychlorosiloxanes by phenols can be accom-

plished without taking special measures of precaution against the action of HC1

(Bibl.24). The mixture of polychlorosiloxanes obtained by the reaction of silicon

with a mixture of chlorine and oxygen is heated with twice the amount of phenol.

The reaction of esterification is completed at a temperature of about 2000 C, and

then, on heating up to 5000 C, the polypheylsiloxanes are distilled off. A study of

the reaction product shows that they consist of linear polyphenoxysiloxanes up to

heptasiloxane; in addition, the presence of octaphenoxycyclotetraphenoxane has been

established.

The papers (Bibl.21) pointing to the formation of considerable quantities of

tetraalkoxysilanes on the esterification of hecachlorodisiloxane are of very great

theoretical interest. Thus, for example, when 50 ml of propyl alcohol is heated

with 20 ml of hemachlorodisiloxane at 120°C until the evolution of HU1 stops, a mix-

ture is obtained which, on rectification in vacuo, yields 6 g of tetrapropoxsilane

of boiling point 125 - 130°C (25 m) and 8.5 g of hexapropoxydisiloxane, with a

boiling point of 205 - 2060 C (25 mM).

The HCl liberated during the reaction probably catalyzes, at a high tempera-

ture, the process of rearrangement of the siloxane bonds, leading to the formation

of tetraalkoxysilanes and high-molecular products by the following reaction:

On esterification of bromo- and iodosiloxanes, the side reaction between the hydro-

gen halide and the alcohol is of far greater importance than in the esterification

of chlorosiloxanes. Thus, for ecample, on the esterification of polybromosiloxane

by ethanol, only higher polyethoxysiloxanes and ethyl bromide are formed. An ester

with the same number of siloxane bonds as the original polybromosiloxane may be
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obtained from the latter compound only by the action of sodium ethylate (Bibl.22).

The reaction of SiC1 4 with alcohols does not lead to the formation of esters of

orthosilicic acid; the esterification of SiI4 may be accomplished by the mere action

of ether (Bibl.25):

SiJ, + 4 (C2F,)J)- Si (0C2T1.)4 -I" .C.1l,J

Reactions of Alcoholysis

The most convenient method of obtaining the higher esters of orthosilicic acids

from high-boiling alcohols, as well as from other hydroxyl-containing organic com-

pounds, is the reaction of the lower esters, tetramethoxysilane and tetraethoxysil-

ane with higher alcohols and other compounds containing the hydroxyl groups. The

reaction of alcoholysis is more applicable for the preparation of the higher estebs

than the reaction of esterification, owing to the fact that the evolution of HU in

the process of esterification lead to a number of side reactions, for instance the

formation of water, the redistribution of the alkey groups in the preparation of

mixed esters, etc. It is, moreover, not always convenient to conduct a reaction

with such a volatile reagent and SiC14 .

The lower esters of orthosilicic acid enter most readily into the reaction of

alcoholysis with alcohols of higher molecular weight than their alkoxy group. With

alcohols of smaller molecular weight than the alkoq group of the esters, the reac-

tion of alcoholysis is difficult. In the absence of catalysts, tetraethomysilane

enter- into reaction with methanol (Bibl.26) only at the temperature of 210°C:

Si (OC21is), + 2CHsOil - (CsHsO)2Si (OCI-1.), + 2C1i.,U I

At the boiling point, tetramethouqsilane does not react with the higher

alcohols unless catalysts are used. When they are used (dry HC1, SiC14 ) (Bibl.27),

and also metallic sodium or sodium methylate (Bibl.28), the process proceeds

smoothly, and, as a rule, with good yield.
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The reaction of aleoholysis is usually run in a flask serving as the still of a

rectification column,, and the alcohol liberated during the reaction is distilled

off. A few examples of the conduct of the alcoholysis reaction are given below

(Bibl.29).

Prevaration of alkosilanes. 1. A mixture of 208 g of tetraethoxysilane,.

255 g of allyl alcohol, and 1 g of SiCl 4 1 is heated in a flask with a column (reflux

ratio 5 : 1) until the liberation of ethanol ceases (20 hours), Rectification of

the reaction product yields tetraallyloxysilane. The yield is 91% of theoretical.

2. A mixture of 417 g of tetrasthoxyi-lane and 232 g of ally], alcohol is heat-

ed for 8 1/2 hours, distilling off the ethyl alcohol formed. During this period 1

drop of SiC].4 is added to the reaction mixture every' half hour. Rectification of

the reaction product yields 0.117 aol of tetraethozysilanep 0.434 mol of allyloxy-

triethoxysilane# 09537 aol of diallyloxydiethoxysilane, and 0.0092 gra*mol of

tetraallylozysilanee

3. As a result of the reaction of equiiaolecular quantities of tetmethoxysil-

ane and cyclohucanol,, a mixture of cyclohexyloxyethoxysilanes and tetracyclohoicl-

oxYsilane (39%) and ethanol is formed. On the reaction of equinolecular quantities

of tetmothoxyuilane and methallyl alcohol, a mjxture of mothallyloxyethoxysilanes;

and tetraethallyloxysilane (52%) is formed. When tatraethoxysilane reacts with

crotyl alcohol, tetracrotyloxysilane (75%) is formed.

4. The reactions of alcoholysis of tetruethoxysilane proceeid as easily; thus,

the reaction of 137 g of tetraethoxysilane and 130 g of wnthaflyl alcohol (130 g)

leads to the formation of (0.196 aol) of dimthcaxdiethallyleayilan., (0.8 mol) of

methoxytrimethallyloxysilane, and (0.127 nol) of tetrumethallylamysilane. In this

reaction, 0.0039 aol of tetmethoxysilane rinuins unreacted. (ki the reaction of

tetramethoxysilane with allyl alcohol, uethoxallyloxysilanes are obtained.

5. Distillation of a mixture of 1 aol of tetromethoxysilane with 5 mols of

propyl alcohol in the presence of 0.01 mol of sodium alcoholat. (Dibl.12) yields
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tetrapropoxysilane in 80% yield. Tetrabutoxysilane can be obtained in the same

yield by a similar method; tetraisobutoxysilane is obtained in 32% yield. When

tetraethoxysilane is heated with stearyl, oleyl or linoleyl alcohols in the presence

of sodium alcoholate, the corresponding esters of orthosilicic acid are obtained

(Bibl.30).

6. When a mixture of 9.2 g of tetraethoxysilane, 0.2 g of sodium methylate,

and 50 g of stearyl alcohol is heated for 6 hours in a current of carbon dioxide

gas, removing the ethyl alcohol through a rectification column, stearyl ether with

an admixture of tetraethoxysilane and intermediate products of alcoholysis is ob-

tained. The by products are removed by distillation to 800C at a residual pressure

of 15 m. The residue is tetrastearyloxysilane. Its yield is 42 g, or 84% of

theoretical; on cooling to OC it crystallizes, and after recrystallization from

methanol and ligroin, it has a melting point of 55.8 - 56.20C.

When tetraphenoxysilane is heated in a sealed tube with ethanol at 180 - 200°C,

tetraethoxysilane, phenol, and a mixture of phenoxyethoxysilanes are obtained

(Bibl.13).

Si(OCI I, + 4CI101 - - Si(OC2115), - 4C3IIO11
2Si((C ,-j4 + 3C2 1fOI I ... .Si(0C..II-,) (OCSIHA -:- Si (0CJI.)2(OC, I1,)t j- 3C.HOHi

The substitution of othoxy groups for the phenoxy groups indicates the high stabil-

ity of the bonds between the ethoxy group and the silicon atom.

On alcoholysis of tetraethoxysilane by menthol (Bibl.31), mono- and dimenthczy-

tri- and diethoxysilanes were obtained (Bibl.31).

Si(0C 2115). 4 C,, I ,01t = Si(OCol 111) (OC..I [ _. T- 115oli
Si(OC14 Ii,) (OC2I-1, ). + CIO[ I I,OI = Si(OC1 . Ir,')2 (0 :r "r- ( ,( 11

Organic acids (Bibl.32) may enter into the reaction as the alcohols do:
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Si (O0C11.1)4 + ("I 1.=C C 0 11 - (13 .1 l(()( )USI((X)'j G,A .- 13011

the esters of oxy-acids can also behave in this way (Bibl.33), for instance the

ethyl ester of lactic acid:

Si(0CK,, It,), 21 IOCHlC.IC OCu0 ., -C., I:,0): SifOCI I(( I i1 clo,I. - - 2 .I 1.11

or of ricinoleic acid:

Si(OC,,l I;,}4 +f 2C01 l13CI 1{)11('11.,(J 1 =01I I 112 )7CU(.X2 .i:

3 (C2 I IO) 2Si [0(:1 I(C, l l1 3 ){£11!. CI (CI I))OOI.',Il:] -1 'C:[ t~0I I

The reaction of alcoholysis of alkoxysilanes may also be conducted by the

action of polyhydric alcohols (Bibl.34) or of their partial esters (Bibl.21). Thus,

tetra-P-methoxyethoxysilane is obtained on heating a mixture of 1 mol of tetra-

ethoxysilane and 5 ols of the monomethyl ester of glycol-

Si(OC.l I.,) + .|I IC 2 1 140{'! I , SitO(f.. IO{;I 13)4 -, .iC I 1,, )1

Tetra-0-ethoxyethcxysilane (yield 94% of theoretical), and tetra--phenoxyethoxysil-

ane may be obtained similarly. Monoglycerides (Bibl.35), for instance glyceryl

acetate, the monoglyceride of linseed oil or cottonseed oil, glyceryl-ethyl ether,

as well as diglycerides, may enter into the reaction of alcoholysis. The following

reactions are described in the literature (Bibl.36)t

Si(OC2H.), + 41 IOCI 12Ci 101 CII.,OCOR = Si(OCl 12Ci 101 ICI IP0COR)4 -- ;C21 I,01 I

Si(OC2I11)4 + 41IOCI ICI II0RCH 2OR =Si(OCII,CI IOIRCI IOR), -,- .IC 4O1 I

where R - C3 H7 and C17H3 5 . The process is conducted in an autoclave at a tempers-

ture of 150 - 160°C. The author states that 0-hydrwcolglycerol does not enter into

the reaction of alcoholysis.

Alcoholysis and reesterification may also occur under the influence of the free
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hydroxyl and carboxyl groups in the condensation products of polybasic acids and

polyhydric alcohols (Bibl.35). The reaction of alcoholysis may take place with the

most varied alcohols and phenols having a second functional group, for instance

with the aminophenols (Bibl*37).

Si (0C1-12)4 + 4H-10GH 4NI 12 = Si(OCGH 4NI 1-)4 + 4C21 1,011I

The reaction of alcoholysis is characteristic not only for the esters of ortho-

I I
silicic acid, but for most other compounds containing the iO - ond, for

I I
example, for the substituted esters and their alkoxysilanes (Bibl,27).

(C2H$O)3SiOSi(OC2-H3)j + 6cH1=CCH8CHOH -- --

-- (CH2=CCHCHO)SiOSi(OCH.jCCis=CH 2)3 + 6C1HOH

This reaction takes place on heating a mixture of 34.2 g of hecaethoxydisilox-

ano and 86 g of methallyl alcohol for 3 hours at boiling paint. The yield of hexa-

methallyloxydisiloxane is 5C%.

It has been stated above that the tetramethomyuilan. and tetraethoxysilane

enter most readily into the reaction of alcoholysis. However, when catalysts are

used, the more complex esters,, up to totraamWqosiane and tetxeallylozysilane

(Bibl.27)0 my also be made to react,

The Resterification Reaction

The reaction of tetraalkoxysilanes with couplom estoe (reesterification reac-

tion) proceeds easily only in the presence of catalysts, the alcoholates of magne-

sium, aluminum, or antimony, as well as aluminum chloride (Bibl.38). In the

absence of catalysts, even in the simplest case, on the reaction of twio esters of

orthosilicic acids, the process proceeds only partially, and equilibrium cannot be

attained.
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2S'V)C2H:,),+2Si(OC41, I), 7

; Si(OC 2H,)3(OC4H-:I) 2SiUC2l _ ),(OC4 I ),. -. St(OC 2.I1)(ULC4 IV)L

In the presence of a catalyst, magnesium aluminoalcoholate, on heating 4 1/2

hours at the boiling point, the equilibrium state is established, and all the mixed

esters are formed in the statistical quantities. The mixing of equimolecular quan-

tities of tetraethoxy- and tetrabutoxysilane leads to the formation of 0.09 mol of

tetraethoxysilane, 0.42 mol of triethoxybutoxysilane, 0.66 mol of diethoxybutoxysil-

ane, 0.42 mol of ethoxytributoxysilane, and 0.08 ml of tetrabutoxysilane. When

equimolecular quantities of tetraethoxysilane and tetraallyloxysilane react, a mix-

ture is obtained which contains 0.094 mol of tetraethoxysilane, 0.462 mcl of tri-

ethoxyallyloxysilane, 0.684 mol of diethoxydiallyloxysilane, 0.428 mcl of ethoxydi-

allyloxysilane, and 0.074 mol of tetraallyloxysilane.

The reaction of reesterification with esters of the carboxylic acids is per-

formed in a flask which serves at the same time as the retort for a rectification

column, with distillation of the volatile products of reaction (Bibl.37). The reac-

tion of tetraethoxysilane with butyl acetate in the presence of aluminum ethylate

proceeds according to the formla:

.Si(OC21Is), + 4C[ i.C()r.,1I, = Si(OC4I 19)4 + 4CH 2COOC2H5

and 99% of the theoretical quantity of ethyl acetate is distilled off. With vinyl

acetate the analogous reaction proceeds quantitatively, but the tetravinylsiloxane

formed during the reaction polymerizes during the process of synthesis.

One of the substantial conditions for the completion of the process is the

volatility of the organic ester and its continuous removal by way of rectification.

In this connection, the reaction of reesterification proceeds most easily of all

between tetraethoxysilane or tetramethoxysilane and esters of formic or acetic acid.

The higher tetraalkcaysilanes, as well as the esters of the higher carboxylic acids,
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reacts with great difficulty.

Esters of inorganic acids, for instance boric acid, enter into the reesterifi-

cation reaction like the esters of the carboxylic acids:

3Si(OCH,) 4 + 4B(OC4H,) 3 = 3Si (0C#1 I,), + 4B (OCH,) 3

This reaction proceeds with a 96% yield in the presence of magnesium alumino-

ethylate (Bibl.38), and is of interest as a method of preparing methyl borate, whose

synthesis by other methods is considerably more complicated. We may note here that

the esters of boric acid may also be prepared by the reaction between esters of

orthosilicic acid and boric anhydride.

Other Methods of Preparing Esters

A process which has recently been described (Bibl.28) of esterification of the

free hydroxyl groups of the polymeric silicic acid obtained by acidifying a solution

of sodium silicate, is of great theoretical interest:

___0
-0 Si-oI I -:.(,, 1,01 - -0 Si(X 41-I, + I 1,o

-o

As a result of this reaction, a soluble polysilxane containing an average of

0.613 butoxyl groups to the silicon atom is obtained.

Pr ration of Dolysilicic acid. A solution of 770 g of sodium silicate

(28.4% SiO 2 - 3.25) in 1138 g of water is poured with vigorous stirring into2'Na29
1710 ml of 7.35% sulfuric acids at 20oC. The solution of sodium silicate is intro-

duced under the layer of sulfuric acid through a tube not more than 2.5 m in dia-

meter, for 5 min. The acidity of the mixture at the end of the addition of the

silicate is 1.7 - 0.5 mg KOH. In order to extract the polymeric silicic acid liber-

ated, 1070 g of tert-butyl alcohol is introduced into the mixture, which is stirred

for 15 minutes and then allowed to stand for 16 - 18 hours. The water is then

F-'S-9191/V 248



removed by salting out, by adding 1017 g of sodium chloride to the mixture. The

alcohol layer (1540 ml) contains polymeric silicic acid (14% of Si02 ). 10 - 15% of

water and 0.96% of sodium chloride. The yield of silicic acid is 80 - 85% of

theoretical. The preparation is unstable on standing; its molecular weight increas-

es at a rate depending on the concentration, the acidity of the medium, and the

temperature.

Esterification. To the solution of polysilicic acid so obtained, an equal

volume of normal butyl alcohol, and 6 g of barium chloride to precipitate the traces

of sulfuric acid, are added, the mixture is placed in the tank of a rectification

column, where, under reduced pressure, the processes of esterification of the free

hydroxyl groups of the polymeric silicic acid and of distilling off the water formed

during the reaction is performed. To avoid condensation of the free hydroxyl groups

and increase the molecular weight of the polymer, the process is comenced at a

temperature (in the tank) of 28 - 29%, and a residual pressure of 30 m.. During the

course of 2 hours, 1131 ml of distillate is taken off, and the volume is held con-

stant in the tank of the column by adding fresh n-butyl alcohol. When 2 hours have

elapsed, the pressure in the tank rises to 60 m. During the next 5 hours 3260 g of

distillate are taken off and 1696 g of n-butyl alcohol is added to the tank. The

temperature in the tank is gradually brought up to 60°C.

The reaction mixture now is removed from the tank of the column, purified by

adsorbents, filtered, and rectified on a column (reflux ratio 4 : 1) and during the

course of 5 hours 485 g of butyl alcohol is introduced into the tank of the column

while 752 ml of condensate is distilled from the tank. The temperature in the tank

at the end of the rectification reaches 121°C.

The reaction product is repeatedly purified by adsorbents and is diluted with

butanol until the SiO2 content of the mixture reaches 20%. 100 ml of the mixture

contains 0.11 g of water, 0.03 g of chlorine; the pH of the mixture is 3.8. The

amount of solid residue is 33.98%. The residue contains 59% of SiO2 and 28.29% of
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carbon, which makes an average of 0.613 butmcy group to a silicon atom. Measure-

ments of the viscosity of the solutions give grounds for postulating that the mole-

cules of the polymer are of spherical form.

The esterification of polymeric orthosilicic acid by propyl or isopropyl

alcohol can be carried out by a similar method (Bible39).

Under the action of alcohol on elementary silicon in the presence of catalysts

at temperatures of 2200C, a complec mixture is formed, consisting of esters of

orthosilicic acid and other products. This reaction has been investigated (Bibl.40)

with the object of elucidating the possibility of synthesizing polysiloxanes.

The process is conducted by passing the vapors of the alcohol through tablets

of a copper-silicon contact mass obtained by pressing and sintering a mixture of

silicon and copper (20%) powders in a current of hydrogen at 1050°Ce Only methanol

reacts rather actively, and the principal product of the reaction is not polymethyl-

siloxane, but tetramethoxysilane. The reaction mainly takes the following course:

S; - .Ci I1H = Si (O'. 2)4 1 1 2H

On heating to 300°C, the yield of tetramethcxysilane is 48%, at a temperature

of 250PC the yield of the product is 53% of theoretical. The hydrogen formed during

the reaction is in part added to the silicon with the formation of a certain quan-

tity of compounds containing the -Si-H bond, and in part is evolved in molecularI

form, while still another part is used in the reduction of methanol:

CIIOH -l+ 2H = CH, -r HPO

Methane is a by product of the reaction. It is collected in a receiver which

is cooled by liquid air. Water hydrolyzes the ester formed, so that a certain part

of the reaction product consists of polymethoxysiloxanes.

Ethanol reacts with a mixture of silicon and copper powders under similar
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conditions, forming 10% of polyethoxysiloxanes together with traces of compounds

containing the -Si-C- bond (Bibl.39).

By careful analysis of the intermediate fractions and their hydroyzates, the

presence of an insignificant quantity of compounds containing the -Si-C bond in the

reaction products has been established, but it was not possible to isolate the

individual methylsiloxanes or methylethoxsilanes. The search for process catalysts

other than those ordinarily used in the direct synthesis of alkylchlorosilane was

unsuccessful.

Tho conduct of the reaction between the alcohols and the contact mass in a

state of suspension has been proposed (Bibl.41).

A synthesis of esters of orthosilicic acid by the reaction of alcohols with

metallic silicides has been described (Bibl.42). Thus, under the action of methanol

on magnesium silicide, the following reaction takes place:

M.SiS + 8CI JOII Si(OC 1is), + 2,g(OCH',), -- 41I.

In a flask 1500 ml of methanol are placed, and, under cooling and stirring,

130 g of magnesium silioide is added over a period of 2 hours. The mixture is

gradually warmed until the evolution of hydrogen stops (total quantity evolved, 36

liters), and the tetramethoxysilane (110 g) is then distilled off under atmospheric

pres sure.

The preparation of esters of orthosilicic acid by way of silicon disulfide,

which is easily synthesized from the elements, is of considerable interest

(Bibl.19):

Si -I- 2S - iS2
SiS2 -+ 4RO1I =Si(OR)4 +; 211 2S

From 2 kg of methanol and 1150 g of 80% silicon disulfides 1390 g of tetramethoxy-

silane is obtained. When the methanol is replaced by the same amount of ethanol,
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1800 g of tetraethoxysilane is obtained. A substantial advantage of the process is

the absence of the side reactions that occur on the esterification of SiCl4 owing to

the liberation of HCl. Various phenols may be used for the esterification of sili-

con disulfide. The reaction with o,o-dichlorophenol gave tetra-(o,o-dichlorophen-

oxy)-silane, Si(0C6H3C12)4.

In the reaction between silicon disulfide and an aqueous alcohol, polyalkoxy-

siloxanes are formed. In the reaction with insufficient alcohol, polymeric com-

pounds are formed, containing -Si-S-Si- bonds of the type:

i RO):jSiS I(RO) 2SiSA Si(OR).

No formation of compounds containing the group -Si-S-R has been noted.

In connection with the fact that silicon disulfide is less active than SiCI 4 ,

the reaction of SiS2 with organic acids is a more convenient method of preparing

mixed anhydrides of orthosilicic acid.

SiS2 + 4HOOCR = Si(OCOR)4 21- S

By this reaction a number of mixed anhydrides of orthosilicic acid were obtained -

Si(OCOR)4 where R -CH3, C6H5, CH2CI, C17H3 5.

Industrial Production of Esters of Orthosilicic Acid

On the industrial scale, the esters of orthosilicic acid are prepared, either

for immediate use (Bibl.43) (manufacture of coatings, impregnating materials, molds

for precision casting (Bibl.44), cements, special types of gels, etc.), or for the

synthesis of the substituted esters of orthosilicic acid (Bibl.45).

The reaction between SiCl4 and alcohol is exclusively used for the preparation

of esters of orthosilicic acid on an industrial scale. The process is conducted in

continuous run apparatus, or (more often), in batch apparatus, by pouring SiCI4

into the alcohol (or vice versa), under stirring, followed by heating (Bibl.45).

The most important and most widely used process is the esterification of silicon
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tetrachloride by ethanol, since the ethyl ester of orthosilicic acid, either in the

pure form or hydrolyzed, has come to be most widely used in technology, owing to its

cheapness, the relative simplicity of its preparation, and the fact that it is less

toxic than tetramethoxylsilane. The industrial product is put out in varying de-

grees of purity, (depending on the uses to which it is to be put).

In Great Britain (Bibl.44), the esterification of silicon tetrachloride is con-

ducted by the action of technical ethyl alcohol (specific gravity 0.822); as a

result of the reaction, the so-called "ethyl silicate 40", is obtained. This is a

partially hydrolyzed product containing about 40% of SiO2 (specific gravity 1.05-

1.07). The high SiO2 content in "ethyl silicate 40" encourages its use in the manu-

facture of coatings and cements.

In the United States (Bibl.43, 45), the manufacture of "ethyl silicate 401 has

commenced only in recent years. Before that, pure and "condensed ethyl silicate"

were produced. This latter is a product obtained by esterification of silicon

tetrachloride by 99% ethyl alcohol, followed by the distillation of the excess

alcohol at a temperature running up to 11OC. For the synthesis of the substituted

esters of orthosilicic acid, "pure" (distilled) ester, is manufactured, containing

90% of the fraction boiling at 160 - 17PC and haiing an acidity not over 0.05%.

The price of such a product is considerably higher than the price of the technical

product, and the SiO2 content in it does not exceed 28%, so that it is not economic

to use the pure tetraethoxysilane in making coatings or cement composition.

Physical Proverties

The esters of orthosilicic acid with aliphatic alcohols are colorless transpar-

ent liquids; the esters of orthosilicic acid with phenols, as a rule, are crystal-

line products. The purification of the esters of orthosilicic acid from traces of

alcohol or haloesters involves certain difficulties, so that the tetraalkoxysilanes

are usually produced in the form of thick liquids which crystallize only on strong

cooling. All the esters of orthosilicic acid, in the absence of moisture, are
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stable substances that can be distilled without decomposition. The lower esters of

orthosilicic acid have a specific odor, while the higher esters have no odor at room

temperature; they do not dissolve in water and are slowly l drolyzed by it, but are

readily soluble in organic solvents.

With increasing molecular weight of the compounds, its density decreases and

its boiling point rises by about 120 C for each additional CH2 group.

Tables 22, 23, 24 give the physical properties of alkoxy- and aryloxysilanes.

Table 25 gives the properties of the esters of polysiloxanes, and Table 26 the pro-

perties of the trialkylsiloxanes.

The boiling points, unless the pressure is given, are given at 760 mm.

Chemical Properties

Most of the reactions of the esters of orthosilicic acid are due to the

I I
presence of the reactive -Si-O-C- bonds in their molecules. Let us consider theI I

most important and typical reactions of the esters of orthosilicic acid.

The Reaction of Hydrolysis

An extremely important property of the esters of orthosilicic acid is their

ability to split off the alkoxyl group under the action of water:

-Si-OR + 11011 = -i--OII + ROH
I I

The reaction is always accompanied by intermolecular condensation of the hydrolysis

products, and by the formation of polysiloxanes. I have investigated the mechanism

of hydrolysis and condensation in detail (Bibl.46, 47) on the example of the ethyl

ether of orthosilicic acid, in the course of which investigation I isolated and

studied a number of polyethoxysiloxanes of the general formulas (C2 H5 0)[Si(OC2 H5 )2

O~x"2H5, where x = 2, 4, and 6. The results of this work allow the conclusion that
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the hydrolysis of these esters proceeds by a pattern common for the reactions of all

organosilicon monomers containing readily hydrolyzable groups or atoms bound to the

silicon atom.

Let us consider the processes taking place when an aqueous alcohol is gradually

Table 22

Physical Properties of the Aliphatic Esters of Orthosilicic Acid

b) d ) j
(OCI ')4si !11--122 1,05232 1,3681 27

Tetramethoxysilane (759 rm)
25-27 1,032 - 27
(12 mm)

i OCAl13) 4si 166-5. 0,9676 (00) I 1,3837 8, It)TetraethoxysilIane j 77,0 (39 am)

Tetrapropoxysi]ane' (0:I 17) 4Si 22--227 0,918 1.4015 102

Tetr ais ox [OCiI(CII) 214'S 78-80 - 113si I ane(50 vnm)

Tetrabutoxysilane (((: 4 119 0 1 13 (20Inm) 0,899 1 1,4128 10,
150-152 0.913 (25') 114

(16 mnm) 142

Tetraisobutoxy- 1CH'I tC,, 4Si 260 0,953 1,4131 11,siIae143-145 H15

(18 mm)
141-142
(0,3 mim)

Tet raamyloxysi ane, (.'l 11, 0))S 322-323 0,953 (150)
Tetrpsoianyloxy- [((CI t)J l .I I.CH 20j 4Si 174-176 0,893 _ IOl0

Sliane 12 rm)
'etrahexyloxy- (Ca ,11 ,) 4S 232-234 0,888 -- .

silane (13mm) 116
213,5 0,876 I ,43)0 47,
(4 m ) I 11

Tetrapentyloxy- (C' I 1 0) 4Si 200-215 0,9117 (00) - 103
si lane 1:3 mfm)

Tet rhexyloxy- (CseliO),Si 240 - - .t7
sil ane (3 mm)

Tetraallyloxy- (CH2=CIICIi.O)4 Si 134,5-135 0,9842 (171)1 1,4:336 12

silane (3 mm)Tetranethal lyl- (CH 3CH=CHCH-O)4 Si 148-148,5 - - 27Tetraethalyl-(18 VaM)ethoxysilane (CH3 CI IGO)4S1 177-18W1 117

Tetra-a - vblor-
ethoxysi lane /CI-CH,., 213-214 117) 7

T etra-P,F-dichloro- \ C1>0/Si (0,2 mm) 1'4 77
isopropoxysil ane \CI-CII /  ]4

Tetra-t-chloroeth- (CICHCAFtO) 4Si 153-154 I ,4641(20 - ) 117
oxysilane 12 my)

184 117
(7 mm)

195-200
(15m)

a) Name; b) Formula; c) Boiling Point, °C; d) Specific Gravity, d 20
4,

e) Refractive Index, n 0 ; f) Bibliography
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Table 23

Physical Properties of the Aliphatic and Aromatic Esters of Orthosilicic Acid

a) b) C) d) e) )

Tetraphenoxysilane (C.H50)tSi 415-4201 47-48 - 90,91
280 1 04

Tetra- m- cresoxysilIane (Clcl10)s 445 - 11
Tetra-p-cresoxysilane a 8 HOSi 4345 -- 18
Tetra-9Y-xylenoxy- (CHsG.H4O) 4Si 442-44.51 69-70 1 I I

Iian (CH )C H OhSi 450 -105 ,
Tetr im-xyl eneoxy- 350-3601 - - 118

sir-ane(100mot)

Tetrai sobutyl ,hen- I P(CI~s.CIJ I laJ 4 Si 453--457 - 05
oxysilaneI

Tetraisoamyiphenoxy- J(CH3)02CHOYC313 4Oj4Si 380 -- 30
silIane

Tetrathymoloxy- f(CHs)2CI ICH ,CI l2Cs1I4OISi 390..-397 - I'
silane (Il8 mim)

I (CI I .1)(1H7)C6.I 31 6Si 450 47-48 - 47
Tetracarvacroloxy- .340-345

silane (70 mmn)
Tetrabenzyloxy- f(CHSl)(C,U-?)C.sH3OISi 380.-390 - 3

si Ilane (12 mma)
(C4 I-6CHO)0i 305 - 6. 123~

(32 mm)
246

Tetrrguiacyloxy- (0,1 mSom)

Tetra4;jn~phthyl- [ cfIOC.H4016Si 260 93 - 117
oxysil ane (7 imm)

Tetra-CL-naplithyl - (C1*H7O)&Si 430 - 4-
oxysilane (133 M%)

Tetracyfdohexy1- tC1 41,O) 4 Si 425-27 - 47_
(130men)

Tetra- I-bornyl - (Cal-12) 4SI 230-240 88 ,5 -

oxysi lane (I I Inv) .47

Tetuamenthoxy- ,(:10H17O)4Si - 291-292

35'' ;93.11.
Tetra- p- bromo- (115 min)

phenoxys i I we 26412

Vexwuethyoxym(B IOtS (7 rm) -

sia.henyl ene-
dis one (32 mv")

!Iexunethoxy-p- I (CH,,Q)3SiOJ 2C*H. 1~- I,49Wt 126
dis~bine~ (15-) 32

Tetra-(cis-9-benz- j(C(Hso)SiO211I4 - 1 430 12

-silane-1 CiO)S- 1,4622 121;

a) Nun.; b) Formula; c) Boiling Point, 0 C d) Molting Point, 0C;

e) Refractive Index; f) Bibliography
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Table 24

Physical Properties of Mixed Eaters of Orthosilicic Acid

a) b) c) d) e) )

('CH8O)*Si(OCaH&I) 133-135 - 1,023 72
Trimetoxyeth- I (CHAO)SOCHG), 143-146 - 1,004 72
I Imthoxydxeth-

~osilane (CFljO)SI(OCsH.)a 155-157 -0,989 2,27
QX3ae(CH$O)3Si(OCHCH=CH2) 70,5 1,.3919 - 12,27Trimethoxyallyl. i(34m.)

OXy1.i1ane (CgI iCCtH=~) 95 1,4110 - 12,27rime h9xydiallyl I (34 mum)
1 ~ - (CigO)Si(OCHCH-Cl:) 116 1,4252 - 4

Iy (34 mm)Tr oxywienh- (CHA)SSi(OCHiCH--CHC-1a 83,5 1 .4003 - 12,27all10S1I ane (34m)~inethoxyd .meth- (Cl 130)tSi(OC1-1CH= CHCHs,) 115 1 .4156 - 12,27
allyloxysilanelO)iO alIC11aa (28 140 - 3,2

arpyp~x~jane- I (Cl 1.0)tSiCsH2iCH(C8 3)J2 225-235 -- - 72
*riethoxyal yl-
oxysilane i (C:1Ia,Si(OCI-12CH -Cl 10 215-220 1,3973 - 1.27

93, 5-94 1I 12
(34 mm)

Fiehodiallyl- (C41I13O)2si(OCI 1,CI I C 12).. 1 0 ,49 2.27
L 03,ysxI on(34 mm)

thoxtrialyl- (Ci i&O)S i(OCI12(CH- C11 2)3  121 1,4230 -- 12,27
h-1an (34 ma)

Oi I1 a I ane ( 4 ,hiCHCHl18I) 93 1 ,4051 - 12.27
Fietoia th- 'IOs.) , (18m ")
Fa~ e 316-&).i(HC-C1[,) I Ig 14200 12.27

Yyjoysae 4IIosoH1 H(ICEI) 133 1,4320 127
-21 1.50)Si( X4H=1 II ) 1m)2.2347'irietbqyxbutoxy- (18 ohm) 3,4275 1 2

80-93 1,3945 -- 78
rie.tboxydibutoxy- (16 mm) ~ .0 22

(32 mm)327

Ethox.ytributoxy- (15mm
silane (Q.J1110)Si((X 41 l', 144-146 1,4112 1

(20 mm)
Ithxyri so150 1.4075 0,9010 12,27

b'mtorysilane(3m)
Tr et 91jcyfurfuryl- (C2I-1aO)SiIOCII1,CH(C1-1)ji, 1 99-100 1,369 - 12

oxys]i ane (39 mm.)
irilethofcyuny- (Cg1l1O)3S1(0C 1 13 ) 85,5-86,5 - - 12OXysi Iae(3 m)2
Li ethoxydi iso- 125-33m -

,myox ipl ane12 13
ftxy rilso. (CHKO),SiIOrHCii.CHi(Ctil) 21. 245-250 - '915 72

rnylOxysil ane (CthIO)SiOCK 2 CH4Ca1- 3  290-285 - -0,3 7

a) Name; b) Foz=ila; a) Boiling Point, C; d) Refractive Inex

a) Specific Gravity, d 20 ;)Bbigah
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__ J_ ol) )~ e) j

I h 'd h (C2HaO) 2Si(OCaII&)- 302-304 - - 47
ietoiphen- 197-198

on. s I ne(50 MM) _

(CH--C~I-CHO)Si(O(a31 7 ) 74,5-75, 0 11,204 27

TrYIa11oypop (CH 2=C31CH,-.O) 2Si(OC3H7)2  .5-5 1, 4075 27

riallyloxydi- (CH=Ci-10S(C) 7 (2 .422)2
propoxysilane (2~C-10-ji(C&9 4,)50 1,222

Trial lyloxybut- (Cli 3=CHCH 2O),SiOC3-.C(CH3)2 85,5-86,5 - - 27
oxysiane 1(3 Mm)

Tr .~yoyiso- (CtI-.=CHCH2,O)2SiIOCIl2CUH(CHa)I 91 091,35 27
biitoxysi I ane (CI( )SCC- 3%7, om 21 - 2

Vial lylony-tes- (CI1=~lC IfIO:SiC(C 3)31 6303,5, 1,43212 - 7
bultoxysi 1 ne (2 mm

Ti allylon1 -tert- -10,-155

i al l voxyi-te- I(H~i 3 m
na tyi OX)- I( 2 CI C230)ISi(OC1 0 H 1104,532-10.2, - - ,

Ti al Iloxy-o- (3 gusm)

Tni at yoxyce- 1 3 33(II!10SOI1CIC 32833-129 -30G 27,
osi lane ~*26 -

Tietaylxy- 2C25-228.Q)8OCI~~CII J 11- 1,
isoitoxsi a (2 Me%)

Tri PtI lyloxy ditv- (CM 'CM ICI ICI .)SiOCI I.H (CI 1,) 11. 718 31,4306i 27
stox'ysi lone (3 mm)I

Trnitalyox- (CI 3,1 3-CHI IC! 3)Si 0 :I(C ),1.. 1214-8310 11,42196 - 27

isobutoxysiln (3 mr.

I imethal lyloxydi- ( .H 3 3 ))3SiCUt U ICI Is(CI, 10650-U7 -,15 27
tent- utoxysilane (0mat)

TNlethxyguaxycy- (Ci3O3 IOi1~~23-4
iooxysi e

Iiiproploxtl '1133 ''1( ((I ia: 3435 -3

oxysitoys I ane (20mm

Tiropnooxycty- 104-10):.5l )iO,; ~( ),3l~) 'tdst)ae - 1

si lane

E ii ne

20.
a) Name; b) Formula; c) Boiling Points 00; d) Refractive Index#~

e) Specific Gravity# d 20 f) Bibliography

poured into tetraethoxysilanee

Hydroirsis of Tetraethoxsilane in a Water-Alcohol Medium

The addition of the first drops of aqueous alcohol to tetraethoxysilane results

in processes which are represented rather accurately by the following equations:
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Table 25

Physical Properties of Esters of Polysiloxanes

a) b) C,)j) q

S1oae0 4Si 5(OCH-3)1, 207-215 1,222 0,116 1 111

Tetrpdecaethoxyhexa- (12 Mnm)
siloxane O5Sia(CCH3)14  230-250 1 1230 0,170 119"

Ocadeoape OSi.OCH)i 190-205 1,256 0,318 1I 19
octaslowae 07i8(O1V10 (0,002 mvor)

TCidecamethoxy- O.Sio(OC113)6 205-220 1,.260 0,375 1I 19
nonasi 1 oxane ,(0,0(02 MR)

rodidec rinthoxy- QS44)(OCI-1 3), 220-240 1 ,270 o,508 I1It
decasi Oxene (0.002 mm)

Tetethx~d- Si2 tlII(O&21 152]- 94-97 -21,2-1

IPexaethoxydi- MR)O~ 1) 5-61 - - esiloxane

oc.OeSi,( 0 C21 1 5), 268- 27:3 -22

()teho )Si(C1 38270-290 1 ,071 21.24
.ycyclo-(20 mm)

e aeytetra yn 03 Si4 (0C 2 10s), 208-212 - 46
sileoxfle t a (0, 004 mm)

Tetrd~ ethxy-O 5Si8(O 21 131 242--247 4t
Texrasoaeoy (0.,003m)
lexaioxn OSi,(C~l 1'), 20.1-'208 0,7tY 121,

1 0 nOC l-2C '11001 160-161 1 ,4394 - .49

1xaal lyloxy- (0mm
disiloxane :CIj4 1618 ,44

Hexutba1 lyl- 4mm -4911
Oxydisilcixane 1)i(X1,, 4520 -- 4,2

11*18~1-I5-190 1,4196 - 49,120'
(4 mW

HeX11PwpXclCO- ()4S14(CX, 4t1,)4 2201 -.225) 1,.4220 - 49,12"1
trisioxane 04M) 142

Octabutoxycyclo- u.,Sis(o:,I,, 245-250 149,2 - 4
tetrasiloxane (3 Mom)'

Decbutgfvcyclo- OSic(CX :41 I) 271 -280) 1,4230 - 49, 1I1M
pentsailoxeme (I MR)

08SW ('41101; 30- -36 1 1.4240 14,12
~decaltoxycYClO- MRi.) IIi,

i:exa~ecebutoxy- ()s i XC~I M.I I
-""1 oocta-

llexpheoxydi- V4 11) P*21 7

11exacyclyhexyl- *2

Hexe~Yc1Qhvjyloxy )Si 2 (X116h(uU IfCI I=CI 12)4 149- 151 I 41-hil 4.

8eai1 oxdie (77) mm)

Tetraethoxydibenzyl
oxydisiloxarie

a) Nam; b) Foruula; c) Boiling Point, 
0C; d) Specific Gravity, d4

e) Refractive Indext n 20. f) Absolute Viscosity, Poises; g) Bibliography
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C) b) 1) oq

ie.xpmethoxydi- 0Si(OC1.j)G 195-205 1,122 0,0114 I19slloxale I
Oct 'ethoxytri- Lgi.(O"l-: ). 248-258 1,163 0,038 1 P,

s loxane
I)ecamethoxy- ).Si4(0cIy.,h 170-195 1,197 0,074 II
tetrasiloxane (1 2 ( )1)

r0 - 1.3850.

n2° - 1.40759.
D

a) Name; b) Formula; c) Boiling Point, °C; d) Specific Gravity, d20
4,

e) Refractive Index, n 0; f) Absolute Viscosity, Poises; g) Bibliography

si((c:.I I,): , - 't-10 ((.l -O)aSiOll + c(I.iOH

2((.,l IO)aSiOl I - (C' I.O),-SiCi(OC H.j -4. I II0

((;jftu)$SiOSi(OCJi I3)a + I I, -- (CI-Iz,0).,SiOSi(OCH.,)H + C4I-IOH
((RI. I:0)aSi¢ )Si((C.,)th )Il+I Si(O,11)s, --

• (C,I.O)[Si((x:I,)tOIC. H + HIO etc.

The condensation of the intermediate products of hydrolysis, the alkoxyhydroxy-

silanes so formed, proceeds, apparently, almost immediately after the hydrolysis,

since up to now it has not been possible to isolate in the pure state any individual

alkozhydrozsilane of low molecular weight, for instance (C2H50)3SiOH. When an

insignificant quantity of water is introduced, linear polymers are for the most part

formed; thus, for example, when 0.5 mol of water per mol of tetraethoxysilane is

introduced into the reaction, I have obtained hamethoxydisiloxane as the principal

reaction product (Bibl.46, 47); when 0.75 mol of water is used, decaethoxytetrasil-

oxane; and when 0.82 ol of water is used, tetradecaethoyhexasiloxane (Cf.Table

27)* Later on, the hydrolysis of the side alkaxy groups, with the formation of

branched molecules, probably also takes place (in the individual form such products
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Table 26

Physical Properties of Trialkylsiloxanes

e)
c b) 25

nD

I[Si(( I )3  132-135 0,8745 108,121
Triethoxysilane 1 I Si((X'l I.- CI 1I(:11.), 110-112 0,9836 1,4284 O0, 1W)

Triallyloxysilane (14 Mim)

11S:(OCIl 17): 190-194 0,882 127(750I 1m

Tripropoxysilane (
I ISi[O(I 1 (1:) * 191- 192 0"126

Triisopropoxysilane I (750 mm)

190-194 C, 882 I- 9
(751 rm)

Tributoxysil anie ~I I S 411 L 240-242 ().889 Iu115-120 - 108 .121
(13 rM)

Tri-sec-butoxysil ane I ISilt X.1 j(( I1:) (. 1131., 21:3-215 11.8661 1 1,4'.54 I 108, 121
Trm lx ~ Iln ISi ((X :"[ 1E 132-135 1).8710 (27* ) 1,4210 126

Triutiyloxysilane .(5 m)I41 2

Triisoamyloxysilane fSi I-30I-( :0i,! (CI I)1.81 30.- 11 0 * 5( 15'-)

Trihexyloxysil ane I ISi(OC 11 I,3 13 1.1 -170 ().8701 1,4284 :2,
m3rm) 12t

lriheptyloxysilane IISi(s.( l I -14 .1 j, I i t, 2 60) 1 ,Ii.MOI 12h

Fiethoxybutoxy-. I ISd( )( Iv' 175.-177 1 , 1158 (26') 1 .531i3 12',
silane (.1 rm)

Ftho. tributoxy- lIS((x..u( j i 1,) 155 1,'5 1 0.8866 1 2,Miane

I ISI((W .. 1 I ) (( . I .! 1.,,): , 111''
ibutoxyamyloxy-
silane I is, 1)10.10.5)l. 1 1, ' 3. 2 -131 1',8742 S 14311 I',(I'A rM) (l8 Mn

'lutox.ydiamyloxy- J1s( ,)' JI 1 " I i7 -- I 7 -,1,(2 V) 1.1184 1i'
siane • ) mm)

7u-- ; .2.886 ! . 1.577 I 12,

Tri-F-j hloroethoxy- o I :1 i I . 1.-1 l 77 121,
si ane ],l( l I1 ). I 711,7 , 1, , 1,1-,77 12-

a) Name; b) Forla; c) Boiling Point, °C; d) Specific Gravityp d25

20 4
e) Refractive Indext nO; f) Bibliograph

have not been isolated). The average number of structural units in the chain in the

initial stage of hydrolysis strictly corresponds to the molar proportion of the
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water used in the reaction (provided it is added slowly enough), and may be found by-

the formula:

n

where x - average number of silicon atoms in the molecule;

n = number of mols of ester;

m = number of ools of water.

Table 27

Physical Properties of Products Liberated by Partial Hydrolysis of

Tetraethcxysilane and Tetramethoxysilane

a)b) C) 0 1 eI I O

Slexaetloxydi si oxane (CHO)eSitO 153--161 334 80.0 46
1 ecaethoxvetra- (3 mm)
siloxane (CH&O)hoSiOs 208-212 603 74,0

Tetradecaethoxy- (0,004 mm)
hexasiloxene (C2HQ)j4SioOQ 242-247 869 70,0 46

Ilexaimethoxydisiloxnne (0,004 m.)
em(CFaO)gSitO 195-205 256 - 1V
scoxane (CIlOaoSi4Oa 170-195 473 - 119(12 mm)

Dadq~fmethoxypenta- (CHOh SijO6 207-215 573 119
siloxane (5 mm)

a) Name; b) Fomila; c) Boiling Point, °C; d) Molecular Weight;

e) Ethcyl Value; f) Bibliography

When water is introduced in an amount close to 1 mol per mol of tetraethoxsil-

ane, the formila ceases to hold, owing to the formation of three-dimensional mole-

cules and to the considerable increase in the velocity of reaction.

Figure 7 shows a graph of the variation of the rate of hydrolysis of tetra-

ethoxysilane (Bibl.47) at a temperature of 65 - 700 C (4 tool of water were added to

1 ool of tetraethoxysilane). As will be seen from the graph, after hydrolysis of

about 94% of the total number of ethoxyl groups, the process of hydrolysis slows
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down considerably.

In the case of the gradual introduction of the water into the mixture, the

growth of the molecules takes place not only on account of the lengthening or

4' 3

b) - b)21

0 2 4 o10 
) AP 0 /19 0/

Fig,7 - Relation between Degree of Fig.8 - Viscosity of Hydrolysed Tetra-

Hydrolysis and its Duration ethoxysilane vs. Quantity of Water and

Duration of Hyrolysis:

a) Duration, hours; b) Number of

1 - 2 mols of water to 1 mol of ester;
hydrolyzed ethox groups, %

2 - 4 mole of water to 1 mol of ester;

3 - 4.8 mols of water to 1 mol of ester;

4 - 8 mols of water to 1 mol of ester

a) Time# days; b) Viscosity, centipoises

branching of the silc.xane chain, but also on account of the cross-linking of the

molecules by siloxane bridges and the formation of a polymer of spatial structure.

As the number of ethoxy groups decreases, the probability of an effective collision

with the molecule of water also decreases, and more and more water not participating

in the hydrolysis reaction remains. Figure 8 shows the viscosity of tetraethoxysil-

ane plotted against the amount of water added. When 2 mole of water are added to

1 mol of tetraethaxsilanev the mixture still maintains constant viscosity for many

months (if there are no traces of acid present). When 4 mols of water are added,

the viscosity of the mixture increases very slowly (Bibl.48), and it is only when
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8 mols of water to 1 mol of tetraethoxysilane are used that the viscosity rises

rather rapidly. The hydrolysis leads ultimately to gelation, owing to the formation

of spatial high-molecular polysiloxane, with a certain number of hydroxyl and ethoxy

groups, and whick firmly adsorbs water and alcohol.

If the process of hydrolysis is conducted rapidly, by pouring an excess of

water into a dilute solution of the ester, the character of the hydrolysis is sub-

stantially modified (Bibl.49). In studying a solution containing 1.88 mol of tetra-

ethoxysilane, 5.32 mols of water, and 0.000155 mol of catalyst (Hc) to the liter,

only high molecular non-volatile polymers and an insignificant amount of heocaethoxy-

disiloxane were found in the hydrolysis product. Other intermediate products of

hydrolysis were found in the mixture. In connection with the above, the following

mechanism of the process may be proposed. In its first stage, the process leads to

the formation of heoaethoxdisiloxane. The velocity constant of hydrolysis of

disilaxane is somewhat less than that of tetraethoxysilane, but the presence of a

considerable number of etho.V groups in the molecules increases the probability of

the formation of compounds with two hydrox7l groups, of the type HO(C 2 H5 O)2 SiOSi

(oc 5)20H.

The velocity of the condensation process considerably exceeds the velocity of

hydrolysis, and such a compound can easily form not only the trimer, but also a

higher-molecular product. The trlmer has a velocity constant of hydrolysis that is

only slightly different from that of the dimer. But the probability of the forma-

tion of a high-molecular compound from it is still greater. Thus the number of

low-molecular products of partial hydrolysis in the process of hydrolysis is sharply

reduced, and the principal reaction product consists of space polymers of high mole-

cular weight.

Hydrolysis of Tetraethoxysilane in an Acid Medium

The most important factor that determines the kinetics and mechanism of the

process of hydrolysis, as well as the structure and properties of the end products,
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is the pH value of the medium. Under the action of 12 N HCl on a solution of tetra-

methcxysilane, hydrolysis proceeds immediately, and a large quantity of heat is

liberated, forming a gel. The conduct of the hydrolysis process in dilute solutions

in the presence of dilute acids has allowed a rather detailed study of the kinetics

of the hydrolysis process (Bibl.48). This study was made by means of periodic

determinations of the alcohol and water contents of the reaction mixture obtained on

mixing dilute HCI with a solution of tetraethcxysilane in dioxane, and also in

methanol and ethanol. The water content in the mixture was determined by titration

with Fischer's reagent, and the alcohol content by distilling it off from the reac-

tion product and determining the etho.V groups in the distillate (cf.Tab2 e 28).

It will be seen from Table 28 that the rate of hydrolysis strongly depends on

the acidity of the medium. When the acidity is reduced below 0.005 mols to the

liter, the rate of hydrolysis is sharply retarded, while when the acidity falls

below 0.003 mols to the liter, the process of hydrolysis does not proceed to comple-

tion, even in hundreds of hours.

An indicator used to evaluate the influence of the acidity of the medium on the

course of the hydrolysis process is the quantity of water consumed during the pro-

cess of hydrolysis, that is--the difference betVeen the number of ools of water en-

tering into the hydrolysis reaction

--- - . - . -i---oI-H + C211,-U!!

and the number of molecules of water liberated on condensation according to the

reaction

-SI-01 + tIO-i- > -Si I-Si I-I,0
tI I I

Figure 9 shows the kinetics of variation of the quantity of water consumed as
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Table 28

Hydrolysis of Tetraethoxysilane in Dioxane

-...... q) h)

a) HG e)%

0,063 U, 1924 1.432 2 1(1 86
2 0,0281 0,2043 1,592 1.201 97 91
3 0.0053 o,2132 1,470 (i.40 100 97
4 0,0029 0,168 1,594 160 100 --

5 0,0022 0,358 2,45 500 90
6 0)n ,20 5 I .2)7 I 40 I1M)

2.40 66 l(lX)
5.201 87 10)
170 88

7 0,000022 1 0, 2132 1 ,24! 170) 10

a) Experiment Number; b) Initial Concentration of Solution, mol/liter; c) HCl;

d) Tetraethoxysilane; e) Water; f) Time, Hours-min.; g) Degree of Hydrolysis, %;

h) Condensation of Hydrolysis Product, %

a function of 'he acidity of the medium.

It has been found emperimentally that the hydrolysis reaction at HCl concentra-

tions of the order of 0.003 mol per liter is a second-order reaction. Adopting the

notation: to - initial concentration of tetraethoxysilane, M to - initial concen-

tration of water, and x - number of mols of tetraethoxsilane entering into reac-

tion, the general equation of the kinetics of the process may be written as follows:

,ix S(Ml ) (2-S, e)

or, after integration:

Mt" U t - 2.S1r  l

As a result of the incompleteness of the processes of condensation, the total

quantity of water (2x), used in the reaction of hydrolysis will not be equal to the

dLfference between the quantity of water introduced and that of the water remaining

in the medium at time t, and it is necessary to have a factor related to the incom-
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pleteness of the condensation:

"2 -, *2) . .,, ' It

Knowing the value a for a given value of the acidity, the relation of the value
Mto - x

of log 2Sto-x with the time in the form of straight lines (Fig.lO), the velocity

constant of reaction being determin-

20 -ed for each value of the acidity by

J 4.-- an equation into which the value of
b) 7 - the angle of inclination of the

~7 60, -20 / .. 2 "0 -25straight line, P, enters:s o 1oo1o &01 20 Ma 47

2, 30Ut

Fig.9 - Number of mols of Water Consumed f -P_ 2,

in the Hydrolysis of a Solution of Tetra-

Calculations of K show that the
ethoxysilane in Dioxane vs. Duration of

log of the value of the velocity
Hydrolysis and Acidity of Medium:

constant of reaction is a regular
1 - 0.063 ol HUl to 1 liter of solution;

function of the acidity of the
2 - 0.0381 mol HUl to 1 liter of solution;

medium (Fig.ll). This relation may
3 - 0.0053 mol 11C1 to 1 liter of solution;

be expressed by the following equa-
4 - 0.0016 nool HUl to 1 liter of solution;

tion:
5 - 0.000022 mol to 1 liter of solution

log K = log [HCI]+ log 0.051.
a) Time, minutes; b) Quantity of water

consumed, mols Thus the value of the ratio be-

tween the reaction constant and the

HCl concentration is a constant, which for a solution of tetraethoxysilane in dicox-

ane at 200C, is equal to 0.051.

A comparison of the values of the velocity constant at 200C and 45.30C made it

possible to calculate the energy of activation according to the well known equation
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d-in K
( -T IT':Q = 6,8 kcal/mol

When the temperature is increased from 200C to 45.30C, the rate of hydrolysis

increases by a factor of 10.

210
e.?

4 -7

'o,s -3-4-3-2-1 o

a 4 d

Fig.l0 - Relation between Rate of Fig.ll - Relation between Velocity

Hydrolysis of Tetraethoxysilane in Constant of Hydrolysis of Tetra-

Dioxane and the Acidity of the Medium: ethoxysilane and Acidity of Medium

1 - 0.063 mol HC to 1 liter of solution;
a) log of molar concentration of

2 - 0.0281 mol HC to 1 liter of solution;
HCl;

3 - 0.0053 mol HCI to 1 liter of solution;
b) log of velocity constant of reac-

4 - 0.0016 mol HC to 1 liter of solution;
tion

5 - 0.000022 mols to 1 liter of solution;

a) Time, hours

A study of the process of hydrolysis shows that it proceeds in an alcoholic

medium as it does in dioxane (Bibl.48) (Table 29).

The same value obtained for the velocity constant indicates that the process of

esterification does not take place under these conditions.

The mechanism of hydrolysis in an acid medium has been connected with the for-

mation of the oxone compound, which reacts with the ester according to the formula:
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HOlI HCI
Si-()R -f- H:1 C1 - =i--OR - -- SIOH + ROH + H(I (1)

or:

I I HC11-Id
1140 + Si(R + IICI -- 110: Si--OR -- : -SiOH + ROH + HCI (2)

Table 29

Hydrolysis of Tetraethoxysilane in Methanol

e)
1ICI C) d) K'HCII

0,0034 0.624 2,32 0,20 0,054

0,0016 0.210 1.207 0,104 0. 06 '

(.(X)37 .24 1,16 ',.12 0.042

a) Initial concentration, mol/liter; b) HCl; c) Tetraethoxysilane; d) Water;

e) Velocily constant of reaction, K x 103; f) Radio between reaction constant

and HCl concentration, K/[HCl]

The reaction velocity depends on the velocity of rearrangement of the bonds or

of the addition of the hydroxyl group to the tetraethoxysilane molecule. In both

cases, the velocity is determined by the product of the concentrations of water and

hydrogen chloride.

The preference may be given to the first reaction, as a bimolecular reaction.

As a result of a study of the kinetics of the process (Table 28), the conclu-

sion may be drawn (Bibl.48) that the velocity of the process of condensation in an

acid medium considerably exceeds the velocity of hydrolysis, so that it is not

possible to isolate hydroxyl-containing products of hydrolysis from the mixture.

In a weakly acid medium, when the acidity is reduced, the velocity of

hydrolysis is also reduced, so that the possibility of complete condensation of the
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hydroxyl groups as soon as they are formed is increased, and at an acidity of less

than 0.003 mol per liter, in the absence of a large excess of water, the process of

hydrolysis in dilute solution leads to the formation of polymers not containing

hydroxyl groups.

An increase in the temperature of hydrolysis favors a greater degree of comple-

tion of the processes of condensation, thus, at 200C and 45.50C, other conditions

being equal, the degree of condensation is respectively 89% and 93%, but even at a

temperature above 500C, the condensation still does not proceed to completion.

In contrast to the hydrolysis of SiC14 , the formation of cyclic compounds

[(C2H50) 2SiO]x, with molecular sizes 11, 6, and 4.1 A, is noted on the hydrolysis of

tetraethoxysilane in an acid medium.

The stability of the sol of the hydrolysis products depends mainly on three

factors. The principal factor is the acidity of the medium. When the acidity is

reduced below 0.002 mol per liter, the velocity of gelation rapidly rises. The

other factors are the concentration of the starting monomer in the solution, and the

amount of unreacted monomer. When the concentration of the hydrolysis product in-

creases, gelation is accelerated, but the presence of unreacted tetraethoxysilane in

the mixture stabilizes the sol of the hydrolysis product.

If the solvent is removed from the products of incomplete hydrolysis of tetra-

ethoxysilane, then an infusible compound (a powder outwardly resembling silica gel)

containing a few percent of ethoxy groups, is formed. This powder is completely in-

soluble. A study of the films obtained by evaporating solutions of hydrolyzed

tetraethoxysilanes on a mercur 7 surface by X-ray diffraction shows the structure of

the polymer to be similar to that of frozen solid tetraethoxysilane. It follows

from this that the end-groups of polysiloxane are ethoxy groups.

Hydrolysis of Tetraethox-silane in an Alkaline Medium

The presence of alkali in the solution being hydrolyzed likewise favors the

acceleration of the process of hydrolysis of tetraethoxysilane, but the character of
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the hydrolysis in alkaline medium is somewhat different. The results of hydrolysis

in a medium of methanol, ethanol, or dioxane in the presence of an alkali are

summarized in Table 30.

Table 30

Hydrolysis of Tetraethoxysilane in Various Solvents in the Presence

of Alkalies

b') cj)

__________ -d)_ e) h

Methaoi 0,047 0.235 1,06 0 0 00,976 0-03 0,11 -
0,768 0-09 0,99 -

0,597 0-25 1,72 -
0,557 0-53 1,89 4,0
0,520 10-00 2.04 4,0

0,0185 1,25 2.44 0 0 0
I 2,29 0-04 0,12 -

2,12 0-21 0,256 -
1.81 2-15 0,505 -
1.70 3-40 0,590 -
1,13 18-00 0,97 -

-a.1 10,0103 0,2305 0,985 0 0 0
0,89 2-25 0,41 -
o,835 23-25 0,65 -
0 77 47-00 0,93 --

i 10:72 119-00 1 ,14 2,2

Diorane 0,035 0,236 2,0 3-00 0,75 1,2
0,0145 0,2144 1,62 240-00 (),35 0,520, 0083 0.,236 1 .92 300 ), 3 O, 5
0,00391 0,236 1,67 300 0l j 0, 5
0,0(X)205 1),236 1,424 30000 0 0

0),220 0,846 0 ( 0
Mno;&, 0,220 0855 0-10 0,64

1,56 0,220 0.';n8 24-00 0,75 --

0,227 It2 0 0 -
0,144 0,227 I 1,002 22-30 0114 -
0,144 0.227 I 0.945 147-00 (1.365 -

a) Solvent; b) Composition of Mixture Hydrolyzed, mol/liter; c) Alkali;

d) Tetraethoxysilane; e) Water; f) Duration of Hydrolysis, Hours-minutes;

g) Number of ols per ol of Tetmethoxysilane; h) Of Water Consumed;

i) Of Alcohol Liberated

The data presented in Table 30 indicates the strong dependence of the course
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of the condensation process on the pH of the medium and on the nature of the sol-

vent. Hydrolysis in an alkaline medium in general proceeds more slowly than in an

acid medium, and requires the presence of relatively large amounts of alkali.

Hydrolysis in methanol proceeds most rapidly. It is noted that an increase in the

concentration of tetraethoxysilane involves the precipitation of the polymeric

hydrolysis product in the form of a white precipitate. The same thing is observed

in solutions in ethanol, although the rate of reaction in such case is somewhat

slower. In dimcane, the reaction proceeds most slowly of all, and at high alkali

concentrations two layers are fomed, a solution of the monomer in dioxane, and an

aqueous alkaline sol of the hydrolysis product.

At alkali concentration of the order of 10-3 mol per liter, the process of

hydrolysis in dilute solutions is practically completely stopped.

Ansonia and pyridine catalyzed the hydrolysis reaction only when present in

considerable quantities, while, in azuoniacal solutions, the imediate condensation

of the hydrlysis products takes place and the polymer is almost immediately thrown

down in the form of a white flocculent precipitate.

The order of the reaction was determined by comparing the time necessary to

reach a certain degree of hydrolysis at different concentrations of the reagents.

It was found that at low concentrations of the reagents, the reaction of hydrolysis

of tetraethoxsilane is of the first order, and, consequently, may be described by

the following equation:

2,30319 (2S10 - x) --- K + C

where K is the velocity constant of reaction, whose value is close to that of the

reaction of acid hydrolysis (cf. page 268 and Table 31).

In contrast to acid hydrolysis, the rate constant of alkaline hydrolysis is not

proportional to the concentration of OH ions, but is a linear function of it:
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K jNaOiHj
" -I NaOH 2,1

Table 31

Hydrolysis of Tetraethoxysilane in an Alkaline Medium

a) b) c)d)
K INaoHI

0,0347 0,235 1,67 0,047

0,0130 0, 162 1.70 0,029

a) Concentration of Alkali, mol/liter; b) Concentration of Tetraethoxysilane,

ol/liter; c) Velocity Constant of Hydrolysis, K x 103; d) Ratio of Velocity

Constant of Hydrolysis to Concentration of alkali, K/[NaOH]

This relation is graphically represented in Fig. 12 (cf. also Table 31).

In the case of more concentrated solutions, the rate constant falls sharply,

and the relative time necessary to reach a certain degree of hydrolysis at different

concentrations is different. At a concentration of tetraethoxysilane in the mixture

of 0.936 ols per liter of solution, the process of hydrolysis is a first order re-

action until 30% of the reaction has been completed. At a tetraethxysilane concen-

tration of 1.25 ol per li+tr, the velocity of the reaction decreases sharply, and a

preci.pitate is thrown down imediately after the beginning of the hydrolysis.

The polymer obtained in an alkaline medium has a structure different from that

of the product of acid hydrolysis. In the foruer case, the addition of monomer does

not exert a stabilizing influence on the sol of the hydrolyzate. It may be postu-

lated that, together with the intermolecular condensation of the hydrolysis pro-

ducts:

-Si-OI -t- HO-Si- - ,-Si---Si-+lo
I 9 I 
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the reaction of formation of silanolate groups also takes place:

II
-S1- +~ -- NPO)H -S j--- ONnI1~

This reaction probably takes place on the surface of the polymer, which results

in the slowing of the process of dissolution. Obviously the separation of phases in

hydrolysis in dioxane is also connected with this.

As for the mechanism of the process of alkali hydrolysis, here the existence of

nucleophilic substitution is postulated, but, in contrast to the process of acid

hydrolysis, the rate of reaction increases with increasing dielectric constant of

the medium, which is obviously connected with dissociation. The following mechan-

ism of nucleophilic substitution is proposed:

-- SiOR .. 110 :SiOR- HOSi- -- 0R

RO -+ Ilol - , ROll +Iio-

Here, the obvious factor determining the velocity of reaction is the cleavage of

the nucleophilic complex.

Hydrolysis of Other Tetraalko~ysilanes

The processes of hydrolysis of various esters of orthosilicic acid differ in

reaction velocity and in the structure of the end product, but fundamentally the

mechanism of the process is analogous to what has just been described.

From the mixture formed under the action of insufficient water on tetrameth-

oxysilane, individual polymethoxysiloxanes containing from 2 to 10 silicon atoms in

the siloxane chain have been isolated. The hydrolytic cleavage of the methoxy

group proceeds more easily than that of the ethoxy group. On introduction of 1 mol

of water per mol of tetramethoxysilane (Bibl.49), the average molecular weight of

the hydrolysis products (which obviously have a branched or linear structure) is as
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much as 10,000. The gel obtained as a result of the hydrolysis of tetramethoxysil-

ane contains an insignificant number of methoxy groups.

The hydrolysis of the isopropyl and

isobutyl esters of orthosilicic acid pro-

/ ceeds at a lower intensity. The initial

hydrolysis products have been obtained
/0 20 36" 40

a) (Bibl.49) by reacting SiCl4 with a mixture

of an alcohol and the calculated quantity
Fig.12 - Velocity of Hydrolysis of

of water; for instance, with a ratio of
Solution of Tetraethoxysilane in

0.5 mol of water per mol of SiC14, the
Methanol vs. Alkalinity of Medium

principal reaction product is the hexa-
1 - 0,161 mool Si(0C2H5 )4 + 0.0130 reel

alkoxydisiloxane. It is very interesting

NaOH per 1 liter cf solution; 2 - 0.235
that together with linear polyalkoxysil-

mol of Si(OC2H5 )4 + 0.0347 mols NaOH
oxanes, it has also been possible to ob-

per liter of solution
tain cyclic polysiloxanes, for instance

a) Time, minutes
tetramers [0oi(OR)2]4 and the higher sil-

oxanes, which according to the author's opinion, have the structure of condensed

tetrasiloxane rings. These compounds were the first siloxane hydrolysis products

not containing the Si-C bond to be isolated in the free state. On heating the hy-

drol-sis product of the isopropyl ester of orthosilicic acid, processes of condensa-

tion occur, with cleavage of diisopropyl ester or of its decomposition products, iso-

propyl alcohol and propylene:

I i
-t)--i-R - -O - 4 -- SiSO + R2()

() () () ()

In the case of octaisopropoxycyclotetrasiloxane, the process obviously proceeds with

the formation of cross-linked rings, and also, perhaps, of a certain quantity of

condensed rings of the type:
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OR

(RO)2 SiO~lOSi (OR)-2

I0I

RO), sioSiogio(oR 0,,

OR

The further process of condensation cannot be exactly described on the basis of

these experimental data. Only certain general considerations may be expressed, to

the effect that the cyclic products so formed are joined together through the

Si-O-Si siloxane bonds with liberation of an ester on account of the alkoxy groups.

The formation of complex mixtures of polymeric homologs of linear, cyclical, or

cross-linked structure is the most probable.

Hydrolysis of Hither Tetraalkoxysilanes in the Presence of Catalysts

A study of the process of the hydrolysis of higher tetraalkoxysilanes in an

acid medium (Bibl.49) shows that the regularities pointed out for tetraethoxysilane

also hold for the higher tetraalkoxysilanes. The process of hydrolysis is rather

accurately described by the equations for a second-order reaction, the rate con-

stant varying approximately in proportion to the hydrogen-ion concentration.

Thus, to evaluate the velocities of hydrolysis of various tetraalkoxvsilanes,

the ratio between the velocity constant of hydrolysis and the hydrogen ion concen-

tration may be used. The equation for the second-order reaction reflecting the

course of the process of hydrolysis (cf. page 269) may in this case be written as

follows:

M - x Me - 2S " mt.

-. x --h+IK -11-- K. -" 7

where
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K

If the equation is written in the following form:

I / MJ-x M t o Mt° -2Sto

and the time-dependence of the quantity

I11+] Ig  2 t. --x I t

is plotted on the graph (Fig.13) then we shall have a family of curves, by using the

angle of inclination of which, by analogy to the preceding, the values of the velo-

city constant of reaction can easily be calculated for various tetraalkoxsilanes.

Table 32

Hydrolysis of Tetrahexylsilcwane

b) c) I d))

J . c)X(H )

0.0244 I 0.238 1.292 2,15 0,00888

.'765 0.236 1 .3152 0.65 0,0081

a) Initial Concentration, ol/liter; b) HCl; c) Tetrahemlxcyilane; d) Water;

) Velocity Constant of Reaction, K x 104; f) Ratio between Velocity Constant

of Reaction and Hydrogen Ion Concentration, K/IH + ]

The variation in the value of the velocity constant is determined primarily by

the molecular weight of the alkax group (by the number of carbon atoms, cf.Fig.14),

and also by its structure. The presence of branches in the carbon chain of the
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alkoxy group sharply affects the velocity of hydrolysis of the lower tetraalkoxysil-

anes, and, to a lesser extent, that of the higher tetraalkoxysilanes (more than 10

carbon atoms), which indicates the existence of steric hindrance as the factor

which, to a certain extent, determines the course of the process of hydrolysis.

s0

49

j:o- -, 30

, "2  - -

Zt 4 f /
I '--, jI,,

Fig.13 - Dependence of Velocity of Fig.14 - Velocity Constant of Hydroly-

Hydrolysis of Tetraalkoxysilanes in sis of Tetrualkoxysilanes vs. Number of

an Acid Medium on Size and Structure Carbon Atoms in R Group:

of the Alkoxy Group 1 - Si(OR)4 ; 2 - (C2 H50)2 Si(OR) 2

1 - Si(0C 2 H5 )4 ; 2 - Si(0C4 H9 )4 ; a) Number of carbon atoms in R group;

3 - Si(0C6H13)4; b) Velocity constant of hydrolysis,

4 - Si OCH[CH2 CH(CH2 )2 ]2 4. K X03

a) Time, hours

A study of the process of hydrolysis of tetraalkoxysilanes containing both

higher and lower alkoxyl groups is very interesting. In this case, the above con-

sideration would lead us to expect the formation mainly of lover alcohols during the

process of hydrolysis. But the experimental results do not confirm this. We pre-

sent, as an example, the hydrolysis of dihexyloxydiethoxysilane (cf.Table 33).

For tetraalkoxysilanes containing unlike alkoxy groups, the following values of

the velocity constant of hydrolysis, related to unit concentration of ions, K/[I{,
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were found.

Table 33

Hydrolysis of Diethyloxydiethoxysilane

b) )

nci d) e) ) )

Fthanol O,uOI 3) . 1,4() U,377 1,38 1.20

Ethanol + Ilexanol 0,0013C) 1.51 0, i 1.25 1, 3M

a) Solvent; b) Initial Concentration, mol/liter; c) HCl; d) Water; e) Dihexyloxydi-

ethoxysilant; f) Number of mols of Alcohol Formed per mol of Ester;

g) Hexanol; h) Ethanol

Table 34

Ratio of Velocity Constant of Hydrolysis of Various Alkoxysilanes to

Hydrogen Ion Concentration (K/[H4 ]

A) R-C H -~I IIClII((II,): t-.Clt-C,t 1 ,,

R-CI I It - CtHLII.CH(CIi., I

si(OR)4 " O.001 , ,.(,PtI14
(CHOSi(OR)a (1 --
(CtlO),Si(OR) 4) 054) U,*0l5 1.,uO'95 L
((liO)Si(OR) 51,60

For Si(OC2 H5)4 , 1/(H)- 0.051.

a) Formula

These data allow us to draw the conclusion that the presence of unbranched

alkoxy groups in the compound (cf.Table 34), slows the process of hydrolysis only in

the case where there are more than two of them in the molecule. If their number is

exactly two, then the velocity of hydrolysis of a tetraalkoxysilane with two branch-

ed and two ethoxy alkoxy groups holds close to the velocity of hydrolysis of the
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corresponding branched tetraalkoxysilane. From these data the conclusion may be

drawn that the velocity of hydrolysis is completely detennined by the screening ac-

tion of the radicals of the alkoxyl groups, or, in other words, that the fundamental

rate-determining factor for the process is the difficulty of the water molecule or

hydroxonium ion penetrating to the oxygen of the ether bond Si-OC. After the

attachment of the water or hydroxonium, however, the further course of the reaction,

the authors assert, does not depend on the structure of the alkoxy group, or depends

on it only to an insignificant extent, and the relative stability of the Si-OC bond,

depending on the presence of these or those radicals, then affects the ether=bond

disruption rate, itself, only to an insignificant extent.

In contrast to the processes of hydrolysis of tetraethoxysilane, in the

hydrolysis of the higher tetraalkoxysilanes, the processes of reesterification of

the free hydroxyl groups by the alcohols, which are solvents, and consequently are

present in considerable excess, does have a certain importance.

The tetraphenoxysilanes are hydrolyzed with relative ease by water. At the

very instant of contact between tetraphenoxysilanes and water, polyphenoxysiloxanes

are formed, and if alcohol is added, or on boiling with water, hydrolysis proceeds

practically to completion. For instance, when 0.1079 g of tetraphenoxysilane is

boiled with 150 g of water, 98.6% of the theoretical quantity of phenol is formed.

The considerable acceleration of the hydrolytic processes is caused usually by the

presence of additional functional groups in the molecule of the ester of ortho-

silicic acid (Bibl.102), for instance of chlorine in Si(OC2 H4 C1) 4 or of the ether

group in Si(OC2 H4 OR) 4 .

The rate of condensation of the hydrolyzates of the higher tetraalkoxysilanes,

and the hydrolyzates of tetraethoxysilane, both in dilute solutions, are close to-

gether; the final stage of the condensation decreases with increasing acidity and

with the increase in the molecular weight of the alkoxy groups (cf.Table 35).

On the hydrolysis of esters whose alkoxy groups have unwieldy radicals, poly-
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mer- containing hydroxyl groups are fozed. This is obviously related to steric

hindrance as well, for the long carbon chains, and even more, branched or cyclic

Table 35 chains, prevent the approach of the

Relation between the Degree of Condensa- hydroxV1 groups, thus hindering the

tion of the Hydrolysis Products of process of condensation. Thus, for

Alkoxysilanes and the pH of the Medium ecample, the polymeric products of the

hydrolysis of cyclohecyloxchlorosil-

a) b) c) anes always contain free hydroxyl

groups, and it is possible to run the
. 1, 0115) 4 ,002 itWo1.005 970,028 9l reaction according to the formula

0,063 910,06 86
i.(H 76 $8 .r iCIIl1 O)Si(-i. . (C.H,,O),, SiOj.,

a) Formula; b) HCl Concentration, only when ether solutions of dicyclo-

ol/liter; c) Degree of Condensation, hexyloxydichlorosilane are reacted with

in % of Number of Alkoxy Groups Split dry silver carbonate (Bibl.50), thus

Off forming the cyclic trimer and tetramer.

From tricyclohoxyloxychlorosilane under

similar conditions, hecacyclohoxylexydisilamane is obtained:

2 (CH1 ,O), SiCI + Ag.O( • ((-S H,1 O),SiOSi(OCeHj,)* -1 2AgCI + (O.,

and f-o cyclohexyloxytrichlorosilane, the polymer CSi(OC6 Hll)Ol5]x, whose struc-

ture recalls that of the compounds obtained by the complete hydrolysis and condensa-

tion of alkyltrichlorosilanes. In this case, when the silver carbonate used for

the reaction contains traces of moisture, hydroxpolyalkoxysiloxanes are formed.

JiZdrolysis of PolyalkoxYsilqaWnes

In studying the kinetics of the process of hydrolysis of polyalkcoxysiloxanes,

the basic propositions established for the hydrolysis of the tetraalkoxysiloxanes

were confirmed (Bibl.49). The velocity constants of hydrolysis of the alkcxyl
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groups and the ratio K/[H] decrease for the polymers with their increasing mole-

cular weight, which is illustrated by Fig.15, and by the data of Table 36 on the

hydrolysis of polyethoxysiloxanes.

Table 36

Hydrolysis of Polyethoxysiloxanes

b)
,- : - - oc,,I i ii

0 oti r + (4 1.', I I),028
. on,)mer + ( 22 ? rimer ) ('II I 352 1 .369 0).023,i rimrer - (1, Tj 1 ,34"7, 1 ,376J 11,017

1o] y thoxvsiloxane I 1,)1l72 1. 3 0O02
I~~~~~ lv~lxshxn .i)O .) 137 1,.171)  11, 004',

Polyethoxysiloxane in which the ratio Is:.. 1.585.

a) Starting Compound; b) Initial Concentration, mol/liter; c) HCl; d) Water;

e) 0C2 H5 ; f) K/(H*]

Figure 16 shows that, with lengthening of the polysiloxane chain, the value of

the constant decreases, this decrease becoming smaller and smaller and ultimately

being stabilized when it reaches about 1/6 the value of the constant for the mono-

mer. It must be noted that the variation of the velocity constant of hydrolysis of

polysilxanes, as a function of the siloxane chain length, is considerably smaller

than the variation of the velocity constant of hydrolysis of tetraalkoxysilanes as a

function of the increase in alkoxy-group length. This confirms the above hypothesis

that the rate of hydrolysis is primarily determined by the ease with which water or

a nucleophilic reagent penetrates to the ether oxygen, for which a long organic

group is naturally a greater obstacle than a siloxane chain.

In a utudy of the hydrolysis of polyisopropoxysilomane in the presence of a

normal solution of ammonia, it was found that for different polysiloxanes, the
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process proceeds with approximately the same velocity (Fig.17). In the absence of a

catalyst, the velocity of hydrolysis decreases sharply.

b)

40J

Fig.15 - Relation between the Velocity Fig.16 - Relation between Velocity of

of Hydrolysis of Polyethoxysiloxanes Hydrolysis of Alkoxyl Groups in Poly-

in Diocane and the Composition of the ethomysilomanes and the Length of the

Polymers: Siloxane Chain

1 - 60% Monomer; 40% Dimer; 2 - 68% a) Monomer; b) Dimer;

Monomer; 32% Trimer; 3 - Trimer; c) Trimer; d) Polymer

4 - Polymer in which the Ratio
CH 0

S. "1.585

a) Time, minutes

In estimating the values of the velocity constant of hydrolysis of tetraalkoxy-

silanes, it must be borne in mind that the constants represent average values deter-

mined by the velocity constants of hydrolysis of all the intermediate polysiloxanes

that are formed. The reduction of the velocity constant of hydrolysis of disilox-

ane by comparison with that of tetraalkomysilane is due to the exclusion of the

largest component that determines the hydrolysis of the first alkoxy group, etc.

Tetraethoxysilane is of the greatest practical importance among the esters of

orthosilicic acid. Most papers on the practical conduct of the process of hydroly-

sis and the use of the products relate to this compound. There are several differ-

ent methods of hydrolysis: blowing of moist air, hydrolysis in aqueous emulsion and
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in alcoholic solution. "Ethyl silicate 40", for instance, is brought to the stan-

dard viscosity and SiO2 content by vigorous mixing with the necessary quantity of

water in the presence of emulsifiers (Bibl.45).

Prevaration of aqueous sol of

oo deeply hydrolyzed tetraethoqxsil-

an. (Bibl.45). The hydrolyzed

product, containing 40% of SiO2

("ethylsilicate"), 20 parts by

2 j 4 jvolume, is vigorously stirred for

1 hour with 4 parts by volume of
Fig.17 - Relation of the Velocity of 5% HCl, and 76 parts by volume of

Hydrolysis of Polyisopropwcsiloxanes
water are then added to the mix-

to the Length of the Siloxane Chain, ture. The sol so obtained does

and to the Catalysts:
not coagulate for several days.

1 - Hydrolysis Of (C3H70)6Si2 in pre- For several purposes it is

sence of 1 N NHOH solution; 2 - Hydroly- convenient to use esters of ortho-
sis of (C3 H70)8Si 3 02 in presence of 1 N

silicic acid hydrolyzed by pro-
NH4 0OH solution; 3 - Hydrolysis of longed heating with water at the

(C3 7 0) 8 i,02 in presence of 1 N NH4 H boiling point; the product con-

solution; 4 - Hydrolysis (C3H70)6Si2O by sists of a mixture of

water
high-molecular viscous soluble

a) Time, hours; b) Number of polyethecysilacanes (Bibl.31, 100,

Hydrolyzed isopropox groups, % 101).

The method of hydrolysis that

is most widely used and is most reliable, however, is hydrolysis in the presence of

an aqueous alcohol (usually ethanol or methanol). The most widely used catalyst

for the process of hydrolysis is HC1, and its concentration in the water going to

the hydrolysis ranges from 0.3 to 5% (depending on the necessary rate of hydrolysis
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and the required acidity of the end product).

Figure 18 gives a solubility diagram of the system tetraethoxysilane-denatured

94% alcohol-water (Bibl.51). The line AB corresponds to a mixture containing the

49 /O_25%

go ,XX

/00 .9 80 70 Fo 60 40 30 20 /0 C)1a) -- 0.c

Fig.18 - Solubility Diagram for the Ternary System

Tetraethcxysilane-Alcohol-Water

a) Tetraethoxysilane; b) Alcohol; c) Water

quantity of water theoretically necessary for complete hydrolysis. The amount of

water usually introduced into the reaction is somewhat smaller than that theoretic-

ally necessary, so that polysiloxane still retaining a certain number of ethoxy

groups is formed, which favors adhesion and improvement of the mechanical indices of

the hydrolyzate.

The maximum quantity of SiO2 in the single-phase mixture containing the theore-

tical quantity of water is 17.5% (the composition of such a mixture corresponds to

the point 1: 35% alcohol, 8% water, 57% tetraethoxysilane). But such a mixture is

not sufficiently stable for a prolonged period. Better results are obtained when

the hydrolysis is run in two stages:

(1) preparation of a partially hydrolyzed product which may be kept for any
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length of time (the point 2 : 73% tetraethoxysilane, 2% water, 25% alcohol);

(2) preparation of the completely hydrolyzed product.

In not less than 12 hours after the first stage of hydrolysis has been ran,

water is added in an amount assuring complete hydrolysis (point 3 : 69% tetraethoxy-

silane, 8% water, 23% alcohol). The mixture is a single-phase system, since as a

result of the partial preliminary hydrolysis, alcohol is formed. In a few hours,

the hydrolysis is complete, and the mixture is ready for use.

We have already pointed out the advisability of using a polymeric product con-

taining as much as 40% of SiO2 for hydrolysis.

a)

A_-- 35

JA -b/ e -./ .,

I 9 7 1 616$040 302I is'b) --- 6- - )

Fig.19 - Solubility Diagram for the Ternary System: "Ethyl silicate 40" -

= Alcohol-Water

a) Ethyl silicate; b) Alcohol; c) 'Water; d) Region of mixing;

e) Region of non-mixing

Figure 19 gives a solubility diagram of a mixture of such a product with water

and denatured 94% alcohol (Bibl.45). The line BC corresponds to mixtures contain-

ing theoretical quantity of water; the line AD to the solutions usually employed,
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whose hydrolysis is completed by adsorption of atmospheric moisture. The following

method of hydrolysis is the most rational:

(1) preparation of the partially hydrolyzed product (the composition of such a

mixture corresponds to point 2 : 81% of "ethyl silicate 40", 2% of water, 17% of

alcohol);

(2) preparation of the completely hydrolyzed product (point 3 : 76% "ethyl

silicate 40", 7% of water, 17% of alcohol).

It has recently been found that in the presence of alkaline catalysts, the

so-called "condensing agents", the process of hydrolysis proceeds considerably

more quietly, and the final product of hydrolysis possess better mechanical proper-

ties in connection with the presence of a larger number of ethoxy groups in it.

Besides this, the "condensing agents" encourage the stabilization of the partially

hydrolyzed ester. A mixture containing 2% of a condensing agent is stable during

prolonged storage under room conditions, and after aqueous alcohol has been intro-

duced into it, it "sets" inside of 20 - 30 minutes. When smaller quantities of

condensing agents are used, the time required for the product to "set" is

lengthened.

Reaction with Ormanometallic Compounds

The most important chemical property of the esters of orthosilicic acid is

their power, under the action of organometallic compounds, of substituting an

organic radical for an alkoxy group to form substituted esters. These esters con-

stitute one of the most important forms of intermediate product for the manufacture

of organosilicon polymers.

The most important reaction of this type is the alkylation of esters of ortho-

silicic acid by the aid of organomagnesium compounds. The preparation of substitu-

ted esters of orthosilicic acid by this method, under industrial conditions, has

become possible owing to the replacement of ethyl ether by tetraethoxysilane
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(Bibl.52) (as a catalyst).

The alkylation of esters of orthosilicic acid may be accomplished by two

methods:

(1) By preparing an organomagnesium compound from a halogen alkyl and magne-

sium in the presence of catalytic quantities of tetraethoxysilane, followed by a

reaction with an ester of orthosilicic acid (Bibl.123):

2RMgX + Si(OR')d = R2Si(OR'), + 2R'OMgX

(2) Single-phase alkylation by pouring, onto magnesium, in the theoretical

proportions, a mixture of an ester of orthosilicic acid, a halogen alkyl, and a

solvent.

The latter method is considerably more convenient, since it makes it possible

to prepare the desired product in better yield.

In contrast to the alkylation of SiCl4 , in the alkylation of esters of ortho-

silicic acid, the amount of by products usually formed is small, and with a proper

selection of the proportions between the reagents, the reaction can be directed

completely, or almost completely, toward the formation, either of monoalkyalkoxy-

silanes:

Si(OR)4 + Mg + R'X , R'Si(OR), + ROMgX

or dialkyldialkoxysilanes:

Si(OR), + 2R'X +2Mg - 2Si(OR)! + 2RO1gX

When trialkylalkoxysilanes

Si(OR)4 - 3Mg + 3R'X = RSi(OR) + 3ROMgX

are prepared, a considerable amount of dialkyldialkoxysilanes are also formed. On

the reaction of esters of orthosilicic acid with organomagnesium compounds under
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ordinary conditions of synthesis, the tetraalkyl- or tetraarylsilanes are formed in

very small quantities.

Without using ethyl ether, reactions have been conducted (Bibl.53) with ethyl-

magnesium bromide, isopropylmagnesium bromide, isobutylmagnesium chloride, and iso-

amylmagnesium chloride; the process has been conducted both in a single stage, and

with the preliminary preparation of the organomagnesium compound.

Allytriethoxysilane (Bibl.54) has been prepared, using either allyl bromide

(yield 55%), or allyl chloride (yield 50%). Reactions of alkylation of tetraethoxy-

silane in a single stage by the passage of gaseous methyl chloride or ethyl chloride

through a mixture of tetraethoxysilane and magnesium under stirring, have been des-

cribed. The reaction product is a mixture of mono- and dialkylalkoxysilanes

(Bibl.55). The conduct of the process under pressure does not exert a substantial

influence on the yield of the products (Bibl.56).

Under the action of methylmagnesium iodide on tetraethoxysilane in ether solu-

tion, methyltriethoxysilane and dimethyldiethoxysilane are formed (Bibl.57).

Voltnov and Reutt (Bibl.58) have obtained mono- and diphenylethynylethoxysil-

anes without using ethyl ether:

C2H6Br + Mg -- - CiH*MgBr
CHsMgBr + HC-CCIH, ---- CH&C-CMgBr + CH6

C.HC-CMgBr + Si(OCtH,)4 - CH 1C-CSi(OCiH,), + CH&OMgBr

Chotinskiy and Serezhenkov (Bibl.59), on alkylation of tetraethoxysilane by

ethereal solutions of phenylmagnesium bromide, of 1,3-dimethylphenylmagnesium bro-

mide, and of & and f-naphthylmagnesium bromides, have prepared the corresponding

aryltriethoxysilanes. Reactions with ethereal solutions of propylmagnesium bromide

(Bibl.60), butyl- and amylmagesium chloride (Bibl.61) have been similarly run.

Escers of orthosilicic acid containing alkoxy groups of relatively high mole-

cular weight reacts only difficultly with organomagnesium compounds or do not react

F-TS-9191/V 289



at all, such as, for instance, phenylmagnesium bromide with tetra-p-tolyloxysilane

(Bibl.62).

It is very important that not only tetraalkoxysilanes enter into reaction with

organomagnesium compounds, but also, with no less intensity, their partial hydroly-

zates as well. Thus, for example, the reaction of partially hydrolyzed tetraethoxy-

silanes with ethyl bromide and magnesium leads to the formation of ethylethoxysil-

anes and of ethylethoxysiloxanes, which, after hydrolysis and condensation, form

polysiloxanes containing, on the average, not less than two ethyl radicals per sili-

con atom (Bibl.63, 124).

Organic compounds of other metals likewise react with esters of orthosilicic

acid to form substituted esters* But these reactions are not of such great practi-

cal importance as the reactions with organomagnesium compounds.

The reaction with organolithium compounds proceeds smoothly and can easily be

regulated (Bibl.125). Owing to the high cost of lithium, however, the practical

importance of reactions of this type is small. By the aid of organolithium com-

pounds, it is possible to substitute organic radicals for all four alkoxy groups in

the molecule of an ester of orthosilicic acid; thus, tetraphenylsilane in 98% yield

and tetrabutylsilane in 97% yield have been prepared from tetraethox7silane

(Bibl.64). Compounds with complex organic groups are easily prepared by alkylation

or alkoxysilanes, using organolithium compounds. Thus, for example, the following

compourk. have been prepared (Bibl.65): n-(CH3 )2 NC6 HSi(OC2 H5)3; n-CH3 C6 H4 Si

(OC2H5)3 ; (on)-(CH3)2C6H3Si(OC2 H5 )3; n-C6H5C6HSi (OC2H5)3 ; n-H2NC6H4Si (0C2H5)3;

(HOCH2C6H4)2Si(OC2H5 )2 etc.

By the aid of organolithium compounds it has been possible to introduce three

branched radicals into the tetraethoxysilane molecule (Bibl.66):

Si(OC 21I,)s + 3(CHs)gCHLi - ((CHs)2CHJsSiOC,Hs + 3CtlOLi

When two different organolithium compounds act in succession on tetraethoxy-
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silane, substituted esters with unlike radicals attached to the same silicon atom

can be prepared; for instance methylphenyldiethoxysilane (Bibl.65, 66).

Under the action of metallic sodium on a mixture of tetraethoxysilane and

alkyl halide, the alkoxy group is replaced by an organic radical:

Si(OR')& + 2Na + RX - RSi(OR')s + NaX + NaOR'

In this way (Bibl.67) isoamyltrimethoxysilane mixed with diisoamyldiethoxysilane,

in respective yields of 39% and 25% have been prepared, as well as phenyltrimethoxy-

silane, cyclohecltriethoxysilane, and mono-, di-, and triethylethoxysilanes.

The reaction with organozinc compounds proceeds only at temperatures over

3600 C, but in the presence of metallic sodium, tetramethoxysilanes and diethylzinc,

for instance, react at the boiling point of the mixture to form ethyltrimethoxysil-

ane (Bibl.68). On heating tetraethoxysilane with diethylzinc in a sealed tube,

tetraethylsilane is formed (Bibl.69).

Reactio with Acid Halides

The processes of substitution of halogen atoms for alkoxy groups in the esters

of orthosilicic acid proceed when the esters react with acid halides, and may be

schematically represented as follows:

I I-Si-OR + R'X -- Si-x + ROR'

where R - radical;

Rt - acid residue (inorganic or organic);

X - halogen.

Depending on the activity of the acid halide, the reaction temperature, the

molecular weight and structure of the alkoxy group, the number of alkoxy groups in

the molecule, and the proportions of the reagents, halo-esters with varying numbers
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of alkoxy groups, or SiCI4 , may be formed.

The reaction of tetraethoxysilane with phosphorus pentachloride was first

studied by D.I.Mendeleyev (Bibl.2), who succeeded in replacing two ethoxy groups by

chlorine atoms:

Si(OCHs), I- 2PCI; 2POCI. + 2CIHCI -+ (CgHsO)21iCI2

Later Stokes (Bibl.70) found that when a mixture of these reagents was heated

to 1400 C, ethoxytrichlorosilane was the principle product. The last ethoxy group is

more difficult to replace, SiCl4 being formed in very small amounts.

When tetraethoxysilane reacts with phosphorus oxychloride (Bibl.71, 113) on

heating the mixture for 2 hours to a temperature of 180 - 2000C, ethyl chloride and

a mixed silicophosphoric oxychloride are formed:

Si(OC211 i)4 -! 2POCIR = SiP2OjCI, + 4CHbCI

When this oxychloride reacts with phosphorus pentachloride, SiCO4 is formed.

Tetraphenoxysilane reacts with phorphorus oxychloride to form SiCl4 directly

(Bibl.70):

Si(OCHs)4 4 4POCI, = SiCI 4 + 4POCIOCH.

The reaction proceeds quantitatively on heating the mixture for 16 hours at 2400C,

On action of fluorinating reagents on esters of orthosilicic acid, the alkoxy

group is easily replaced by a fluorine atom:

Si(OC2H.,)4 + SbF = FSi(OC2 Hs), + F,SbOC2 Hs

The most convenient method for preparing alkoxyfluorosilanes is based on this reac-

tion (Bibl.27):

On heating a mixture of 833 g of tetramethoxysilane, 477 g of antimony tri-

fluoride, and 3 g of antimony pentachloride for li hours, a mixture of 72 g of
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diethoxydifluorosilane and 63 g of triethoxyfluorosilane is obtained. It has not

been possible to isolate the ethoxytrifluorosilane, obviously owing to its pronounc-

ed tendency to the symmetrization reaction.

When esters of orthosilicic acids are heated with acetyl chloride or benzoyl

chloride, the alkoxy group is replaced by a chlorine atom (Bibl.72):

Si(OC2H3)4 +,RCOOCI = CISi(OC2H.)s + RCOOC2H,

When equimolecular quantities of tetraethoxysilane and acetyl chloride react at

1350C, the yield of triethoxychorosilane is 90%. Tetraethoxysilane, heated with

2 mols of acetyl chloride (Bibl.73) to 1850 C, forms diethoxydichlorosilane in in-

significant yield; when an excess of acetyl chloride (5 mols) is used, a certain

amount of ethoxytrichlorosilane is formed. On prolonged heating of a mixture of

tetraethoxysilane and acetyl chloride or benzoyl chloride at 2000 C, SiC14 can be

obtained (Bibl.70). Acetyl bromide and benzoyl bromide (Bible73) react with tetra-

ethoxysi.ane at 1850 C, but only ethyl bromide and ethyl acetate or ethyl benzoate

have been isolated from among the individual reaction products in the mixture.

On heating a mixture of an ester of orthosilicic acid and SiCl 4 to above 160°C,

a mixture of alkoxychlorosilanes is formed. The composition of the mixture depends

on the proportion between the starting reagents. Both tetraalkoxysilanes (Bibl.74)

and tetraaryloxysilanes (Bibl.13) enter into this reaction.

Reaction with Aluminum Chloride

In contrast to the halo-esters, the full esters of orthosilicic acid are not

decomposed by small amounts of aluminum chloride, and in presence of a large excess

of aluminum chloride, an aluminosilicate is formed (Bibl.75):

6Si(OR)& + 2AIC13 = (SiO),(Al,O.) + iRCI + 9R2O

This reaction may be used to prepare simple ethers, for instance dibutyl ether.

The higher tetraalkoxysiloxanes react with difficulty with aluminum chloride.
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Reaction with Halogen Hydrides

The esters of orthosilicic acid display a varying stability to the action of

gaseous hydrogen halides. The esters and haloesters hardly react at all with HCl,

but react easily and almost quantitatively with HI. When tetraethoxysilane is heat-

ed with HC in a bomb at 1850 C, an insignificant amount of ethyl chloride is obtain-

ed. Tetraphenoxysilane reacts with HCl only at 3000C, forming phenol. HBr reacts

partially with tetraalkoxysilanes on heating; forming alkyl bromide, alcohol ind

polysiloxane. Tetrabutyoxysilane, for instance, reacts with HBr, forming 20% of

ethyl bromide and 2% of butanol. HI quantitatively decomposes tetraalkoxysilanes,

forming the alkyl iodide, the alcohol, and polysiloxanes.

It is possible that the reaction of esters with a hydrogen halide may lead

initially to the replacement of an alkoxy group by a halogen atom:

-Si-OR -HX - +-X ROf

If R is an aromatic radical, the reaction stops there, but an aliphatic alcohol

reacts in turn, at a high temperature, with the hydrogen halide, forming the alkyl

halide and water:

ROH + 1IX = RX + 11O

which hydrolyzes the original ester to form polysiloxanes.

The Symmetrization Reaction

A characteristic property of mixed asymetric esters and haloesters of ortho-

silicic acid, as it is in general for all monomeric organic derivatives of silicon,

is their power on heating to rearrange to form molecules of symmetrical structure.

Thus, butoxytriethoxysilane, on heating, undergoes the reaction:

2(C-H',O)3SiCC4H, = (C':HO).Si(CC,H,) 2 + Si(CC.H),
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Decomposition in a Hydrogen Atmosphere

Dolgov and Vol'nov (Bibl.76) have studied the reaction of cleavage of various

esters of orthosilicic acid in a hydrogen atmosphere under 100 atm pressure. They

found that the stability of the aliphatic eaters under these conditions is greater,

the lower the molecular weight of the radical. Thus, on heating tetraethoxysilane

for 20 hours at 200°C, 20% of it is decomposed, forming hexaethoxydisilane:

Si(OCgH&)4 + H2l, = (C1HO)sSiS,(CCH 3)3 + 2C2HIOH

Tetraallyloxysilane under these conditions decomposes to the extent of 57.5%. At

higher temperatures the processes of pyrolysis take place, accompanied by the forma-

tion of water, silica, and polymeric unsaturated hydrocarbons.

The aryloxysilanes are more stable and decompose only when heated to 4000 C,

forming elementary silicon:

Si(OCIlIl.)j + 2H, - Si + 4Cal OH

Reactions with Orgnic Acidso Aldehydes, and Ketones

Organic acids hydrolyze the esters of orthosilicic acids:

Si(OR) 4 + 4R'COOH = ISi(OH).I + 4R'COOR

When less than the theoretical amount of acid acts on esters, intermediate pro-

ducts of hydrolysis, polyalkox7siloxanes, can be obtained.

On heating a mixture 208 g of tetraethoxysilane (Bibl.77) and 120 g of glacial

acetic acid at boiling point for 1 hour, 46 g of a mixture of polyethoxysiloxanes

passing over up to 1350C (at 2 mm) was obtained, together with a large amount of

high-molecular nonvolatile products (a fiscous retort residue). When 0.5 mol of

acetic acid per mol of tetraetho.Vsilane was used, the main product of the reaction

is hexaethoxydisiloxane; when the reacting substances are taken in the molecular

ratio of 1 : 1, the reaction yields a viscous mixture of soluble polymers of mole-

F-TS-9191/V 295



cular weight ranging from 700 to 10,000, with an insignificant number (2.53 - 4.91%)

of acetoxy groups.

The end product of the reaction is anhydrous, highly active, silica gel, with-

out any electrolytes (Bibl.7).

Aldehydes and ketones, as well as chloral hydrate, are esterified on reaction

with tetra alkoxysilanes, and the esters of orthosilicic acid are partially or

completely hydrolyzed (Bibl.6):

2Si(OCH,) 4 + CHsCHO - CHCH(OCH,)2 + (CHSO)aSiOSi(OCH),
4CICCH(OH): -- Si(OC..)I 4'11CCH(OI I)OC H- -L Si(OH),

The process is conducted in alcohol (2 - 3 mols per aol of aldehyde or ketone

and 1.1 mol of tetethoxysilane). HC1 (10 drops of a saturated alcohol solution)

is used to catalyze the reaction. Dimethylacetal is obtained in the cold; while

heating is necessary to complete the reaction of formation of the higher acetals.

Polysiloxanes are decomposed by alkali; the mixture is washed and then rectified.

The yield of acetals is 70 - 90% of theoretical.

Reactions with Acid Anhydrides (Akbl.78)

Under the action of acetic anhydride on tetrsethoaeilane, acetylethoxysilanes

are formed:

Si(OC#H&). + CHOCAO;w - CH8,UOSi(OCgH,, -T- CHCOOC O ,
C-HsOO(i(OCr,)H, + CHaCOOCOC3I - (CHaCOO)jSi(OCjH,) -+ CHICOOCRH.

It is believed that such compounds are able to dissociate in a medium of acetic

anhydride, which might elain the side reaction of the formation of polysiloxanes:

a-ICO0S(OC2H,), CHaCuUi(OCHj; + i-uHao

CH,COOSi(OI-I:r., . CHCO* + OS(OC2H4)7

C-CSX-S(OCH ,) - -- CH3(fIOSi(OCH*),jtxii o, .
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In the reaction with phthalic anhydride (Bibl.79), the reaction leading to the

formation of polysiloxanes becomes the main reaction.

xCH&(CO)2 O + xSi(OCH 0 ), = xCGH 6(COOC 2HA). + [Si(OC2HS)2O1A

The process is conducted by heating an equimolecular mixture of these substanc-

es for 6 hours at 1600C.

Reaction with Aromatic Hydrocarbons

Tetraalkoxysilanes, as well as the ordinary mixed anhydrides of orthosilicic

acid Si(OCOR)4, react with aromatic hydrocarbons in the presence of aluminum chlor-

ide:

AICl,
Si(OR) + 4Cell0 ---- 4CH3R + Si(OH)4

Petrov and Itkina (Bibl.72) have described a reaction between silicobutyric

anhydride and aromatic hydrocarbons:

Si(OCOCH.), + 4Ce, = 4C3HI7COC6H -r SI(OH),
Si(OCOCal I.) - 4CH3CH5 = 4CH 3CH4COC.,H, + Si(OH),

Petrov (Bibl.80) conducted a number of analogous reactions with silicoformic

anbydride, obtaining phenylforuate:

Si(OCOII),- 411OCH-, 4CHAIXJIO " Si(OH)4

tolyl formate

Si(OCHO), + |OC6l I4CH-, = 4CH 3CH 4 X I10 -- S1(OH)4

and p-tolylaldehyde

S.(OCHO') -- 4CH,,CH:, = 4CH3CIICHU -r- SqIyOHh

Petrov and Lagacheva (Bibl.81) prepared a number of aromatic ketones in high
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yield. We give the method of preparing tolylphenylketone.

A mixture of 31 g of benzoic acid, 42.5 g of SiC1 and 200 ml of toluene is

heated on the water bath and is held over the boiling bath until the evolution of

HC stops. After the mixture has cooled, 45 g of aluminum chloride is introduced

into it (while the reaction mass is allowed to cool on the water bath). The -ater

bath is gradually heated to boiling; the reaction mass is held there until the

evolution of HC1 stops, and i. then cooled, poured on ice, and extracted with ether;

the ethereal solution is dried and distilled. The mixture of o:. and p-tolylphenyl-

ketones, in 86% total yield, can be separated by fractional crystallization.

Other ketones were prepared by a similar method. The yields of benzophenenone

was 58%, of methylchlorophenylketone 45.-%, of methyltolylketone 62.7%, and of

acetophenone 47%.

The simple tetraalkoxysilanes react similarly with aromatic hydro- trbons in the

presence of aluminum chloride. Thus, for example, tetraethoqysilane and bensene

form a mixture of various ethylbensenes up to hexaethylbensene (Bibl.7).

The Polmoerisation Reaction

The unsaturated esters of orthosilicic acids, for example ttraallylosilane

and tetraaethallyloxysilaneq are able to polymerize at the double bonds, forming in-

soluble polyTere that do not melt at temperatures up to 300°C. The process of poly-

merisation at 2500 C lasts 40 hours, but under the same conditions, but with the

addition of 0.5% of bensoyl peroxide, it takes only 25 hours.

Properties of Alkoxysilanes Containing the Si-H Bond, and of AlkoxTdislanes

Alkoxysilanes of the composition HxSi(OR) 4. x combine the properties of silanes

and esters of orthosilicic acid. Like the corresponding silanes, the alkaxsilanes

very readily oxidise, react with halogens to form halo-esters, but are considerably

more stable than the silanes. Trialkoxysilanes HSi(OR) 3 are the principal such cam-

pounds that have been studied and described. The hydrolysis of trialkoxysilanes in
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a neutral, acid, or weakly alkaline medium, and the condensation of the hydrolysis

products, proceeds by a reaction similar to that of the hydrolysis of

mono-substituted esters of orthosilicic acid, namsly, the -Si-H bond is preservedI

during the process of hydrolysis, and the end product of condensation has the

formula (HSiO1 .5)x"

When esters or the products of their hydrolysis react with alkalies (Bibl.83),

I
1 mol of hydrogen for each -Si-H bond is evolved.I

The products of esterification of heuchlorodisilane are likewise analogs of

the tetrealkoxysilanes in their properties. Their hydrolysis usually takes place

I I
with the -Si-Si- bond being preserved, but in an alkaline medium this bond is

I I I I
broken, and 1 moi of hydrogen is evolved for each -Si-SI- bond (Bibl.83):I I

-- 2KOH 2-SiOK + I4,
I I I

HAIMO SM OF ORTWOI0LICC ACID

Haloesters are reactive organosilicon compounds combining the properties of the

esters of orthosilicio acid with those of halogen derivatives. Mixed esters of

orthosil.ici acid and esters of polysilicic acid can be obtained easily and in good

yield from the haloesters.

The individual mono-, di-, and tri-substituted etere of orthosilicic acid can

also be oasily prepared by the aid of the haloesters.

Methods of Prebaration

The most widely used method of preparing the haloesters of orthosilicic acid is

the reaction of SiCl 4 with alcohols or phonols, taken in an amount insufficient for

complete esterification:
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SiCl4 + ROll = Cl3SiO j HCI
SiCI4 + 2ROH - Cl2Si(OR)2 + 2HC1I
SiCI 4 + 3RO1 = CISi(OR). + 3HCI

The reaction for the preparation of Mloesters also takes place very easily,

and for the lower aliphatic alcohols proceeds practically to completion, at room

tunperature.

Kalinin (Bibl.84) has established that the most convenient method of preparing

chloro-esters is the reaction between solutions of SiCl4 and the alcohol (1 : 1) in

an inert solvent, for instance benzene. The process is conducted by pouring a solu-

tion of the alcohol in bensene (1 : 1) into a solution of SiCl 4 in bensene (1 : 1)

with stirring; in this case the SiCl 4 wiLl be in ecess, and the quantity of total

esters of orthosilicic acid fomed will be minim=. The mixture is heated 50 - 600 C

until the evolution of HCl ceases; the benzene (about 96%) is distilled off, and the

mixture is then distilled in vacuo. It is advisable to aspirate dry air through the

reaction mixture in order best to remove the HC1 during the process of synthesis.

In this way the following were synthesized: triethoxychlorosilane (in 56.9% yield),

triisobatxychloroeilane (in 52.2% yield), and triisazloqchlorosilane (in 56%

yield).

Preparation of aLlloxyohlorosilanes (Blbl.12). In a three-liter flask, pro-

vided with a stirrer, a dropping funnel, and a ga-discharge tube,, 612 g of SiCl 4

are placed. Under cooling, over a period of 2* hours, 523 g of allyl alcohol is

added, and the mixture is transferred to a retort &nd rapidly heated. The alcohol

is distilled off together with the HC1.

Rectification of the residue at 32 , yields 6.1 g of allyloaytrichlorosilane;

130 g of dillyloo.ydichlorosilane; 449 £ of triaylzychiorosilane, and 112 g of

tetrealyloxysilane.

To increase the yield of diallylozachlorosilane, 1.8 nol of allyl alcohol per
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mol of SiCI 4 should be taken, while to prepare allyloxytrichlorosilane, 1.1 mol of

this alcohol should be taken instead.

Butoxychlorosilanes have been prepared by the action of butylalcohol on SiCl 4

(Bibl.85).

Tertiary butoxy- and amyloxysilanes (Bibl.86), as well as several mixed alkoxy-

butoxychlorosilanes have been prepared by esterification of SiCl or chloroester by

tertiary butyl or awyl alcohol in the presence of pyridine, to neutralize the HCl

formed. When the mixed haloesters are prepared by partial esterification of the

haloesters, the process is as a rule conducted in the presence of organic bases;

otherwise the HCl formed will encourage the reaction of redistribution of the alkoxy

groups, and, instead of the desired product, a large number of compounds, whose

separation is almost impossible, are usually obtained.

Preparation of ethoxyallyloxvdichlorosilane (Bibl.12). A solution of 1 mol of

allyl alcohol in 150 ml of benzene is added under stirring to a cooled mixture con-

sisting of 1 mol of ethoxytrichlorosilane, 1.3 mol of isoquinoline, and 200 ml of

benzene. The mixture is heated to precipitate the isoquinoline hydrochloride. The

precipitate is filtered off, and the filtrate is rectified under reduced pressure.

It is interesting to note that the cycloheloxy group is obviously attached

rather firmly to the silicon atom and does not enter into the redistribution reac-

tion, so that the mixed halo-esters can be prepared from cyclohexanol without the

use of neutralizing agents. Thus (Bible12), allyloxqtrichlorosilane and an equi-

molecular quantity of cyclohexanol yield 50% of allyloxycycloheqlxydichlorosilane

and 13% of allyloxydicyclohexloxchlorosilane.

Voltnov (Bibl.87) has prepared all three alkoqohloro-esters from n-ho~l and

n-octyl alcohols with SiCl 4 .

Preparation of hexylox - and octyloxychlorosilanes. Heqlozychlorosilane was

prepared by reacting 30 g of heylalcohol and 60 ml of SiCl4 in the cold. The

yield was 72%. Dihexyloxydichlorosilane ws s4milarly prepared from 44 g of the
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alcohol and 34 g of SiC14 . It is considerably more difficult to prepare triheyl-

oxychlorosilano. A 34 g portion of SiCl 4 was cooled to a temperature of -10C, and,

under stirring, 166 g of heWl alcohol was added at a rate of 1 drop every 2 sec.

The mixture was heated 1 - 2 hours on a water bath and then distilled under 10 =a

Hg. Tetrahezlox3ysilane was the main reaction product. The triheloxychlorosilane

was separated only on repeated rectification (165 - 168 0 C at 5 mu).

By briefly heating a mixture of 55 g of SiCl 4 and 30 g of octyl alcohol on a

boiling water bath, octyloxycyclosilane in 60% yield was prepared; from 17 g of

SiCl4 and 28 g of the alcohol, a mixture containing 28% of dioctylozydichlorosilane

and 22% of trioxyloxychlorosilane was obtained.

The preparation of the chloro-esters of the higher aliphatic alcohol likewise

involves no difficulty.

Preparation of dodecyloxychlorosilanes. To dodecyl alcohol a solution of SiCl 4

in petrolem etner is added under stirring and cooling to -50 C (Bibl.ft). The mix-

ture is heated to remove the HC1 and is distilled under a residual pressure of 5 um;

on the action of &n excess of SiC. 4 on dodecyl alcohol, the main reaction product is

dodecyloxtrichlorosilane; but if 2 - 3 mole of alcohol are taken for every aol of

SiC1 4 , then di- and tridodecyloachlorosilanes are principally formed.

Vol'nov (Bibl.89) has prepared all three chloro-esters of the structure

[(CH2Cl) 2CHOxSiCl4 _x, (where x - 1.2, and 3), as well as the haloesters

(BrCH2C13rCHO). (where x - 1 and 2), by reacting SiCl4 with halohydrins of

glycerol.

All three phenoxychlorosilane (Bibl.90) may be prepared when a mixture of

SiCl 4 with 2 mole of phenol is heated to 100°C until the evolution of HC stops,

but the best yield is obtained (Bibl.9l) when the reaction is run at 200°C.

Preparation of phenoxchlorosilanes. A solution of 2.25 mole of phenol in an

equal volume of bensene is added to an equlimolecular quantity of SiCI 4 ; the mixture

is stirred until the evolution of HC stops, then heated to 2000C and held at that
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temperature 3 to 4 hours. Distillation at 60 mm Hg yields 20% of phenoxytrichloro-

silane, 35 - 40% of diphenoxydichlorosilane, 35% of triphenoxychlorosilane, and

2 - 5% of tetrapheno.ysilane.

Tri-(p-bromophenoxy)-chlorosilane has been prepared by a similar method from

p-bromophenol.

Voltnov and Hishelevich (Bibl.92) reacted SiCl with thymol, guaiacol, and

carvacrol, and obtained all the possible chloroesters. The reaction was completed

on heating the mixture over the water bath for 10 - 20 minutes.

On the reaction of SiCl 4 with menthol (Bibl.93), menthoxchlorosilanes were

prepared.

The fluoro-esters of orthosilicic acid may be prepared by esterification of the

I
fluorochlorosilanes; in this case the -Si-F bond is completely preserved.I

As a result of the reaction of 30 g of difluorodichlorosilane with 37.8 g of

butyl alcohol dissolved in 35 g of ether at -780C, 17.5 g of dibutoxydifluorosilane

are obtained (Bibl.94). Another widespread method of preparing haloesters of ortho-

silicic acid is based on the reaction of substitution of halogen atoms for alkoxy

groups of a full ester.

The reaction between esters of orthosilicic acid and fluorinating reagents is

of the most importance for practical purposes, since this is a convenient method of

preparing fluoro-esters of orthosilicic acid.

I
The stability of the -Si-F bonds (especially in trialkoxyfluorosilanes) is soI

great, that under the action of an alcohol, the fluorine is not replaced by an

alkoxy group, but alcoholysis of the alkoxyfluorosilanes takes place instead:

FSi(OC2Hs), + 3C,I,OH = FSi(OC4H,), + 3C2HOH

A mixture of 36.4 g of triethoxyfluorosilane and 53.9 g of butyl alcohol is
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Table 37

Physical Properties of Aliphatic Haloeaters of Orthosilicic Acid

a) I___ b) d

i petV xyi r~ n CHsOSUCI 82-86 27
eTt oxchorosi1 ane (CHSO)tSiCI. 98-103 1 ,2529 (0') 27

honrih~osine(C 0)SiI 15- 27
It xyicor~ianeC2.0iil.104 1.291 (0). 27

iethoxychlorosil ane (CtH&i6 )*SiCI2 137 1, 144 (V) 27,72
Vrox(C 2HO)jSiCI I56-157 1 ,0483(0') 27,106

FiDopxdichlorosilane (74 mm)
'd y1oxy richi orosil ane (CaH,O)tSiCI 2  185-188 1,028(0') 47

Tripropoxychlorosilanr' (CsH:O)SiCI 265-270 1,980 (0-) 47
CH2=CHCH2QSiC!, (3. mm)

fliallyloxydichiorosilane (32-05 mm)

Tri-(allyloxy)-chloro- (CH2=CU-CH2O)2SiCI2 81,4-81,8 -- 27
silI ane (32 mm)

FBtoxytrichlorosilane (CH2=CHCH2O)sSiCI 114,2_8 - 27
(32 mm)

Tributoxychiorosil ane C6H,OSiC 3, 845mj4

Methqj lyloxytriclr-CHesiC845 7
siIane 0h Voo"CH,)SC I")

CHsCH=CICH,OSiCI' 53,5 - 27
Dimrtha1I yloxydi- 1(32 P",4
chiorosi 1ane 141,5 27

Tr Tthal YIOxY- (CH*CH=CHCHsO)sSiCIz 88,5--89 - 27

c oeo 1~ (20 mm)
Ft 11 fn.;Ioxdi - (CH&CH=CHCH,0)&SiC1 122-1 23 - 27
%, 1Yoxytr1 lne 2HOC-1=H~a)i~ (20 mm) I2

Nnyoxyrihloo-66-66,5 27
silae C26O(Cj=CHH20)i~j' (32 mmn)

Di-(ethoxy)-allyl- CsH 11OSiC13  30-32 - 86
otvchl~qrosj I ane (3 mm,
ELVxyd x(aiiyloxy) - (C2H&O),CH-CHHOSiCI 85.5-86 it2
eorosi ane (3 2 mm)

1exyytrichloro- CtH&1O(CH2-CHCH-I0)2SiCI 98,9 - 27

CSH 1gOSiCI 3  190-194 0,9957 (d'a)
~l1 oxydichloro- 181087

si an (78 mn)

Trihexyloxyvchloro- (CsHjs0)2SiCI2 180-185 0,994 87
sil anp (35 mnm)

Octyloxytrichioro- (CoH18 0 3 SicI 165-168 0,927 87
silane (5 Mn4

Lioctyloxydichloro- C'liZOSICIS i 146-147 1,098 87
sil ane (56 .. )I

(C&H-1 7O)2 SiCI2 230- 236 0,958 87
Trioftyloxychloro- (5rm

siae(COHj 7 0)30C 245-250 0,921 87
0, -Dichioroisoprop- C!H,,(26 mop)
oxytrichiorosilane C.ClCios.ia 210,92-93 1,471 89

Di-(O ' '-dichloroiso- CICH 2/ (12 mmo)

p )dichlor- 1CICH2NIO iI 140-141 1,498 89

Tri-(O3 P'-difh1orqISO- IIH/ ~ - (,~m
propoxy)-chi orosil ane ICICH2I.C, I0 SiCI 196-197 1,482 89

Py.:di romp posy- ICICH2/ 0J3 (0, 3 6m,,n)
irich~orosdxn CH,BralIBrCHzOSiCI3 12& - 129 1I .911 I8'1

oyihooiae(CI 1,BrCHBrCI' I.,0).,iCIz 11-20bF8
Ethoxytri fluorosilIane 0' Mrs-7)

Triethoxyfluorosilane (.HSi,S. -347 27

a) Name; b) Formnula; C) Boiling Point, OC; d) Specific Gravity, d15.

e) Bibliography
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Table 38

Physical Properties of Aromatic, Aliphatic-aromatic and Alicyclic-chloro-Esters

of Orthosilicic Acid

CI) e) 1
a) )b) 20

CC d4 "is
RD

Phenoxytrichlorosil ane CH Cl 145 90,91

13 oam)
M3-186 90.91Piphenoxydichlorosil ane (60 on) III

(CH,6U)'.SiCI2  167-171 - 90,91(13 tm)

Triphenoxychlorosil ane 215-218 90.91
(60 m,) 112

(C 1 O)Sic-23 90,91
(14 mam) 112

Thymloxytrichlorosilane -42-56 90
(60 rm)

Dithymoloxydichlorosilane C10H13OSiCls 122-134 1,3462 - 92
Trithymoloxychlorosilane ((23O)(i 1200 1,1250 92

Carvjk ryloxytrichloro- (3 om)
sC1ane (COH 1SO)ACI 251-255 .0867 - 92

Gua acyloxytrichlora- (7-8 mi)
si i ane (' *O.%i'1:' 108-111 I 1798 - 42

I-1knylxytrchlro-(4 rm),
L-.rnyloxytrichloro- CHOCIH4OSiCI' 134-I36 1,3677(18') 92

sxl ~1 (3U mam)
Ti-/-bornyloxychloro- C,0H 1 7OSiCI3  140-148 1,885(25 )  47

siltne 10 Ion4
Tri-L-')ornyloxychloro- (C20o-1170)2siCIl. . O--0-250 .. 47

sil1 se (10m0e)
Nienthoxytrichloro- (,O,117,U),SiCI 215 - 47

silane (

Fimenthoxydichloro- I,, l,:,OS(:l. (13 mm )I
silone (81°,H,uO),SiC.. 193 1 ,0381 93

Trimenthoxychloro- (tf,0H",O)s11:l ( 0I
Sliane (l.OH903S() 22-41098 (1)19

Tria-broqyphenoxy- (BrC.1i40)sSiCI 310-32O "- 9I2

Hexachforo-m.phenyl- CI 3SiOCglHOSiCI 261 I .490 2eneo disi' le

liexach ° P1 p enyl- CI.,SiOC.1 IOSi(l: 21,7 92
eneoxydisiae -- . 4

a) Name; b) Formula; a) Boiling Point, °C; d) Specific Gravity, d20;
4,

e) Refractive Index, 15; f) Bibliography

heated in a flask, used as the retort for a rectification column; the ethyl alcohol

formed during the reaction is distilled off in 1 hour, while the residue is frac-

tionated, boiling point 134 - 134.5 C at 32 mn. The yield of tributoxyfluorosilane

is 59%.
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Triallyloxyfluorosilane is obtained similarly from triethoxyfluorosilane and

allyl alcohol, di3tilling off the ethyl alcohol during the course of 2j hours. The

yield is 49%.

Physical Properties

The halo-esters of orthosilicic acid are colorless liquids with a sharp odor

recalling that of SiCl4. They are readily soluble in inert organic solvents, and

are rapidly hydrolyzed in air. They burn with a bright flame with a green border.

They can be distilled without decomposition. The vapor of some of the lower

chloro-esters, when mixed with air, take fire with an explosion.

Table 37 (page 304) gives the principal physical properties of the aliphatic

haloesters of orthosilicic acid. Table 38 (page 305) gives the properties of aro-

matic, aliphato-aromatic and alicyclic chloro-esters of orthosilicic acid. Table 39

gives the properties of mixed chloroesters of orthosilicic acid.

Table 39

Boiling Points of Mixed Chloroesters of Orthosilicic Acid

a)} b) c) ) i)
I C

|thox)- ( ethox) - Obntoxv)- 159- 10) 1
cl Iorosi I ain,

L -i- ( Vtlox) ) - ;l I IoxN - ( .I lO)._ ., " ( I, W S( ? -86 (32 minij -
ehlorosil , ' • ", , t , ! l )) Si( 1 - c (32 sn 4' 2

fi i6)rosi I an lanelPh-noxv- Ontthony) - 1,0;(: il(),( J:l;())Si( 1 241 ,-

I(i- -al l lox -cyclo- :i I. -- 1 I It 1 0u ( ):'iIO) SI(] 14 3--144 t32 mm) 21
hexyl oych orosilne I( 4 (5 mn) 1I. olxj di - (cjrc IO}hexy 1- ( I-(!( )''(,I, S ! ! ( . ) ;

12S()

,!i(-it ro.sil an .' I('.II )) ( II CI l I'l( ))Si(.!, (,(p (32 ,ow) '27

Vvel.oxv- ( phnoxv) - j (
dichlorr,si I ; 216 (752 al)e

6CO xd lov-h aIlvi- o, I,)( )< II I iI IS!C 1 27 (32 mm-6x.N -(1i hll o)st I .i,,w

a) Name; b) Formula; c) Boiling Point, °C; d) Bibliography
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Chemical Properties

Hydrolysis

The hal'oesters of orthosilicic acid are hydrolyzed and condensed by the'game

reactions as the esters of orthosilicic acid, but the rate of hydrolysis of the

haloesters is considerably higher (approximately of the same order as that of the

hydrolysis of the tetrahalosilane). The hydrogen halide formed during the first

stage of hydrolysis evidently catalyzes the process of hydrolysis of the alkoxyl

groups. The most active catalyst among the halogen hydrides is HF; thus the

hydrolysis of alkoxchlorosilane by water at room temperatures proceeds slowly and

leads to the formation of a transparent solution, while the hydrolysis of the

alkoxyfluorosilanes (Bibl.27) is practically instantaneous, and leads to the forms-

tion of silica gel. The liberation of halogen hydride, likewise, apparently

encourages the processes of rearrangement of the ether bonds. Thus, for instance,

when dialkoxydichlorosilanes are treated with water, tetraalkoxysilane is formed

(Bibl.l2):

2(RIO)2 ,.SiCI_ + Hap = Si(Oi), + Si(OR) 4 + 4HCI

The processes of hydrolysis of alkoxychlorosilanes proceeds somewhat differ-

ently in the presence of organic basis (quinoline or pyridine) which neutralize the

HCl. In this case, as a rule, no cleavage of the alkoxy group takes place and the

restion proceeds, forming alkoxysiloxanes. The hydrolysis of trialkozchlorosil-

ares leads to the formation of the alkoxydisiloxane:

.(C2l3,O).,SiCi + H20 + 2C.H3\ -- (C2H.O)*SiOSi(OCH 5)g + 2COHsN.HCI

Hydrolysis of triethoxchlorosilane. To a mixture of 19.9 g of triethoxy-

chlorosilane and 12 g of pyridine, 20 ml of water is added. The water layer is

then separated, and the product is washed with several portions of a 15% aqueous

solution of sodium chloride and is dried 18 hours over calcined calcium chloride.
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Distillation of the mixture in vacuo (at 3 urn) yields 10.2 g of hexasthoxysiloxane

(Bibl.12) (60% of theoretical).

The hydrolysis of mixed trialkozychlorosilanes, for instance of diethoxy-

allyloxychlorosilane, leads to the formation of the corresponding mixed disiloxanes:

2(C3H,O)I(CH - CH - CHSO)SiC + HO + 2CHN
-- (CgHsO)t(CaHaO)SiOSi(OCsHa)(OCH 3 ) .- 2CH N.HCI

On hydrolysis of dialkoxydichlorosilanes and of alkoxytrichlorosilanes in the

presence of bases, polyalkoxy ilanes, which in sone properties recall polyalkylsil-

oan es, are obtained.

x(CgjHO)jSiCI, + xHtO + 2xCeH&N . j(CH&O)ISjiOJ. + 2cHsN.HCI

Hydrolysis of dibutogrdichlorosilane (Bibl.37). To a solution of 0.2 mole of

dibutoxydichlorosilane in 200 - 300 g of bensene or diozane, a mixture of 0.2 mols

of water, 0.4 mol of pyridine, and 200 - 300 g of bensene is added. The reaction

mixture is heated under a reflex condenser provided with a calcium chloride tube for

18 hours (the access of atmospheric moisture to the mixture must be prevented).

After cooling, the pyridine hydrochloride is filtered off, and the mixture is recti-

fied, gradually raising the temperature in the retort of the o.1i to 400 - 500eC.

The polybutox7siloxanes so repared consist of the series of cyclical cm-

pounds [(SI.OC4 R9 )2 0J1 from cyclotriuilozane

Si(OCjH,)2

o 0
(C41tO)2Si Si(o)C,1I,),

to cyclooctasilowine. The residue in the retort (a gel) amounts to only about 3%

of the total amount of the hydrolysis products. The hydrolytic stability of cyclic

compounds varies strongly, depending on the nvaber of silicon atom in the ring.
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Thus, the cyclical hexamer is hydrolyzed only to the extent of 3% in 48 hours by

boiling water, the pentamer 5%, while the trimer is 92% hydrolyzed (tetrabutoxysil-

ane and hexabutoxydisiloxane are 5% hydrolyzed in 72 hours).

Acids exert a catalytic action on the process of hydrolysis and cause rapid

coagulation of the mixture. Treatment of the cyclic polymers with sodium ethylate

leads to rearrangement of the siloxane bonds and the formation of tetrabutoxysil-

anes.

A resinous polymer was obtained on the hydrolysis of dibutoxydichlorosilane in

a solution of benzene and pyridine by ice water. The product so obtained contains

somewhat more, on the average, than one butoxy group per silicon atom, and when

heated to 3600C (at 3 m) no volatile substances are separated from it. At 4750 C#

under 2 mm pressure, the formation of gas still does not occur. The decomposition

of the film obtained on the basis of such a polymer begins only at a temperature of

575"C. In air, these films persist without hydrolysis for several weeks.

All alkoxyfluorosilanes immediately form gels on reacting with cold water.

When they react with dry pyridine, dense (nongelatinous) products are obtained,

which are rapidly hydrol sed by water to form gels. The alkoxyfluoroailanes differ

strongly from the corresponding alkoxychlorosilanes in their very high degree of

deacupsition under the action of water. This difference in the behavior of the

alkozyfluorosilanes and the alkoxychlorosilanes my be elained by the fact that

the HF formed during hydrolysis acts as a catalyt considerably stronger than ICl

for the reactions of hydrolysis and condensation of the alkoz grou. The fact that

in the presence of pyridine, which accepts hydrogen fluoride, the reaction between

triethx fluorosilane and butyl alcohol does not take place, while without pyridine

the process of cleavage of the ethoxy groups and their replacement by buto groupe

proceeds rather rapidly, is also in agreement with this hypothesis.
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Alkylation of Organometallic Compounds

Under the action of organometallic compounds on haloesters of orthosilicic

acid, the halogen is replaced by an organic radical, forming substituted esters of

orthosilicic acid. Kalinin, acting on trialkoxychlorosilanes with organomagnesium

compounds, obtained a number of substituted esters of orthosilicic acid.

RAgX + SiCI(OR')s - RSi(OR') 3 -t- MgXCI
(R -- C21is ii CeFIs R'= C.ITs: (CHS) 2('HCH, ; (CH3)2CHCH 2CH,

Phenylphenoxysi-lanes may be similarly prepared (Bibl.94):

Cl2.Si(OCh0)2 + 2CgH&MgBr = (CH3 )2Si(OC6H 5 )2 -4- 2:MgClBr

The reaction between a haloester and sodium is of great practical interest,

since the alkoxy groups riter into an alkylation reaction considerably more slowly

than a halogen, and owing to this it in possible to obtain as a result of a reaction

alkylalkoxysilanes with a predetermined number of -Si-C bonds:

CI,Si(OR)2 + 4Na + 2R'CI - R,'Si(OR), + 4NaC1
ClSi(OR), + 2Na + R'CI R'Si(OR)s + 2NaCI

Preparation of phenrltricyclohezyloxysiloxane (Bibl.96). A mixture of tri-

cycloheqloxychlorosilane and chlorobenzene, under stirring, is added to a mixture

of metallic sodium and ethyl ether. In 15 to 20 minutes, exothermic reaction be-

gins. On the completion of the exothermic stage of the reaction, the flask is heat-

ed 5 hours on the water bath, the precipitate is filtered off, and the filtrate is

distilled and rectified. The yield of phenyltricyclohexyloxysilane is 80% of

theoretical.

Under the action of metallic sodium on phenoxychlorosilanes, the silicon is

partially reduced to the elementary state, and tetraphenoxysilane is formed. The

process is completed after a xylene solution of phenoxychlorosilanes is shaken with
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metallic sodium for 15 hours (Bibl.9l).

4CisSIOCsHs + 12Na = SI(OCsHs) + 12NaCI + 3Si
2CI2SI(OCH,), + 4Na - SI(OC.H.) 4 + 4NaCI + Si
4CISi(OC4H,), + 4Na m 3Si(OC4H,). + 4NaCI + Si

Thermal Transformation (Syuetrization)

The principal factor determining the thermal stability of haloesters is their

molecular structure, that is, their symmetry. The dialkoxydihalosilanes are stable

compounds, The heating of diethoxydichlorosilane at the boiling point for 118 hours

produces no changes in the product (Bibl.12). The asymetrical haloesters undergo

the reaction of symetrisation on heating. Voltnov (Ribl.97) studying the behavior

of various haloesters of orthosilicie acids on heating, found that the alkoxtri-

chlorosilanes undergo rearrangment (symmetriation) according to the reaction:

2(Ro)SICI. --- , (RO).SICI, + SiCI,

Etho37trichlorosilanes at 10OC is 25% rearranged in 2 hours, while it is

quantitatively re"rrgd according to the reaction we have just given after 4 hours

of heating at the boiling point, and a certain amount of ethyl chloride is also

liberated, Heqlo3ztrichlorosilane is 6 - 13% rearranged on heating 4 hours at

OOeC; phenomytrichlorosilane on heating to 104 - 1050 C for 5 hours is only 2 - 3%

rearranged; thqmoloxtrichlorosilane begins to rearrange only at 126 - 136 0 C; while

oetyloxytrichlorosilane only begins to roarrange on heating to boiling (234 0 C) for

6 hours. On heating guaiaciloxytrichlorosilane, in addition to the reaction given

above, the following also takes place:

-OCIs ---- p /No _ SIC 2 + CHCI

The thermal rearrangment of trialkoxychlorosilanes proceeds according to the
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following general reaction:

2(RO)sSiCI ---- p Si(OR) + (RO)2SiCI12

When heated 2 hours to 100°C, triethoxychlorosilane is 7 - 10% rearranged. On

heating to boiling (160°C) for 6 - 7 hours, rearrangement is complete, and a certain

quantity of ethyl chloride is also formed. Trioctyloxychlorosilane and triphenoxy-

chlorosilane are modified only slightly at 1000 C for 6 hours. In the latter case,

traces of SiC14 are also formed.

Reaction with Phosphorus oechloride, Amo , and Amines

Haloesters do not react with phosphorus oxychloride on heating to 1750C. When

a mixture of phosphorus oxychloride and ethoxychlorosilane is heated in a sealed

tube to 180 - 200°C, the following reaction takes place:

POCI,
GCSi(OCj,)4 --- SICI, + SiPtoeCl -4 C.HSC!

When haloestere react with amonia, alkoxyuinosilanes are formed, for example

(Dbl.86):

(C4HO),SiCI, + 4NH, - (CHO),Si(NHt) + 2NHC1l

Amines react similarly with haloesters; forming alko3-substituted aminosilanes

(Bibl.96):

(CgHO)(CtHO)(CHO)SCI + 2NH HC
- (C4 HO)(CH&O)(CHaO)SiNHCqH., + CSH,NH2.HCI

Reaction with Aluminm Chloride

Haloesters of orthosilicic acid react actively with aluminum chloride, split-

ting off alkyl chlorides, only catalytic quantities of aluminum chloride being

sufficient for the decomposition of the haloeosters. Stokes (Bibl.75) who studied

F-TS-9191/V 312



this process in detail, gives the following mechanism of reaction for othoxychloro-

silane:

(:ISi(OC..H.) - AIC13 -- SiOl + C2HCI + (CH,) 2O + AICis

nCIsSiOC2 tis + nAICI 3 .--- * (SiOCI2), + nCisCI -+ nAICI3

C12Si(OC,2H) + AICI, " SiO + 2CHsCI + AICI

On the basis of the hypothesis first expressed by Mendeleyev (Bibl.99) that oxygen

compounds of silicon tend to form polysiloxanes, Stokes correctly postulates that

the compound (SiOC12)n is not by any means a monomer, but is a complicated complex

of polychlorosiloxanes. He postulates the following mechanism of their formation:

CI,SiOCH, + AICI, = CISiOAICt + C2HCI
CIgSiOAICI2 + C2HOSiCIa = CIaSiOSiCI2(O0CH,) + AIC1,

ClaSiOSiCl-(OCSHs) - AIC1 = CISiOSiCI,(OAICI,) + CHjCI

Ci1SiOSiCi,(OAICI,) + CtHsOSiCIS = CiSiOSiCIOiCIt(OCHI) J- AlCls et.

The higher haloesters react les actively with aluminum chloride. Triisoaml-

oxychlorosilane at the boiling point, in the presence of aluminum chloride, is de-

composed with the formation mainly of isoanylene and isoamyl alcohol (Bibl.12).
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CHAPTER V

SUBSTITUTED ESTERS OF ORTHOSILICIC ACID

The alkyl-(aryl)-substituted esters of orthosilic acid are one of the most im-

portant classes of organosilicon compounds, since they are intermediates in the syn-

thesis of a number of technically valuable polyorganosiloxanes. The first represent-

atives of this class of compounds were prepared as long ago as the 1870's, but the

wide utilization of the substituted esters took place only during the last decade, in

connection with the result of work by Soviet investigators, which led to the synthe-

sis of high-polymer products which are of great technical value (Bibl.1).

The substituted esters are products of the replacement of one, two, or three

alkox groups in the molecule of an easter of orthosilicic acid by organic radicals.

The following are distinguished:

1. Mono-substituted esters, alkyltrialkoxqsiloxanes RSi(OR,)3'

2. Di-substituted esters, dialkyldialkoxsilanes R2 Si(OR,) 2 .

3. Tri-substituted esters, trialkylalkoxysilaneos R iOR'.

In the overwhelming majority of chemical reactions, and especially on hydroly-

sis, the organic radical connected with the silicon atom is preserved. The hydro-

2ystes of compounds of the first type therefore belong to the trifunctional mono-

Msrs, compounds of the second type to the difunctional monomers, and those of the

third type to the monofunctional monomers.
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YITHODS OF PRIUARATION

There are three principal methods of preparing substituted esters.

1. Replacement of the alkoxy or aryloxy groups in full esters or of the halo'eri

in halo-esters of orthosilicic acid by organic radicals, by the action of organoziio

compounds and sodium.

2. Replacement of the alkoxy groups in full esters or of the halogen in halo

esters of orthosilicic acid by organic radicals, by the action of organomagnesiun: or

organolithium compounds.

3. Zsterification of alIq'l-(aryl)-chlorosilanes by alcolols or ethylene oxide.

Replacement of Alkoxy~ Groups by' the Action of Or-Ranozinc Comipounds and Sodium

The substituted esters of orthosilicic acid were first prepared as a result of

the reaction of esters or halo-esters or orthouilicic acid with organozinc compounds

arA metallic sodium.

After Butlerov (Bibl.2) had first prepared organozine compounds in the 1860's

and had performed a large nuirber of synthesis of organic preparations by their aid,

Ladenburg (Bibl.3) successfully used diethylsine and diuasthylzinc to prepare substi-

tuted esters of orthosilicic acid. The reaction proceeds readily in a sealed tube

in the presence of mtallic sodium, according to the formala:

2Si(X II 10)4 + ((:II) 2Zn + 2 Na 2(:;,l14ISi(O( 2I 14):, - Zti + 2('21 ~),

A simila& reaction takes place with the halo-ester of orthosilicic acid:

2CISi((X:2II15 ,, + ((A11512211 + 2Na 21.11 [lSi(OC:,l 1,1 + ;".l + 2Na( I

The replacement of the second alkory group is difficult, and takes place on re-

peated treatment with alkylating agents:

The product of substitution of three alkoxy groups, which i. formed in insig-
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nificant amounts, has also been isolated:

2(C 2H1)1S(X(': I A S + (C21 i + 2N1 I ).,Si( X I115 + Zi + 2( ) 11( ),N

Tetramethoxysilane (Bibl.*) reacts similarly.

The action of dimethylzinc on tetraethoxysilane was used by Ladenburg to pre-

pare methyltrietho.Vsilane (Bibl.4).

The synthesis of substituted esters by the reaction of halo-esters or esters of

orthosilicic acid with an alkyl halide and metallic sodium is of a certain interest:

(C2H3O) 2SiC.. -4 ,I*.- + 2C.I IR,r - ((J. I, -+ 2Ni( I + 2NaHr

With halo-esters, the reaction proceeds at room temperature, but with esters of orth-

osilicic acid the reaction is conducted at temperatures above the melting point of

sodium:

Sij(O(:=H&) -- 2Na + IR\ - I? ',(()( I 1,).1 -t A. - J .(N,

Preparation of Isoaruvltrimethoxvsilane (Bibl.5). 1. To a mixture of ',6 - of

sodium, 150 g of tetramethoxysilane and 300 g of toluene, 151 g of isoarvl bromile is

added under energetic stirring; the mixture is then held at the boiling point of the

solvent for 30 minutes. It is then cooled, filtered, and rectifiel. The isoaz l'tri-

etho~rsilane is collected at 167 - 168°C. Its yield is 39' of theoretical. )iiso-

azrldimetho-rsilane boils at 108 - 1100C (20 rin); its yield is 25 of theoretical.

Phenyltrimethoxysilane, ethyl- and heoz-lethoxysilanes are prepare I sinilal-'-.

2. By a different method (Bibl.6), isoarltrimethoxzsilane is prepare I in th

following way. A mixture of 21.5 g of Si,11 and 57 g of tetrar.etho(rsilane is heat-

ed until the boiling point becomes constant at 870C. To the rixture 152 P' of tetra-

methox ,silane is added, then 23 g of sodium, and the rixture is again heatel sor.e-

what above the melting point of sodium for 2 to h hours. Then 75.5 - of isoazr..

bromide is added to the mixture, after which it is again heated 5 hours; the blue

residue is filtered off, and the filtrate is iistilled, giving isoaxrltrir.etho---
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silane, in yield of 48 g.

Under the same conditions a mixture of 15 g of trimethoxychlorosi3ane, 304 g of

tetramethoxysilane, 46 g of metallic sodium, and 51 g of isoaql bromide is reacted,

forming 93.5 g of isoanltrimethoxysilane and 14 g of diisoan'ldimethoxysilane. The

reaction is accelerated in the presence of 2 - 10% of ethyl-acetate or of isoazWlal-

cohol. Toluene or xylene are used as solvents.

Synthesis of Phenyltricyclohexyloxysilane. A mixture of 66 g of tricyclohexyl-

oxychlorosilane and 19.5 g mf chlorobenzene is added with stirring to a mixture of

I g of sodium and 80 g of ethyl ether. A vigorous reaction begins at room tempera-

ture in 15 to 30 minutes. After the completion of the exothermic stage of the reac-

tion, the mixture is heated to boiling point for 5 hours, after which the reaction

product is filtered and distilled under reduced pressure; boiling point 252 - 2530 C

(13 am). The yield is 80% theoretical.

Replacement of Alkox Groups by the Action of Organomagnesium and Orianolithium
Compounds

The difficulty of working with the explosive organozinc compounds forced a

search for other methods of preparing substituted esters. The following step in this

direction was taken by Khutinskiy and Serezhenkov (Bibl.7), who in 1908 first used

organomagnesium compounds in ether for the synthesis of substituted esters.

Si(OCHs), + RX -.- .Mg -- RSi(0C 2[ 1,), + CH,O.%igX

By this method, al1yl-substituted esters and a number of aryl-substituted esters

were prepared: phenyltriethoxysilane, xylyltriethoysilane, and a - and p - napth-

yltriethoxysilanes. These investigators did not succeed in obtaining di- or tri-

substituted esters, and therefore they reached the incorrect conclusion that only

mono-substituted esters, RSi(OR') 3 , could be obtained by the aid of organomagnesium

compounds.

In 1938 I found (Bibl.l) that the reaction of formation of the organomagnesium
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compound could be conducted without use of ether; as a catalyst I used the ebhyl es-

ter of orthosilicic acid instead. This facilitated the conduct of the synthesis on

a large scale. I was able to prove (Bibl.8) that by selecting proper conditions the

process proceeds with high yield; and not only one but two or three alkoxy groups

could be substituted.

The reaction product is a mixture of mono-, di-, and tri-substituted esters of

orthosilicic acid. The ratio between them depends primarily on the proportions be-

tween the starting reagents.

The process may be conducted either in one stage or in two. In the latter case,

by the action on magnesium turnings of a mixture of an alkyl halide, a diluent (ben-

zene, toluene, or xqlene) and catalytic quantities of tetraethoxysilane, the organo-

magnesium compound is prepared. The organomagnesium compounds so formed is is used

for the reaction with the ester of orthosilicic acid.

The single-stage method of synthesis is more convenient, primarily because it

makes it possible easily to direct the reaction towards the formation mainly of the

product of the degree of substitution that is required.

Preparation of Ethrltriethogsilane (Bibl.9). Synthesis in one stage. Into a

carefully dried 3-necked flask, provided with a thermometer, a seal and stirrer, a

reflux condenser, and a dropping funnel, 12 g of magnesium turnings are placed. A

mixture consisting of 64 g of ethyl bromide and 104 g of tetraethoxysilane is then

gradually added to the flask from the dropping funnel. The addition takes 3 to 4

hours, with continuous stirring of the reaction mass. Usually, when the first drops

of the mixture are added, anexothermic reaction begins, and in order to maintain the

necessary temperature (48 - 50 0C) of the reaction, the reaction must be conducted

under cooling. At the end of the addition of the mixture, the flask is slightly

warmed on a water bath. After adding all the mixture, the reaction mass is heated

3 to 4 hours. The liquid is then aspirated into a flask for distillation and is

fractionated. The diethyldiethoxysiloxane is collected at 155 - 1580C, and the
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ethyltriethoxsiane at 158 - 161 0 C. The yield of ethyltriethoxysilane is 61% of

theoretical.

Synthesis in two stages. In a flask provided with a stirrer, reflux condensor,

thermometer and dropping funnel, 12 g of magnesium turnings, 1.5 ml of tetraethoxy-

silane (as a catalyst) are placed, and 34 g of ethylbromide are added dropwise. The

reaction is exothermic. Under cooling, a mixture of 30 g of ethyl bromide and 50 g of

xylene, toluene, or benzene is added to the contents of the flask. To complete the

reaction, the contents of the flask are heated to 40 0C for 1 to 1* hours. The reac-

tion mass is then cooled, and 104 g of tetraethoxysilane is gradually added to it.

To complete the reaction, the mixture is then heated 3 hours. The liquid is distil-

led off and is then rectified. The yield of etyltriethomysilane is 58 g, that is,

60.-4% of theoretical.

If the object of the synthesis is to prepare diethyldiethoxysilane or diemethyl-

diethoxysilane, the number of mole of the alkylating agents (mapsesium and ethyl bro-

mide) per mol of tetraethomsilane must be correspondingly increased, and the heating

after introduction of the mixture mst be intensified. In addition, larger amounts

of solvent must be used, since the relative quantity of the residue, ethomagnesium

bromide, will be greater.

It has been found that the substitution of three alkoq groups proceeds with

considerably greater difficulty. Prolonged heating is usually necessary to complete

the reaction.

Preparation of trimethylethcogrilane (Bible l). Into a solution of 28 mole of

methylmagnesium bromide in 12 liters of ethyl ether at a temperature not above 1O°C,

8.7 mole of tetraetho~silane are poured over a period of 30 minutes. The mixture

is then warmed for an hour at the boiling point, and the trimethylethoysilane is

then separated by extraction, followed by rectification. The reaction mixture may

be subjected to hydrolysis. In this case the ethyl ether is first distilled off;

next 70 ml of concentrated sulfuric acid is added to the residue, the mixture is
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poured onto ice, and the organic layer is separated, dried, and fractionated, yield-

ing 381 g of hexamethyldisiloxane, which is 54% of theoretical.

Trimethyletho ;silane may be prepared in 78% yield by passing gaseous methyl

chloride through a solution of dimethyldiethoxysilane in ethyl ether, mixed with mag-

nesium shavings (Bibl.Ul).

We have pointed out, above, the relative simplicity and convenience of conduct-

ing the synthesis of triethylethoxysilane in a single stage, without using ethyl

ether.

Preparation of Triethylethoxysilane (Bibl.12). In a 12-liter flask, a solution

of 22 mols of ethylmagnesium bromide in 10 liters of ethyl ether is placed. Into

the flask, over the period of 1 hour, 1450 g (7 mols) of tetraethoxysilane is intro-

duced. The mixture is left there for 1 hour with stirring, after which the ether is

distilled off and the residue (to complete the alqlation reaction) is heated on a

water bath for 12 hours. The triethylethoxysilane can then be separated by extrac-

tion and rectification, or it may be hydrolyzed instead.

For hydrolysis, the reaction is poured onto a mixture of ice and sulfuric acid,

the product is extracted with ether, and the ether extract is poured under cooling

into a flask containing 1.5 liter of sulfuric acid; the organic acid is dried, and

the hexaeth.oldisiloxane is separated by rectification. The yield is 753 g, or 66%

of theoretical.

To prepare chemically pure ethylethoxysilanes, the reaction products are sepa-

rated on a rectification column (with not less than 25 theoretical plates) good re-

sults are obtained by rectification on a column 1 m high and 12 mm in diameter,which

is packed with single-turn helices 1.2 rm in diameter (of 0.2 mm nichrome wire). The

column should have a reflux ratio of 50 to 100. The triethylethoxysilane is collect-

ed at 152 - 1530C, the diethyldiethoxysilane at 155 - 1560C, and the ethyltriethoxy-

silane at 158 - 15900. The silicon content and number of ethoxy groups after Zeisel

are determined in the products.
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By a similar method (without using ethyl ether), butyl- and methyl-substituted

,3sters may be prepared. The process is conducted (Bibl.13) either under atmospheric

pressure or in a bomb under a pressure of about 6 atm. The conduct of the process

,Ander pressure gives no serious advantages; thus, for example, in the synthesis of

butyl-substituted esters, about the same yield is obtained, whether the reaction is

oonducted under pressure, or without pressure.

Dimethyldiethoxsilane and methyltrietho.Vsilane are obtained in the ratio of

2: 1 from tetraethoxysilane, magnesium, and methyl chloride.

A.V.Topchiyev and his associates have described the synthesis of alkoxy deriva-

tives of substituted silanes (Bibl.14). Under the action of henylmagnesium bromide

on tetraethoxysilane, phenyltriethoxysilane was obtained (Bibl.15). From hexachloro-

methylenedisilane, under the action of alcohols, hexaalkoxymthylenetrisilanes have

been obtained (Bibl.14).

Hexachloroethylenedisilane forms hexaalkoxyethylenedisilanes with alcohols:

C.I..,iCH20 ,ci'Il.il,-- m!'ll - ,RO) ,S,<I11('H- ..%ii(ORI., .+- 6H(I

Phenylacetylenetriethoxysilane has been prepared by the reaction (Bibl.16)

CsH&C:CMiBr + Si(OC2H,)- . CHCECSi(OCtiI,), + .Mg!"ar

Andrianov and Kamenskaya have synthesized unsaturated substituted esters

(Bibl.1'?).

Preparation of Al171triethoxvsilane. To 24 g of ragnesium and 5 g of tetraeth-

ox-,siiane, a mixture of 121 g of allyl bromide and 208 g of tetraethoxjsilane is a'-

ded dropwise. The reaction mixture is then heated 3 to 4. hours at 100 - 11003. The

liquid is distilled off and rectified, yielding 112.5 g (55.1%) of allytrietho °-

silane. The synthesis of allyltriethoxysilane from tetraethoxysilane, allyl chlor-

ide and magnesium is conducted similarly. Yield 50%.

Vollnov and Reutt have studied the process of preparation of phenylacet.Tlene-
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substitute esters:

vC,1t6C-.CMgBr + Si((XSH,) 4 . - (CoH&CEC)..xSi(OC 1I6) 4 , : x(.,H&UMgBr

Preparation of Phenlacetylene-substituted Esters. Ethylmagnesium bromide is

prepared by the action of 154 g of ethylbromide on 36 g of magnesium in the presence

of 5 g of tetraethoxysilane. A solution of 152 g of phenylacetylene is then intro-

duced into the reaction flask, and the same amount of xylene. The mixture is heated

3 hours. The reaction mixture is cooled, 325 g of terraethoxysilane is added to it,

and it is then heated for 3 hours. The liquid is then decanted and rectified under

reduced pressure. The yield of phenylacetylene triethoxysilane, boiling point 141 -

1420C (6 m) is 78% of theoretical. A certain quantity of diphenylacetylene-

diethoxysilane is also formed.

Vol'nov and Reutt noted that phenylacetylene is capable of reacting directly

with tetraethoxzsilane:

Sl(OC,[ I)4 + (':H 6SC=(I - 1-KHC-CSi(tC.11Ijs *- CH.OII

This reaction is not typical and takes place only owing to the exceptional mo-

bility of the hydrogen atom located around the triple bond in the phenylacetylene.

The end product of the reaction is a resin which is formed by the polymerization of

the phenylacetylenetriethoxysilane.

The replacement of alkoxy groups by two or three different organic radicals may

be accomplished, either by direct alkylation, with separation of the individual in-

termediate alklalkoxysilanes, or by successive treatment of tetraethoxysilanb with

two different organomagnesium compounds. In some cases it is convenient to conduct

the reaction even by acting on tetraethoxysilane with magnesium and a mixture of

alkyl halides in a solvent.

Preparation of MethyJdiisocilylethoxysilane (Bibl.18). Into a solution of 1.3

mols of propylmagnesium chloride in 500 ml of ethyl ether, 104 g of tetraethoxy-
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silane is poured. The mixture is stirred 45 minutes at room temperature, and then

for 8 hours at the boiling point; it is then cooled, 0.6 mol of methylmagnesium

chloride dissolved in 250 of ethyl ether is added, and the mixture is then heated

again 4 hours at the boiling point. The methyldiisopropylethoxrsilane is separated

by extraction followed by rectification.

For practical purposes, the possibility of conducting the synthesis, using par-

tially hydrolyzed tetraethoxysilane, has a certain amount of interest, since it is

relatively cheap. The partially hydrolyzed tetraethoxysilane is prepared by ester-

ification of SiC. by 95% ethyl alcohol, without subsequent distillation of the re-

action products (Bibl.19).

To ethylmagnesium bromide, prepared by pouring a mixture of 1308 g of ethyl bro-

mide and 4 liters of ether onto 288 g of magnesium, 560 g of partially hydrolyzed

tetraethoxysilane is added over a period of 4 hours, under cooling. The reaction

product is then hydrolyzed by pouring it onto ice; the solvent is distilled off, and

the liquid polysiloxanes obtained after completion of the hydrolytic process is dis-

tilled under reduced pressure.

The synthesis of substituted esters with complex organic groups by the action

of organomagnesium compounds is sometimes not possible; in this case, organolithium

compounds must be used instead.

On reaction of tetrasthoxysilane with 3.5 equivalents of isopropyllithium in a

solution of petroleum ether, the reaction is completed on heating the mixture at

boiling point for 24 hours.

SI(OC9Hs), + 3CHLi --- '* 3C,HOl.i + (CsH,)3SiOCIHs

The yield of triisoproylethoxysilane is 78% of theoretical (Bibl.20).

The following compounds have been prepared in high yield by this method

(Bibl.21):

CFHsSi(OCIIls-9 Cl(/Hs)Si(OCtHs):,
n-(CHs)jNC, HSi(OCjl It):, n-CHopsHSi(OcIgs):,
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a-NHACH 4SI(OC&H&)a (I)CHAI14)1SI(OCI I&)A

The lower aliphatic lithium alkyl react readilyv with tetraethoxysilane to form

high yields of either substituted esters or tetraaliqrlailane (Bibl.22). When tetra-

ethoxysilane reacts with branched lithium alkyls, the stenoc factor exerts consider-

able Influence, and it is usua13y' not possible to obtain tetra-substituted silanes

by using such compounds. For example, when isopropylithium is used in the reaction

given above (Bibl.20),, tetraisopropylsilane in not formed.

Under the action of lithium alkcyls on substituted esters, substituted esters

containing unlike radicals attached to a single silicon atom may be prepared.

Preparation of Substituted Esters from Oramohalosilanes

The reaction of organoclorosilanes with alcohol is the usual process for ester-

ification of an acid chloride:

RSIC14..3 + (4-x)R'OII'- RxSi(OR')4... + (4-X)I ICI

This reaction is not fundamentally different from the esterification of SiCl 4

the process is distinguished only by its low intensity, while, for instance$ the ac-

tivity of organochlorosilanes is lower, the higher the molecular weight of the organ-

ic radicals and the greater the number of such radicals in the molecule. The ester-

ificat ion is accompanied by side processes; formation of water, aoring to the reaction

of HMl with the alcohol, and formation of polymeric products of hydrolysis.

ROH +I ICI -- RCI +IIto
2RiOI, + 1I,() - . U;RsSi--O-SiRlg + 2110i

The side reactions are of less importance when butyl and higher alcohols are

used, and for this reason estenification with butyl or isobutyl alcohols is in prac-

tice the most convenient.

Preparation of IMethylbutoxygilan (Bibl2). To a mixture consisting of
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3.82 ki of limethylchlorosilane and 0.33 kg of methyltrichlorosilane, 5.8 kg of

butanol is added over a period of 8 hours. Then, to complete the process, the mix-

ture is heated to 900C until the evolution of HC1 ceases. The reaction mixture is

then rectified, giving dimethyldibutoxysilane, with a boiling point of 75% (10 im),

in yield of 67% of theoretical, and methyltributoxysilane, boiling point l150 C

(10 mm).

In this way a mixture of methylchlorosilanes, which is very difficult to sepa-

rate, may be converted into substituted esters, after which the individual products

can be separated.

T'hen dimethyldichlorosilane reacts with an equimolecular quantity of butanol,

iimeth:,lbutoxqTchlorosilane can be obtained in 61% yield as the product of partial

esterification.

On the esterification of trimethylchlorosilane by butyl, ethyl, or methyl alco-

hols, the separation of the reaction products is difficult owing to the fact that

the,, forr azeotropic mixtures with the corresponding alcohol. Thus (Bibl.2), on

esterification of 51, g of trimethylchlorosilane in 100 ml of toluene by a solution

of 20 ml of absolute methanol in 50 ml of pyridine (to neutralize the HC1 evolved),

a mixture is formed, giving on rectification 14.5 g of an azeotrope of trimethyl-

methoxssilane ani methanol (14 - 16%) (the boiling point of azeotropic mixture is

1,9 - 500"; the index of refraction n2 0 = 1.3637), and 7.4 S of trimethylmethoxy-

silane, with a boiling point of 56.5 - 56.70C (7147 mm).

hen ethanol is used as the solvent, the yield of trimethyJmethoxysilane is in-

creaset to 1,%. Trimethylethoxysilane similarly forms an azeotropic mixture with

ethanol (boiling point of the azeotropic mixture 66 0 C; refractive index nD20
D

.3'29), while trimethylbutoxysilane forms an azeotropic mixture with butanol (40 -

p' ) (boiling point of azeotropic mixture 111 - .150; n 2 0 = 1.3963).

n rumber of other substituted ethoxysilanes - phenyl (Bibl.25), propyl, isoan'l,

benz l, naphthyl (Bibl.26) - have been prepared by esterification of the correspond-
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in,- substituted chlorosilanes by ethanol.

The water-soluble esters are prepared by esterification of alkyl-(arl)-chloro-

silanes b:- simple esters of glycol: o-ethoxyethanol (Bibl.27). Esterification of

the alkTlchlorosilanes is conducted by reacting them with an excess of the alcohol

at the boiling point of the alkylchlorosilane, followed by boiling the mixture to re-

r-ove the 11C1. The di- and mono-substituted methox? derivatives, R2Si(OC2H,0C 3 )2

and 7i(C'2t!07 3)3 , are usually completely soluble in water, while the correspond-

ing ethoxy derivatives, ySi(OC2HOCj{5),_, are somewhat less soluble. The aqueous

solution remains transparent for half an hour, and is only slightly hydrolyzed in 2J4

hours. The presence of acid or alkali leads to rapid hydrolysis.

On the reaction of esterification of organochlorosilanes containing a bromine

atom in the organic radical, this bromine does not enter into the reaction (Bibl.28).

BrCHSiCI , + 3R( I > Hr(..ll 4Si()1),

where R - CH3, C2H5, C4H9*. The yield is about 50%.

To eliminate the side reactions due to the evolution of HCl, esterification is

conducted either in the presence of neutralizing agents, or in such a way that HCl is

not formed during the reaction, for example, by the action of sodium alcoholate on

alkzlchlorosilanes (Bibl.29):

RxSiCI4_x + (i-x)( IoN - - RxSi(OCIl.)4 - .(4- )NsCI

Another method of esterification, without formation of HC1, is based on the re-

action of the organochlorosilane with ethylene oxide:

RxSiCI 4.. , + (4-x)CH2 CH2 () RSi(OCI I.CI)4.x
I -- -- -

This process apparently takes place in two stages.

In the first stage, which is the rate-determining stage, the HC1 that is always

present in certain quantities in alkylchlorosilanes, adds to the ethylene oxide:
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CH2CH 1O -- Id IC OCHICHICI

The chJlorohydrin formed in the second stage esterifies the al1qlchlorosilane,,

which step is accompanied by the regeneration of HCl. Such a mechanism is in agree-

ment with the fact that the velocity of the process is considerably increased in the

presence of H02.

At the present time the possibility of conducting a reaction in the absence of

traces of HNd has not yet been established.

The esterification of organochlorosilanes by ethylene oxide is effected either

b,,, passing bubbles of the gas through the chlorosilane at an elevated temperature in

a flask with a reflux condenser cooled by ice water, or at elevated pressure by pump-

ing ethylene oxide into an autoclave at sk temperature of about 600C. The reaction

products are rectified under reduced pressure. The yield, as a rule, is 8O - 95% of

theoretical (Bibl.30)o

The vinylalkoqesilanes and the vi laryloqailanes have been prepared by the ac-

tion of alcohols, phenol, methoxyethylene or ethylene chlorohydrin on vinyltriobloro-

silane (Bibl.31)o It is also noted that acetic anlqdride reacts with (P-chloroetbyl-

alkorysilane to form the compound CH3 000i(OR) 2CH2CH2C1, while propionic anhjdride

forms the compound C2H 5OOOSi(OR)2 CH 2OH 2Cl. The diacetate can also be prepared.

On the partial hydrol~ysis of a-chloroeth7ltrakrsns,, di-a-ahloroethyl-

tetraalkoxydisilanes are formed (Bibl.32).

As has already been stated, the reaction of an alcohol with 3±1 4 proceeds con-

siderably mre slowly than with Sial4 . The esterification of alkylfluorosilanoa

likewise proceeds considerably mre slowly than that of allkylchloroatlaneee

When 0.268 ml of ethanol and 0.2,31 mol of rharsydichloroflucrosilane react for

20 minutes at 23 - 400 C, diethoocpheylluorosilene is formed, which indicates that

the activity of the Si-F bond on esterification is lower than that of the Si-Cl bout.

The esterification of alkylfluorosilanes does not as a rule proceed to coppletione
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It is possible to accomplish this completion by neutralizing the hydrofluoric acid

formed.

Preparation of Tripopylethoxysilane (Bibl.18). In 70 S of absolute ethanol 3

g of metallic sodium are placed, and a solution of 21 g of tripropylfluorosilane in

50 ml of petroleum ether is then added. The sodium fluoride so formed is washed way

with water; and the product is dried and distilled. The yield of unpurified triprop-

ylethoxysilane is almost quantitative.

The alkyl-(aryl)-bromosilanes react like the alkly-(aryl)-chloroeilanes. For

instance, dimethylbromosilane reacts very energetically with ethylene oxide under a

pressure of 2.2 atm. The process is completed under a pressure of 5.5 atm, and the

autoclave is periodically cooled in a water bath. The yield of dimethy1-di-(0, O'-

bromoethoxy)-silane is 48.8 g, or (89%). Methyl-P, P' 0",-tri(bromethoxy)-silane is

prepared similarly.

It is convenient to use the reaction of alcoholysis to prepare substituted es-

ters with alkoxy groups of higher molecular weight than the ethox groups, and also

with unsaturated alkoxy groups. The process conditions and the catalyst are the same

as in the reaction, already described, of alcoholysis of esters of orthosilicic acid.

On treatment of anstriethoxysilane with allyl acohol, azitria3yloxsilane is

formed:

(iI I,,SI(()C H5 ). -.- 3CH =.CI ICI1201 I . Cil ,1 Si(CCH -- C I (:1 ;,). -j- C 1 l,011

Propyl, butyl, isobutyl, and isoarVl alcohols, on prolonged heating with ethyl-

or phenyltriethov"silane, form the respective ethyl- or phenyl-substituted esters

(2ibl.33).

Preparation of Anlallrloxysilanes. A mixture of 46.9 g of aqItriethoxsilane,

69.7 g of allyl alcohol, and 3 drops of SiCl,, is heated in the retort of a rectify-

ing column for 4 hours, at the same time distilling off the ethanol. Rectification

of the reaction product yields 46.9 g (84%) of anrltriallyloxysilane, having the

7-T-9101/v 333



melting point of 153.5°C. When alyltriethoxysilane reacts with amyl alcohol, allyl-

triarqloxysilane is formed in yield of 61% of theoretical. DianWidiallylovsilane is

prepared similarly, in yield 81% of theoretical (Bibl.34),

Physical Properties

The substituted ether esters of orthosilicic acid are colorless liquids which

can be distilled under atmospheric pressure without decomposition. The high-boiling

compounds are distilled under reduced pressure. They are readily soluble in alcohol,

aromatic hydrocarbons, chlorinated hydrocarbons, ketones, and ethers. They burn,

giving off a white smoke (suspended particles of SiO2 ). They are not miscible with

water. Some substituted esters of orthosilicic acid form azeotropic mixtures with

alcohols and aromatic hydrocarbons.

Table 40 gives the physical properties of monoalkyl- and monoarl-substituted

esters, halo-esters and anhydrides of orthosilicic azid.

As will be seen from Table 40, they are difficultly crystallizable liquids. Even

the high-boiling products are still difficult to crystallize.

Table 41 gives the pysical properties of di-substituted esters, halo-esters and

anhydrides of orthosilicic acid. Table 43 gives the properties of tri-substituted

esters and anbydrides of orthosilicic acid.

CHICAL PROPERTIES

The chemical properties of the substituted ethers are determined primarily by

the presence in their molecules of the hydrolytically unstable Si-OC bonds. The or-

ganic radical attached to the silicon atom is preserved in most chemical reactions,

and therefore, with respect to the direction of the reaction, the substituted esters

behave like the eaters of orthoeilicic acid Si(OR) . The presence of an crganic rad-

ical attached to the silicon atom, however, gives the molecule of a substituted es-

ter a higher stability against the action of chemical reagents. The similarity and
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Table 40

Physical Properties of Mono-Substituted Esters,, Halo-Esters and Anhy-

drides of Orthosilicic Acid

Name Formul a B. P. Spec. IRefr.
*C Gray. Index Ilibl.

d2O r
14 20

Methyl trimet1hoxylivie CH3Si((Ci) 4  j.57,2 1,I 3679 24
Methyltriethoxyajiwie .H~si (0C1 16):, i151 0,9383 1,3861 3.67141-145 0,938 - 3,67
Methyl triisobutoxysi lane ';H3SijoQ; 12(. i (CH)J), 115 0,8775 1,4106 2.3

Methyl tri- O-chloroethoxyai I me Ql I.Si(O)(; .i l137)1 257O 1,4.%2 :30
(6 wm.)

Methyltri- f-brawmethoxysil ane HSI(;fB, 131 1,27 - 3w

Metitri acetoxysilame '1it"Si()(H) 1  89-9 1w. I407 28,30
(10mm

q4 1.1677 - 2
Metylti-f-mehoxethxyslin (9mum) (25*)

Metylri ~-retoxetCxsiI e (OCH 9OC.HS)3  146 1,0454 1.4 27
) 116 mm,)Trichioromethyl triethoxysi lane (' .04i(xHjs 81 1,8W601.432( -

(3 0m)
Vinyltri-0- (chiloromethoxy) ail ae C.H.-HSfIOrCH,(:1 1, 152-1531 1. 246211.4631 14,

1(6. 5 Q~.

Vinyltriallyloxysilme -~cs(;l'I CHI)* 90,3 (.94&r) 1,43N); Kl
175mm) I

Vinyltriisonnyloxysilame II CIi(NlIH(Hj 3  1:46.8 1), 8738 1.,4232 ~I

Vinyltrihexyloxysilame (.Il12UNCI IsiO f)1:).1 177- 1791o,8$71911,.431! ~ml
I 7.5 mm? 1

Vinyl triheicyleneocysi ae (:I 6=0 I8s((X4F,,), 1102- 194D. 99S4Ail 1 4 78 m

Vinyl trihaptyloxynil ane Isr(:IiQ:. I.-22071'I,495

Viylricylxyil~(J 12im(:1 Isi(((. 11-1., 22-4- 226 I). 8109 1, 410' m

VinyBrovyloitoxysile f8'0 m");

V-ioinyl tri e hxysil e 17 mm I

at-Eichovinyltrimethoxysil une M(t )muI

(1.. (.l.IS1(( . , 1.) 7.1 113: 1. 44:4 81
a, -rChlorovinyltriethoxysi me (II) ova)!
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B. P. *GC. Refr.
Nane Formul a c Grav. IIndex Bibi.

Ethyltrimethoxysilane I. ISH.1 1 126 - 15413

Ethyltriethoxysilane 1,1 1S(H. I,0,2 I.38531 i
0928 - 9

Ethyltripropoxysilane ( 2 ISi( ~~ 202 204 0, 896 1.4017 33,67

Ethyltributoxysilane IS~ lIs.) 2:35- 238 (0.881 428
(24-)

Ethyltriisobutoxysilane 1 ~i(HI oII02 6

CJII 5siQHI,,I 28.1 0.891 1,42101 Mi
Ethyl triunyloxysilI ane (23*)!

Ethyl trii soaiiyloxysi Iane j l-,Si(I I I? I 1.- :11((.[Ii 266- 269 0,891 1 .41701 3:1,69o

(17 mmn

Ethyltriacetoxysilane 2 SI( I i :112. 97-911 1. 1426 .-

(4 mn ( 25)
Ethyldiethoxyacetoxysil moe A. I1:'HII0.(H I) 94 1.0201 1,404 29

(15 am)n

Ethyldiethoxychilorosilane 2I.sIIo i..71

a.. [)ichloroethyl triethoxyailI me CH1,CICIICISi(OCHs, i 177-178 - - 32
(745 mm)

c, -Dibromometiytriethtoxysilaoe CHtBrCfHBrSi(OCjH&), 112-113 1,43 1,4600 32
(2 mim)

a-Dibromo-f -bromethtyltriethoxy- CHjBF-:Br*SI(O(4 H$), 144.1 1.6W3 1.490 32
ail moe (7 am)

P-Chloroethyidiethoxypropoxy- CHC1-Ht(OH)(OC,H) 102 1 .047 1,4174 32
sil moe (Is Into,)

~-i~roty~imthxbuox-cHclCSiOUi l.h(O)C#Ht) 103-105 1 .033 1,420 32f -Clorotiiydimtho~ybutxy-(10 mm)
silane c.H2I-CI 1,Si(oCIJXoC,H,)j 121,6 1.006 1,429 32

P-Oiloroethylmethoxydipropoxy- (18 mm)
sil1 me C:HtClis((XIil.XOc 4 H,)2 I30-I32 0,9821 1,4244 32

f -Qloroethiylmethioxydibutoxy- (10 M94,
silone (:W;-'ISi(OCH)(04Hj 1) 128,9 1,029 1,424 32

f.t-Choroethylmethoxysmyloxy- (21 in.)
silane CII l(I-CHS((XA1 f5 ((X4 H,) 116 0,986 1,4193 32

fl-Chloroethyldietlioxybutoxy- 0I 1 1m)
silae CI 12(.'1 -(:111% i((X '1 5)(X.I 1,), 137 (),9672 1,4251 32

fl-Oiloroethy1(ethoxy)dibutoxy- (II:Is~xI~;;I I69 mm 16 1,21 3
silone ');1 . -. 7 11 1 14 1 1

fl-Chloroethyldimethtoxyacetoxysilaie ( m
(;(:I-(h~s(x 1 ,),(xCxx:-I, 117 1,079 1,14 32

fl-ilooety~dethxyaetoy-(20 ~
s.ilroetydehxato- C(C12 (:H;Si((C.,Ii,)2t:XXI 122 1052 ,4 -2M 32

fl-Ciloroethyldipropoxyacetoxy- (( , i"x:4 u.)) 18I42651432

siloe I(8 ,.).,1 .253
O-Chloroethiyldibutoxyacetoxy-

silane
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Nw~~B Foml 3P. - )ec Pf r
NaeFrmlac Gr av. I Idex 141Ai

P- Qloroe ti y 1di amy Ioxy - (1(1..-( 155m 1,0 .43111 T
acetoxysilan (5 e

I?-.Odoroethylrnethioxydi acet- ~ ' I.r-Ci S( )I1)((X 1 'AOCO )2 114 11 IS . 190I.42I1N 32
oxysilane (8

P-Wioroethiylethoxydiacetoxy- (CilII....-C2 2 iX2H(2 I 1 1d 9-12o 1,157 I 4243 :32

si I ane (:82 1..0 -C

P-aliloroethiyldutoxyaety- 92 iClSOx 2 1)I9 99I2 I.4241, 32'
siabxyiln 1jI.(212 i;I. 2 c;I~I1- iI.0 40~3

rl- Qioraethyldiethoxyettyl- (I 9112I1426 2

carboxysil ane (7 mm( 1i (: 32( )(X()(..1) 3

P-ChloroethldipropoxyethiyI- (101 mon) .0~122 3
carboxysilane [ 175r J,30 I1,40731 7j

Allyltrietlioxysilane I0W 0,923 1.3952,

CIICI.II.sO ~ lii 180,5 I 1.44211 ,

Al lyltrianyloxysilalC (23 Mm)

Propyltrietlioxysilane C,fiSi((:'.Hi), 1841 0 85281I406I(26,') 11406 1 r
0,894514

I sopropyl trietioxysi I we ((H3 2C j(PXJ2 H&): 1 7m 0.91" -

Isopropyl tri acetoxysilIane I(C1 3),2CHIsi(o(kfCa): 41 -92 -1, 1104(* .12

(3sm 125')

191
192- 1'i ;U.895 '1 3976ii ii

(9)(290)
Iso)butyltrietlioxysil ane j(cf1I3)2CI It 12j1U 2 16);, I o 0,9041,98 5 .
lsoarmyl trimethioxysi I we W((1(20 I 1 (1 i'( IlC IISi(()I 1., ' I 67 16 I

(32 mpnI 481 .-

I sownyi triethoxysilI atie 1(0 1.,Kl8I t. (.1 Idsil( 221 16)1 P 08 1' ,896 1,1'8
191 -2011,().9:118i

iHexyl triethoxysi Iane '.,I 1 .1Sj((X~jl 3 .: 211 ). 89.1 I ,41i7T 5,.'
PI ieiy It r ime tloxy sila' IIi4I w~. eo I08 11,

(5 me")

Plienyltriethioxysi lane '261I*,SO( . 233- 2:14:I ji3. 152
12(1 1 , wl S 2S

(I5 .,n) (Ir

I'ler.yltripropoxysilaine k. u35( S'11, 192 1 o 2f

!'Iienyltriisobutoxysilane I 01 ISSil( XI A 12I( -11 111-21 1 -)M5

(10 .win)

I enyt ri i so any ox s .I a e* j941

(I8 Mm)

1Ihenyltri-(q-chloroethoxy)- 11S(X>II ~ 15 4 I.26801 .51,77 i'

silwne Ia)

Ilienyl tri (-neti~oxyethoxy)- IlS(2I (XI,.04 I018.77 7

silane m)



Name Formul a OC Grav. Index IBibi.
Phenyltricycloiexyoxy. 1111:! 252--253 -

silane 0I3 mops)
Phenyltriphenoxysil ane '21I,Sij()(41 151:, 248-250 D"

(13 mm)
Phenyldiethoxyfluorosiluie ClISiFQ)k:,II 6 ). 64--75

(200 mms) , I
p-Broaiophenyltrimethoxy- 8rC'sli 4Si(0OUI 1:0 136 1, 349S 17,121 2?,

ad me ( 13 ,5~ me (16150)
p-Bromophenyltriethoxy- HK ',I 4SAl(AA13j., 150 1. ,2244I 1,49251 2?,

silane (2m) (15.4-)i
p-Bromphenyltripropozy- HK 4 fI4Si((X;3 I 1-1):, 176 1 15531 1.4497 2i

silane(4 m(6.)
p-Bromphenyltriiaobutoxy- Hf ,IS(O.1I,19 mI .q21 4,~ 9P

silmie (148 mm
p-Ainophenyltriethoxy- \I?.Is~E1:I148mp

silane 1 em

p-Ijimethyl uninophenyldiethoxy- (CH.)2NCsH4 S14OC4HsI) 2  180-182 - - 21
ail me (24-s)

p-Tolyltriethoxyzilone CHsC$H6Si(OCSHSI) 3  137 -- - 21
(14 me)

Benzyltriethoxysilane C@H&CHqSI(0CsHg). 245-250 0,8631 - 26
170-175 0,9664 - 26
(70 mm)

Phenylethynyl triethoxy- CH&Ki-((OCH, 141-142 0,986 1,48981 70
cii me (6 mm) (22n

2,4- Diinethylphenyl trieth- (CHs),c@H*SI(O(. H):, 270 - - 7
oxygil me

1, 5-Dimethylphenytriethoxy- (C1VH3 Si(OCsH, 2  150 - - 21
siiim. (23 mut)

p-Biphenytriethoxyziiuie C1Hs&HSi(o~tkie)s 210-..215 - - 21
(13 mm)

Cycloliexytriethoxysiimwe CHaS1(OCuIjs), 233-..234 -

220-230 1,43321930 i

a-Nphthyltriethoxysiiute (718 mmp) (19,50) (2)o
CI,H,Si(LCHg):, 308.-320 - 7

(744moo)

175 - -

O-Naphthyi trietlhoxyai me (IS mm)

Ebdecyitriethoxysiliane (1 lS((~ 773 -mm)

C,3 !g~iO~H ~ ~ 140- 16 W 80
0.l5-1mut
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Table 41

Physical Properties of Di-Substituted Esters, Halo-Esters and Anhy-

drides of Orthosilicic Acid

B. P. Sec. Pefr.
Name Formul a c Gray. Index Bibi.

rEimethyldiethoxysilane (C3),ij(OC2II3).b 111: 114 0,890 1.3M3 67.&0
(749 mm) 0,830

Dimethyldi-(O3-cloroethi- (CI-1a)aSi(OCsHU#() . 213 1,135 1,4420 30-
oxy)-silane (758 ams)

Dimetiiyldi- ( -bromoethoxy)- (CaaiO~~~)2 Mr -)

ciime(CH&) 1 Si(OC4 H-I12 187 - 1 .4058 2
Dimetiiyldibutoxysil ane 75 - 1.4035

(10mm)
Dimethylbutoxychloro- (CH)S(I1*(l 142 - - 23

silane (CHA)Si(OCOCI 11 1i ~- mm) 1.05 1.401 29
Dietyiiaetxyilne44-45 1 .04851 - 21)
Dimthidiceoxyilne(3 a) (250)

rDimethyi di - (P,-metlioxyetbi- ((.1 11)fsi(x;2I14 ocHs)! 9-03-204 0.9663 1.4114 27
oxy)-siiane

Dimethyldi- ((-ethoxyethioxy)- (('. I:,p2Si(CK;.I144OC2H&.. 336 0, 436R 1, 4131 27
siiuie( 30 moo

Eimethyi dimethoxysi Iane Y16)'A i(OQ1 1). 128.1 - -- e

Dinethyidiethtoxysilane (C..II1:,!Si(C11&)t 155- 156: 0,8752 -- 3,71
DiethyiethoxycIhiorosii ane' C. 15,Si(OCH& $1 147,3 14 .71
Diethyidialiyioxysilane (:iI),S().H)7(-72I090- 8
Diethyidiphenoxysilane I C I 1)Ji((C43. 1.0-9 - j68
Diisopropydiethoxysilane (4 mm)

I (:231) 2SW((X.4H8), 1846 187 1-I.4130 $Dibutyidiethoxyzilme (25.8-)
Diiaommyldimethoxysiimne I (C4I1 )si(OCII ,), 2Z- 5,14

01imi .34
Dxiyidiethoxysjilae Io.-10

j 20 am)
Diphenyidiethoxysiiime (.I 1 )SiO 2 3) I 63 1,4415 8,34

(23 am)
~ ~iI~i( KH 5~ 302---304. 72

Dilpfenyi-p- chloroethoxy- 217-218
ail ane (100 mm)

Diphenyidiphenoxysilane (II;)s(x 2 I(l ~ (144 mm )21 1 AA 7I

Diphenyipltenoxychiorosii me (.A) mmJS3O4 A)?L

Di-(phenyiethynyi)-diethoxy- I (liiI) 4 ~); :
1411 m

Di- (oxyethyiphenyi) -dieth- 12 two2mm)"

Dibenzyidibutoxysiiane (.11~Ips(I;lj 206--207 115437
Dibenzyl diphenoxycilan 23 e5

((:CI~(;Is~otlyI 13 i,364 1,92 u6m
Own min(25-)
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B.P. Spec. Refr.
Nwye Formula CGrav. Indexj Bibi.

Methylbenzyldi-( -metho- 1 :10(.6113" ~)iO(~S 1082 181 -185 1, 0 141 1,.4795 27
ethoxy) -ailane 11 mo%)

(18 me")
silane, (1"ISiI ( ;XHY 83-- -84 - 801

Methidicetoysiane(45 mm)
Metyliactoysian :IAG I3 ,LSi s(O 2I1 i4. 140 1 3590 gil

Methylethyldiethoxy- (( ~(4 ~SI(:14(Ilb (-152( 44I.488'

Methyiphenyldi- (f-metho- 105--110
ethoxy)-ailane 'I1(rIleiX. 2 , (131 0M~)

CJ g(O~ilIsiito.4 ,)2 201 1. 2488 1. 5531 2x
Methylphenyldiethoxysil ane I117 nuaw)

Phenylbromophenyldiethoxy- (0. nom)

silane 13 0

Phenylcyclohexyldicyclo-
hexyloxysilane
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Table 42

Properties of Mixtures of Certain Substituted Eaters of Orthosilicic Acid

with Alcohols (Bibl.24 , 80)

IB.P. of Reir. Alcohol
6ubstituted Esters Alcohol MitreI onltent 2f

LI 3)SiOCHa CH0H 5o 1,3637 14-16
c[I3)3SOC2H6  C2HOH 66 I, 3729 -
(j I).1SiOCHCit(CI 3).. (CII.).CIICH..OH 111 I, 3963 40-44

Table 4,3

Physical Properties of Tri-Substituted Eaters and Anhydrides of Ortho-

silicic Acid

B.P. Spec. Hefr.
Name Formula "C Gray. Index Bibl.

Trimethylmetlhoxysilarie (cII)SiO113 57,2 -Fil2
(CI 3)3S(X~ 11 7,21.3679 24

56,5-56.7 -7 1,3678 24
(747 vam)

Trimetlyletlioxysil ale (Cf-1 , 75 0,7573 1,3741 10,24):SiCIH& (745 mn,,)
Trimeth) ibutoxysi I ae (C' I.SiOC4 I, 123

124,6 i (,7774 I.925 24
Trimethyl -P-chloroeth- 1761 )

f(:a 11.).SiOX.. i40 134.3 - 30oxysilae " 131-132 to,9443 1,4140 30
Triethylethoxysil ane (C211 )aSiOC2.15  153 0,8414 - 3,71

154 0,8310 (26,50) 1,4714 24
Triethyl acetoxysi me (CI 1)3Si OcOC! a 168 0,9039 - 3,4
Tripropylethoxsi( mae (CI.I )Si: 2 11 198-20( U.R,57 1,456 33

(738 mm) (13,6-)
Tripropylacetoxysilane (C3IIisSiO;(XJII., 212-216 - 77

VC ( '.2:1 . I )=c I I' ]-iso (p,! 86.5

Triisorpropyl ethoxy- 1,4560 33

sil ane ((CII1h)sioO(C1I l .P. - 7.AlI- --92+ -- 787
Triphenyl acetoxysi Iane
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Table 42

Properties of Mixtures of Certain Substituted Esters of Orthosilicic Acid

with Alcohols (Bibl.24, 80)

B.P. of Refr. Alcohol
Substituted Esters Alcohol Mixture In x Content 2f

Oc n Mixture, 7b

('I 13)SiOCH3 CH3OH 51 1,3637 14-16
d(1 -3 )3 SiOC 2H6 C2H60H 66 I, 3729 -

1 l. 1 S iOCH(CI(C11 3 )2  (CHS)CICI-120-1 111 1,3963 40-44

Table 43

Physical Properties of Tri-Substituted Eaters and Anhydrides of Ortho-

silicic Acid

B.P. Spec. Refr.
Nie Formul a "C Gray. Index Bibi.

Trimetlhylmethoxysi Iwe (CI 13) 3SiO(cl 1i 57.2 . 1,3679 24
56.5-56.7 1,3678 24
(747 m)

Trimetliylethoxysil aie (CI-.)*Si(CH&. 75 40.7573 1,3741 10.24
(745 mm)"lrirnethyi butoxysi Iane ((:I I. )SiOC4 ! I, 123

124.6 0i.7774 1.3925 24

'rirnethyI - '- chioroeth- (761 m"m)Tryi ae J "1"cl~~t "(: 11:',hSiOm ., ICI 134,3 - 30

o.si131eC 3-132 1.,9443 1,4140 30Trieth(ylethoxysil 2e (2113 hSi(X-IIs 153 0.8414 3,71154 0.8310 (26,.5) ,4714 24
Triethylacetoxysilane (('2118).SiOCO' I1, 168 (),039 - 3,4

Trip ropyl ethoxysi I we ((:,I I')SiO(' I1 19W- 20) U. 8&57 1,4560 33(738 V. (13,6-)

Tripropyl acetoxysi I ane ((:31 I-Sio :(X l 13 212-2161 - 77

Triisoropylethoxy- ((;I IJ.,Si(X 11, - W57 1,4560 33

si Iane-92 - 78,79

Triphenyl acetoxysil 

.e
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difference between these two classes of compounds is most distinctly seen when we

consider the reactions of hydrolysis.

Hydrolysis

The reaction of hydrolysis of the substituted esters of orthosilicic acid by wa-

ter proceeds by a mechanism similar to that of the hydrolysis of esters of ortho-

silicic acid and of silicon tetrachloride (cf.page 83). The end product of the hydro-

lysis of esters of orthosilicic acid and of SiCl 4 , however, is an inorganic polysil-

oxane, silica gel, while the products of the hydrolysis of substituted esters are

polyorganosiloxanes.

The intermediate products of the hydrolysis and condensation of the substituted

esters of orthosilicic acid were isolated and investigated by me (Bibl.35) consider-

ably earlier than the intermediate products of the hydrolysis and condensation of the

esters of orthosilicic acid. In investigating the hydrolysis of the substituted es-

ters, the mechanism of the high-molecular organosilicon compounds was established

for the first time.

The velocity of the process of hydrolysis of substituted esters and of the con-

densation of the hydrolysis products depends not only on the factors that have been

pointed out in our discussion of the process of hydrolysis of the esters of ortho-

silicic acid, but also on the s 4+ucture, size, and number of the organic radicals

bound to rhe silicon atom. The presence of radicals reduces the velocity of the

hydrolysis of the alkoy groups and of the condensation of the hydrolysis products.

This reduction is the greater, the larger the number of radicals, and the larger

they are in size. The presence of large radicals, and also as branched radicals,

exerts particularly great influence on the rate of hydrolysis and condensation; ob-

viously, in the hydrolysis of substituted esters of this type, the steric factor

plays a substantial role. The character of the hydrolysis product of a substituted

ester is determined by the functionality of the system. As we have stated, the func-
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tiona-lity of an individual substitution product is defined as the number of reactive

Si-OC bonds. The functionality of a mixture is a quantity intermediate between the

functionalities of the individual components. For instance, the functionality of a

mixture of 1 mol of diethyldiethoxysilane and 1 mol of triethylethoxysilane is 1.5.

In the general case the functionality of a system may be found from the formula:

M + 2D + 3T + 4QF--,M+ D+ T-±Q

where M, D, T, and Q are the respective number of mols of mono-, bi-, tri-, and

tetrafunctional components in the mixture.

The higher the functionality of the system, the higher the molecular weight of

the hydrolysis products (for systems with the same organic radicals) and the more

will it in structure and properties approach the hydrolysis product of the esters of

orthosilicic acid, namely silica gel. The products of the hydrolysis of mixtures of

low functionality (up to 2), however, are low-molecular liquids with physical proper-

ties having nothing in common with the products of the hydrolysis of esters of ortho-

silicic acid.

In studying the mechanism of formation of organosilicon polymers, that is, of

the polyorganosiloxanes, the peculiarities characteristic for the processes of hydro-

lyrsis of compounds of lifferent functionality must be borne in mind. For this rea-

son we shall describe the processes of hydrolysis of substituted esters of varying

functionality: monofunctional, bifunctional, trifunctional, and mixtures of various

furctionalities.

!H-drolysis of Systems with a Functionality Less than Two

Under the action of water on monofunctional subst. ted esters of orthosilicic

acid, only the hexaalk,-ldisiloxane is formed:

RSi-OR' + F ) - RsSi-OlI - R'01
2R 3Sio( I R3SiOSiR3 + I IC)

-3



The intermediate products of hydrolysis, trialyhydroxysilanes, can probably be

isolated when the process is run in a weakly alkaline medium, but the literature de-

scribes only the preparation of trialkylhydroxsilanes from trialkql-(aryl)-chloro-

silanes, or from the salts, silanolates. The difficulty of preparing trialkyhydrooy-

silanes from substituted esters is obviously due to the fact that the presence of

three organic radicals attached to the silicon atom considerably reduces the mobili-

ty of the alko.V groups, so that the use of catalysts, acid in this case, are neces-

sary for the conduct of the process of hydrolysis. The presence of acids sharply ac-

celerates the process of condensation, so that the principal reaction product is a

hexaalldisiloxane.

The methyl radicals weaken the mobility of the alkoxyl group to hydrolysis, but

only to a mionm extent. The velocity of condensation of trimethylbydroxsilane is

high, however, and on tne hydrolysis of trimethylethoxysilanes by water in the pre-

sence of RC1 or sulfuric acid, the reaction product is only hexamthyldisiloxane

(Bibl.36).

The practical importance of monofunctional compounds is related to their use for

ring-closure of polyorganosilaanes. The process of preparing polymers in whose mol-

ecules the ends of the siloxane chains are closed by monofunctional groups, mey be

accomplished either by catalytic rea mnt of a mixture of hexaalkydisiloxanes

and the hyd olysate of bifunctional compounds, or by the cohydrolysis of mixtures of

monofunctional compounds with bi- and trifunetional compounds, that is, by hydrolysis

of mixtures with an average functionality between one and two. By varying the ratio

between the monofunctional compounds and compounds with a larger number of function-

al groups (up to tetrafunctional), liquid polysilozanes with a longer or shorter

silomne chain, and having either linear or branched structure, may be obtained.

Polymers of linear structure are prepared by cohydrolysis of a mixture of tri-

alklalkoaysilanes and dialkydialkooysilanes:
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2RSiOR' + xRSi(OR'). + Ix + I)Ht() - RSfO(SIRjO))SiR& + (2x + 2)R'OH

When the ratio between the mono- and bifunctional substituted esters is varied,

the total functionality of the system may vary between 1 and 2. In this case, the

average length of the siloxane chain of the compound formed will vary accordingly.

It must be borne in mind that the hydrolysis of a mixture of two compounds of differ-

ent functionality cannot be exactly reflected by any single chemical reaction, for

instance that given above. In all cases, as a result of the process of hydrolysis,

complex mixtures are formed containing linear compounds with siloxane chains of vary-

ing length. As the main reaction product, however, a polymer may be obtained in

which the number of silicon atom is determined by the ratio between the quantity of

mono- and bifunctional compounds. The number of silicon atoms in the main compounds

may be calculated. We make use of the following reasoning to set up the equation.

Let us imagine that a molecule of polymer RiO(SiRaD) SiR,, obtained by the re-

action given above, is divided into two equal parts. The number of bifunctional

structural units in each part, equal to the ratio between the number of bi- and mono-

functional structural units in the molecule, will be equal to the ratio between the

number of mols of the bifunctional substituted ester and the number of mols of the

monofunctional substituted ester, "-; the number of structural units in each part
M

of the polymer, will obviousy be one unit mr than this ratio; while the total num-

ber of siloane units in the polymer chain (the number of silicon atoms) will be:

where D - number of ole of difunctional substituted esters;

M - number of mols of moofunctional substituted ester.

In this case, the equation for calculating the average functionality of a sys-

tem consisting of a mixture of mono- and bifunctional compounds, will take the fol-

lowing form:
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2D
%i + 2D '_+ F (2)

(por 4 L)

By simultaneous y solving eqs.(l) and (2), the relation between the number of units

in the siloxane chain and the average functionality of the system can be found:

2
2 - (3)

For monofunctional compounds (@ = 1), the solution of the equation leads to the

result that the number of silicon atoms in the chain must be equal to 2 - disiloxane

is formed. When the functionality is increased, the average number of siloxane units

in the chain also increases, and for t - 2, it is theoretically equal to infinity.

As stated above, in fact the actual product of the reaction is a polydisperse mixture,

which also contains cyclic polymners, so that at a functionality of this system that

is close to 2, the actual average length of the chain is found to be lower than the

calculated value.

We present an example of the preparation of polymers of relatively low average

molecular weight (Bibl.37).

yidrolysis of Mixtures of Functionality Less than Two. 1. A mixture of 1393 g

of dimeth-ldietho silane and 1110 g of trimethylethoiruilane (I - 1.5) is treated

for 1 hour, with stirring, wich a solution of 7.5 g of NaOH in 254 g of water at a

temperature of 40 - 650C. Then 50 ml of water are added to the mixture, and it is

heated under a reflux condenser at boiling point for 2 hours, The ethanol formed

,iring tie hydrolysis is then distilled off, up to a temperature of 1000. The or-

--arosilicon compounis entrained luring this distillation are separated by washing

the ethanol with water, and are returned to the main mass. The mixture of siloxanes,

to complete the hydrolysis, is then treated at boiling point with 550 ml of 20% HCL.

The reaction proluct (1126 g) is washed, iriel, and rectified in a rectification
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colurr, (1.3 m high), packed with 6 x 0.6 rm glass spirals. During rectifications, a

series of indivilual polymethylsiloxanes, of the general formula

CH3[3i(TI3 )2C]xSi(CH3 )3, where x = 2, 3, t, and 5, are separated.

The resijue in the still after rectification amounts to only 10%, and its vis-

cosity is low (12 centistokes).

:able Y, gives the properties of the products so obtained.

:able 44

Ph:sical Properties of Linear Polynethylsiloxanes cH3[Si(CH3)20 xSiCH3)3

a)b) c) 20 e(14.+) C C d 20

3 152 -- 86 1.04 ().8182 1,3822
4 192 -76 1,53 (1.8510 1. 387"
5 --84 1. , 390ie

-.. 5 1,3922
63- 1, 3952

a) 'umber of silicon atoms (x + 1); b) Boiling point, 0 ; c) Melting

01 20point, ; d) Viscosity, centistokes; e) Specific gravity, dD , f) Re-

fractive index, n 
20

;ntirely different products are obtained on the hydrolysis of mixtures of func-

tionality' close to two.

2. A mixture of 288.6 g of dimethyldietho.Vsilane and 5.9 g of methyltriethoxy-

silane (Bibl.37) (€ - 1.95) is treated, under stirring, with a solution of 0.2 g of

!'aOF in 36 g of water for 30 minutes at 25 - 600C. The mixture is heated to 1000C,

and at the same time the ethanol formed (169 g) is distilled off. In order to com-

plete the hydrolysis, 150 ml of 20% HCl is then added to the mixture, and it is again

heated to boiling. The reaction product is washed and dried over calcined CaC 2.

On fractional distillation up to 2500C, under a residual pressure of 1 am, the retort

residue amounts to 123.4 g (83% of the weight of the product of hydrolysis). The
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colurnr (1.3 m high), packed with 6 x 0.6 mm glass spirals. During rectifications, a

series of indivilual polymethylsiloxanes, of the general formula

CH3 [i(ZC 3 )2 C]xSi(CH3 )3 , where x - 2, 3, 4 , and 5, are separated.

The resilue in the still after rectification amounts to only 10%, and its vis-

cosity is low (12 centistokes).

Table 41, gives the properties of the products so obtainel.

,able 44

Physical Properties of Linear Folyethylsiloxanes CH3[Si(CH3 )2 0]xSiCH3 )3

a)b) C) 20 2

3 1 -52 -86 1 .64 .182 1.3822
4 192 -76 1,53 (1, 8510 1, 37"

.... 84 .... I , 39 k
65 . 1,3922
7- -63 -- I 3952

a) rumber of silicon atoms (x + 1); b) Boiling point, °C; c) Melting

point, o; i) Viscosity, centistokes; e) Specific gravity, d,20, f) Re-

fractive index, nD
20

7ntirelyr different products are obtained on the hydrolysis of mixtures of func-

tionality close to two.

2. A mixture of 288.6 g of dimethyldiethcxqsilane and 5.9 g of methyltriethox-

silane (Pibl.37) ( - 1.95) is treated, under stirring, with a solution of 0.2 g of

ITaOl! in 36 g of water for 30 minutes at 25 - 600C. The mixture is heated to 1000 C,

and at the same time the ethanol formed (169 g) is distilled off. In order to comp-

plete the hydrolysis, 150 ml of 20% HCl is then added to the mixture, and it is again

heated to boiling. The reaction product is washed and dried over calcined CaC12.

On fractional distillation up to 2500C, under a residual pressure of 1 m, the retort

residue amounts to 123.4 g (83% of the weight of the product of hydrolysis). The
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viscosity of the retort residue is 81 centistokes.

The above examples illustrates the possibility of preparing organosilicon poly-

mers with predetermined physical properties: viscosity, boiling point, etc, by vary-

ing the functionality of the system. The reactions we have given above allow prepa-

ration of liquid organosilicon polymers containing various organic radicals and pos-

sessing various degrees of viscosity.

Systems with a functionality of less than two may be not only mixtures of mono-

and difunctional compounds, but also mixtures of mono- and trifunctional compounds,

and even of mono- and tetrafunctional compounds with the former predominant. The

products of hydrolysis and polycondensation of such mixtures are polysiloxanes of

branched structure, which as a rule have very low freezing points. Thus, for in-

stance, it has been proposed to prepare liquids by cohydrolysis of dimethylphenyleth-

oNcsilane and methyltriethoxysilane (Bibl.38). The reaction products are liquid poly-

organosiloxanes, whose molecules have a side chain in each structural unit:

RRS:()-- - Si -0 -. S;RR 2

In the case where there are not only mono- and trifunctional monomers in the

mixture, but also bifunctional monomers, the polysiloxanes formed do not have a side

chain in each unit of the chain.

On the cohydrolysis of an ester of orthosilicic acid with considerable quanti-

ties of monofunctional compounds (functionality of the mixture less than two) in the

presence of an acid or alkali, a series of compounds of the general formula

Si(OSi(CH3 ) 2 R]4 , have been prepared, whose properties are given in Table 45. The

products of hydrolysis, together with such compounds, also .:ntain hexaalkyidisilox-

anes and polymers of the general formula
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()Si(C 13 ),,R 1I
1((:I 13)2Si()- -Si - 0- -- - -Si(CH,) 2

()Si(C1 13)2R

Fro. the data given in a patent (Bibl.39), the compound so formed contains up to 40

silicon atoms in the chain. They possess a very low vapor pressure, up to 0.1 mra at

300°C.

Table 45

Physical Properties of Certain Tetratrialkyisilox~silanes Si[OSi(CH3)2R]4

: e)
A) b) 2o0<.4 * ( ] 15,61 nit

(I !3 91 (9 " rn) -3 (1),875 I ,3865
(-,II, 102 (2 0"') -45 0,895 1.4112
C;jIf: 222 15 mM) --62 1,049 1,5178

a) Radical R; b) Boiling point, OC; a) Melting point, OC; d) Specific

gravity, d1 5 6 ; e) Refractive index, nD2 0

The most substantial element in the conduct of the hydrolysis of a mixture of

different organosilicon compounds is the finding of the optim conditions under

which actual cohydrolysis takes place, and the reaction product contains structural

units of different monomers in a single molecule. If the rate of hydrolysis and con-

densation of the different compounds making up the mixture are approximately the

same, the conduct of the cohydrolysis involves no difficulty. If, however, these

velocities differ sharply under the reaction conditions, then the product of the

hydrolysis and condensation is not a copolymer, but merely a mechanical mixture of

different polymers which does not possess the properties inherent in a copolymer.

The finding of the optimm reaction conditions under which cohydrolysis takes place

is therefore an important and sometimes a complicated problem.
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Hydrolysis of Bifunctional Compounds and Mixtures

While a chemical formula that rather accurately reflects the possible processes

can be written for the reaction of hydrolysis and condensation of the hydrolysis pro-

ducts of monofunctional substituted esters of orthosilicic acid, the reaction of wa-

ter with the dialkyldia3.koxysilanes proceeds in a manner considerably more compli-

cated.

A detailed study of the mechanism of the reactions made by me (Bibl.40) has al-

lowed me to establish that the process of hydrolysis is accompanied by condensation

of the hydro.y derivatives to form high-molecular polydialkylsiloxanes.

On addition of an insignificant quantity of water to a dialkyl~dialkozysiloxane,

hydrolysis of one of the alkoxy groups takes place:

R2Si(OR'*), -1 H,.O -- - -,R.Si(OR')OH + R 1O11

followed by the condensation of the hydrolysis products.

When more water is added, the hydrolysis LAd condensation continue, according

to the reaction:

R,SI(OR')OSiR*{OR') + if,() - sSi(UR')OiRAX0I --- R'0II
R,Si(OR')OSiRjOl4 + 1IOSiR2(OR') - - 0RrSi(OR')OSiRsOSiR(OI) + H&( gtc.

Thus the intermediate products of hydrolysis and condensation are linear poly-

dialkylsiloxanes with alkoxy groups at the ends, having the general formula

RT0(SiR2P)xR*

Rydrob'ysia of Diethyldiethgzrilane. To 4,4 g of diethyldiethoquilane, under

stirring, 16.9 g of 80% ethanol is added (0.75 mol of water per mol of substituted

ester), The mixture is kept in a thermostat at 9&0 C for 10 hours, after which the

ethyl alcohol is distilled off, and the mixture is fractionated at reduced pressure.

The principal reaction product is octaethyldiethoxytetrasiloxane, but there are al-
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ways a number of compounds of the homologous polymer series C2H50[Si(C2 H5)20]xC2 H5

present in the mixture.

When various quantities of water are used, we have isolated, as the principal

reaction products, the compounds shown in Table 46.

Figure 20 shows the velocity of hydrolysis.

Table 46

Characteristics of Separated Diethoxypo3,diethylsiloxanes

C 2H O[Si(C2 H 5)OxC25

a) b) o d)

, 75 1 165 172 (0.003 m.4 ,
U,85 7 204- -212 (0.003 MM) I i.3
0,87 X 194-202 (0,001 m,, I10,0
0.90 (1 225- 232 (0,001 m..

a) Number of mols of water per mol of diethyldiethoxysilane; b) Number of

silicon atoms in siloxane chain, X; a) Boiling point, °C; d) Ethoxyl value, %

The length of the chain of the principal reaction product - the average chain

length - depends on the quantity of water introduced into the reaction, and can be

calculated mathematically (Bibl.41).

Let us adopt the following notation:

N = number of mole of product being hydrolyzed;

N, number of mole of water introduced into the system, equal to the number of

siloxane bonds formed.

As a result of the hydrolysis reaction, the number of mole of organosilicon com-

pound decreases, and will be equal to the difference

N - N,

The average number of silicon atoms in the siloxane chain formed will be equal

to the ratio of the number of molecules before hydrolysis to the number of molecules
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after hydrolysis, that is

X N-N

N1
By dividing the numerator and denominator by N, and denoting the expression-- by

nb, we get:

where nb represents the molar weight of the water taken in the reaction of hydro-

lysis. This equation, as has been indicated, has been introduced for the ideal case,

that is, for infinitely small velocity of introduction of water and for its uniform

distribution. It has been found in practice that

-o - " this equation is correct for systems with a ratio of

b) -- up to 0.9 rel of water per rel of organosilicon com-b) o
- pound. When larger quantities of water are used,

4 S S there in a discrepancy between the calculated and

experiental data, which is due to the nonuniform
Fig.20 - Relation between

course of the reaction in the different zones, as
Degree of Hydrolysis and

well as to the formation of a certain quantity of
its Duration

cyclical silexnes together with the linear
a) Time, hours; b) Number of

siloxanes.
hydrolyzed ethoxy groups, %

A study of the principal fractions separated

by fractionation under high vacuum has shown that in hydrolysis with nall quantities

of water, the products are colorless viscous liquids. Their viscosity increases

with the degree of condensation of the product. All of them are readily soluble in

benzene, alcohol, acetone, toluene, alcohol-benzene mixtures, and other organic

solvents.

On repeated distillation of the principal fractions, even after six-fold frac-

tionation, no break in the continuity of the boiling points is observed. The pro-

ducts do not crystallize on cooling, but solidify slowly, and are converted into
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glasslike substances, which indicates the probable presence of insignificant quanti-

ties of homologs, which hinder the process of crystallization.

The molecules of the compound so prepared have an open chain. A proof of this

is the good correspondence between the numbers of the ethoxyl groups, confirming the

presence of two ethooqrl groups in the molecule. Linear polymers are formed as a re-

sult of the step-wise hydrolysis of triethyldiethoxysilane in a neutral medium with

insufficient water (Bibl.41).

'Iith an excess of water and in the presence of HCl, not only linear but also

cyclic polymers are obtained. Thus, for example, the hydrolysis of diethyldiethoxy-

silane by dilute HCl leads to the formation of liquid products. Repeated fractiona-

tion under reduced pressure separated two main fractions with respective boiling

points (8 nn) of 150 - 2000C and 200 - 2160C.

The liquid of boiling point 150 - 200°C (S nm), according to the analytical re-

sults, has the following elementary composition: Si 25.1%; C 48.9%; H 7.4%. The av-

erage molecular weight of the liquid is 530 and its refractive index n -1 . 439.

It may be supposed that as a result of hydrolysis in an acid medium a compound

with the formula [(CO0s2 Sio] x is formed.

If we start out from this fornula, the liquid should have the following elemen-

tary composition: Si 27.4%; C 47.1%; H 9.8%; 0 15.7%.

The molecular weight of a unit of the chain, (C2 H5 ) 2 SiO is 102, whence x - 530:

: 102 a 5.

Thus the main part of the substance of molecular weight 530 is apparently of

the following structure*:

* The molecular weight of the pure substance corresponding to these formuilas should

be respectively 510 and 816.
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C ) CIC I I ...%I Si(CA 15)'.

( -.1 1 )..Si Si(C . 1,)1 ,

S I ,( )\ / (I
Si(C .., 1.2.

The excess of oxygen by comparison with the calculated amount is probably due to

the presence of insignificant admixtures of linear polymers with hydroxyl grovps:

HO-SI- Si -S--i-01 I

in the liquid, together with the cyclic polymers.

The liquid of boiling point 200 - 2160 C has the following elementary composi-

tion: Si 26.3% C 46%; H 9.7%; 0 18.0%.

The average molecular weight of this liquid is 892, and its refractive index

nj 5 =

It may be supposed, from the data of the analysis, that this compound likewise

corresponds to the formula [(C2 5)2 iO]x, where x - 892 : 102 , 8.

The postulated structure of the principal part of the substance* of molecular

weight 892 is as follows:

SSi(C.1 Is).! -Sl .. - -Sq~ ,,-0

)S- ((I 'S(Cs (

\. /
()-Sui Ctt,i1 .--C.)--Si( 1 t5):-- V- - - (C21,) 2Si

Besides this the substance probably also has admixtures of linear polymers containing

hydroxyl groups:

* ' he molecular weight of the pure substance corresponding to these formulas should

be respectively 510 and 816.
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C'H j CHi5 ] C213 1
I I I I I[10-S i- -0-O-Si----0-Si-Oil
I Iosi
C41 l  C'21 II C.1t

As indicated above, the product of the hydrolysis of alkylalkoxysilane is al-

ways a polydisperse mixture of polyalylsiloxanes. The composition of the polydis-

perse mixture may be calculated under the conditions of the equal activity of the

alkoxy groups attached to the silicon atoms, and of the absence of cyclic polymers.

Both these conditions are satisfied in systems with an average degree of polymeriza-

tion of about 10, which is obtained when 0.9 mol of water to 1 mol of dialkiydieth-

oxysilane is present in the system.

The distribution of the polymer homologs for such mixtures may be calculated

from the statistical equation (Bibl.42):

"ix  nx-'(l - isb)

where nx - molar proportion of polysiloxanes of degree of polymerization x (where x

is the number of silicon atom in the polysiloxAne chain of the molecules);

nb = molar proportion of water taken for hydrolysis.

The hydrolysis of dimethyldiethoxysilane (Bibl.43) proceeds completely according

to the reaction considered above on the example of diethyldiethoxysilane. When di-

methyldiethoxysilane reacts with the quantity of water sufficient for complete hydro-

lysis, the reaction product consists of linear polydimethylsiloxanes with etho.V

groups at the ends of the molecules (C2 H5 0[Si(CH 3)i]xC2H). Individual products

containing up to U1 silicon atoms in the molecule have been isolated and studied

(Table 47).

Hydrolysis of dimet.hyldiethoxysilane (Bibl.L3). - 2051 g (54.4 mol) of di-

methyldiethoxysilane, a solution of 21.8 g of NaOH in '733 r (W0.7 mol) of water is

added over a period of 2 hours with stirring, and at a temperature up to 700 C. The
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mixture is then held at the boiling point for an hour and is then heated to 1000 C,

simultaneously distilling off the ethanol formed. The reaction product is neutra-

lized by passing carbon dioxide gas for 1.5 hours, and the precipitate is filtered

off. The volatile polysiloxanes are distilled off, up to 1500 C, under a residual

pressure of 1 wM (retort residue 28.2%. viscosity of that residue 7.4 stokes) and are

then rectified in a column 1.3 m high packed with 6 m spirals. On rectification,

the polydimethylsiloxanes whose properties are presented in Table 47 are separated.

Table 47

Physical Properties of Polydimethylsiloxanes of the General Formula

CH 5sOSi(CH )20]XC2Hs

b)od)i c I , ""

I 114 -87 1).7o 1, 839.5 1,3805 40.89 361'
2 361 -- 134 0,97 1,878M 1,3880 59,61 532

19t; -126 1,3I 0 .9024 1.3922 78,14 687
4 227 -124 1, 78 (,9157 1.3950 96,87 850

257 -- 21 2,24 0.9207 I ,3964 I 115,98 1020
Ii 274 -I8 2.75 0,9317 1, 3980 134,19 1170
7 292 -112 3,2m 0,9364 ,391 1,52,92 1330

311 -- 310 :3,8t1 19406 3,3992 171,44 1500
" -- -53 4,50 (),9442 1 .4002 190,41 1661

I, -10o 5,17 0.9471 1.4009 209, 1 81''
I .- '9 (.,9495 I .4012 --

a) !umber of silicon atoms, X; b) Boiling point, 0.; c) Melting point, °C;

d) Viscosity at 250C, poises; e) Specific gravity, d20 ; f) Refractive index,
4'

n2 ; g) Molar refraction; h) Parachor

Figure 21 shows the curve of distribution of the polymer homologs. It has a

distinct maximum at four silicon atoms in the chain. This indicates that the princi-

pal reaction product is octamethyldiethoxytetrasiloxane. This result is in complete

a ;reement with the calculation by the formula given above:

I I
x = I -- n/ 43 . 4

F-TS-9191/V 356



Other polymer homologs are obtained in the statistical quantities; and together

with them, a certain amount of the cyclic products of complete hydrolysis is also

formed: octamethylcyclotetrasiloxane and decamethylcyclopentasiloxane. The presence

of other cyclic compounds in the hydrolysis product has not been established.

/4

I12 - -

14/V -

-- T 88> , 2

2 ! ' i -

0 2 26' /

) 0 24 II15tO
a)

Fig.21 - Distribution of Polymer Fig.22 - Relation between Rate of

Homologs Formed on the Hydrolysis Hydrolysis of Ethoxysilanes and

of Jimethyldiethoxysilane: their Functionality:

1 - C2H50Si(CH3)2oC 2H5; 1 - C2 5 Si(0C0 5 ) 3 ;

2- [Si(CH3 )2o] x  2 - (C915)2 si(oCj!5)2 ;

a) Number of silicon atoms in the 3 - Si(OC2 15 )

polysiloxanes formed; b) Content a) Time, hours; b) Nuber of hydro-

of polysiloxanes, mol % lyzed etho.V groups, %

Figure 22 shows the effect of the variation of the functionality of the system

on the rate of hydrolysis (Bibl.41, 44) of ethoxysiloxanes.

Under the action of an excess of water in the alcoholic solution, the hydroly-

sis of tetraethoxysilane and ethyltrietho.Vsilane proceeds more than 90% to comple-

tion in 1 hour at 600 C (curves 1 and 3), while diethyldiethoxysilane (curve 2) at

90 0 C is 98% hydrolyzed only after 6 hours of heating (Bibl.14).

The statistical distribution of polymer homologs in the polydisperse mixture of

the partial hydrolyzates of bifunctional compounds is an experimental confirmation
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of the view that the velocity of cleavage of alkox groups is independent of the

length of the siloxane unit of the polymer.

-0 - The difficulty of hydrolytic cleavage of the

- - - l residual alkoxy groups does not contradict

) 0 4 5f this circumstance, since the primary factorb) / . c)
S-_responsible for the lowering of the rate of

- hydrolysis in this case it the reduction in
09 019 1,0 /14

a) the concentration of the alkoxy groups. In(c~si (ocH)
addition, the increase in the viscosity of

Fig.23 - Influence of the Quantity
the polymer is a substantial factor.

of W.1ater Taken for the Hydrolysis
It is interesting to note the presence

of Dimethyldiethoxysilane on the
of a second organic radical in the original

Viscosity of the Hydrolysis Pro-
product has less of an effect on the veloci-

ducts and on the Percentage Con-
ty of the condensation reaction than on the

tent of the Volatile Part in the
velocity of hydrolysis. For this reason, in

Hydrolysis Product:
contrast to the trifunctional compounds, the

1 - Viscosity of hydrolysis pro-
velocity o: the process of condensation of

duct; 2 - Viscosity of nonvolatile
the hydrolysis products of bifunctional com-

part of hydrolysis product; 3 - Via-
pounds shows almost no lag behind the veloc-

cosity of volatile part of hydroly-
ity of the process of their hydrol"is.

sis product; 4 - Percentage content
A study of the effect of the quantity

of the volatile part
of water introduced into the reaction on the

a) Mumber of mole of water per tol
properties of the polymer obtained (Bibl.43)of --3 23(C 2 . 2 b) Viscosity

of bhas shown that with increasing quantity of
at 250 C. centistokes; c) Content

water so introduced, the quantity of the un-
of volatile part, %

distilled fraction (Fig.23) increases, and

the number of ethoxy groups decreases in both distilled and undistilled fractions

(Fig.24). As a result of a deeper completion of the hydrolysis reaction, the molec-
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ular weight of the retort residue increases (Fig.24), and also its density and its

refractive index (Fig.25).

Hydrolysis of DimethyldiethoX3ilane by Various Quantities of Water. To 8051 9

of dimethyldiethoxsilane, with stirring, at a temperature of 7000, a solution of

21.8 g of NaOH in 882 g of water is added over a period of 1 hour (0.9 mol of water

per mol of dimethyldiethoxysilane). The mixture is heated to boiling for 1 hour; the

volatile products up to 1250C are distilled off, and from these parts the ethyl alco-

hol is washed away by water, while the organosilicon compounds are returned to the

main mass of polymers.

A first sample is now taken, after which an additional quantity of water is ad-

ded to the mixture, in order to bring up the ratio -- i  to 0.921; the process of

hydrolysis is now repeated, then a second sample is taken, water is again added, and

so on. In this way a series of samples are obtained, representing the various pro-

ducts of the hydrolysis of dimethyldiethoxysilane by water at ratios from 0.9 to

1.072 mol of water per mol of dimethyldiethoxysilane. All the samples so obtained

were distilled under reduced pressure, and the physical and chemical characteristics

of the distilled and undistilled fractions were studied.

PreDaration of Or anosilicon LiQuids by the Method of Hydrolysis of Dialkyldiethoxy-
silanes.

Organosilicon polymeric liquids are prepared from dialkyldiethoxysilanes by the

action of an excess of water on them (usually in the presence of an acid as a cata-

lyst). After completion of the reaction, cyclic dialkylsiloxanes are formed:

xI.Si(( )I ') -- xI 120 D (R..Sio , - 2 '( )i I

On the action of dilute HCl on diethyldietho.Vsilane (Bibl.1 4 ), a mixture of

polydiethylsiloxanes is formed, containing a series of cyclic diethylsiloxanes,

mainly pentacyclouiloxane [Si(C2H5 )20J5 and octacyolosiloxane (Si(C2H) 2 0J 8 . The

cyclic diethylsiloxanes are low-polar substances; this is confirmed by the fact that

F-TS-91901/V 359



their dielectric constant is close to the square of the refractive index.

The complete hydrolysis of dimethyldiethao'silane may be effected (Bibl.45) by

heating it with a mixture, in equal volume, of 95% ethanol and concentrated HC1

(1 : 1) at boiling point for 4 - 8 hours. The reaction product is washed, dried un-

der reduced pressure at 1200C, and the volatile dimethylsiloxanes are then distilled

off up to 2500C (4 um). The mixture distilled off is again treated with 20% HCl at

boiling point, washed, dried, and rectifiqd. Individual cyclic dimethylsiloxanes

[Si(CH3)20]x are obtained, with chains cotaining up to 12 silicon atoms. Table 48

gives the physical properties of the polysilozanes so prepared.

Table 48

Physical Properties of Cyclic Dimethylsiloxanes of the General

ForUl[Si(C H) 20]x

a~j b) d) - qd tt )

x C PCI _ _ _ _ _ _ _ _(__ _ _ _ ) _

4 17.5 175. 74 (20 mm)I - 0.95l (2(r) I.3968 (20-) -

5 -44 204.5 .s.17 0.9531 1. 3940 77
6 -3 125 (20 mm) 6.62 i 019613 1.3996 113
7 -32 148 (20 m, 9.,47 09664 1,4118 104
8 i) 97 (0.5 mo) 1.$.23 - 1.4039 132
9 13 (I m ) -- - -

0 I50 II m)
II 169 1 100 --

12 I 1 m I

a) Number of silicon atoms, X; b) Melting point, OC; c) Boiling

point, °C; d) Viscosity (at 25PC) centistokes; e) Specific grav-

ity, d4; f) Refractive i

The rpeparation of high-boiling products of relatively high molecular weight,

which possess a number of valuable properties, is of preal'.- practical interest.

This may be accomplished by thermal or catalytic treatment nf the hydrolysis pro-

ducts. (cf. page 742 et seq).

A considerably ore convenient method of preparing polysiloxane liquids from
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dialIldialkoxysilanes is hydrolysis in the presence of sulfuric acid. In this case,

the process of hydrolysis is combined with catalytic rearrangement, and the bipro-

ducts, the low-molecular polyorganosiloxanes,

2 are formed in minimum amounts (cf. page 742.
S -- .zooo ff.).

6) , \ •-aoo
b) 0

/a Method of Preparinf Liquid Polymers

(Bibl.46). 1. A mixture of two parts of di-

methyldiethoarsilme, 1 part of 95% of ethan.e2o/si

ol, and 1 part of concentrated hydrochloric
Fig.24 - Influence of Quantity of

acid, is boiled for an hour. The hydrolysis
Water Taken for the Hydrolysis of product at 30°C has a viscosity of 4.5 centi-
Diumthyletho ,silane on the Nmbe r stokes, a flash point of 1180 C, and an aver-
of Ethozy Groups in the Polymer and

age molecular weight of 100. On heating the
on the Molecular Weight of the

product in the retort of a rectification ool-
Polymer:

umn in a current of carbon dioxide gas at1 - Content of 0C2H5 groups in the
2450 C, its viscosity increases to 75 centi-

polymer; 2 - Content of 0C2 H5 grouptsf24C, and itsstokes, its flash point to 2AC n t

in the volatile portion of the poly-
molecular weight to 1500.mer; 3 - Cotent of OC,2H5 groeups 2. Dimethyldiethomysilane is mixed with

in the nonvolatile portion;
85% sulfuric acid (34% by volume) for 5 mn-

4 - Molecular weight of polymer
H2 0 uties. The reaction product is a mixture of

a) Molar ration-b) Content of
S 1  pdlymothylsiloxanes (of viscosity 158 centi-

ethoxy groups in polymer, %;
stokss). We note that this method of hydro-c) Moleculcar, weight

lysis is applicable not only to dialkyldi-

etho ysilanes, but also to all mixtures o# substituted esters the functionality of

whose mixtures is not over two.

The viscosity and other physical properties of the products depends on the re-

action conditions, time of treatment, temperature, etc. Thus, for example, in the
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example given above on page 361, when the time of treatment is increased (Bibl.47),

a polymer of molecular weight 15,000 can be obtained.

The polyorganosiloxane liquids have a small temperature coefficient of viscosity

and an insignificant tangent of the dielectric loss angle (0.005). To obtain the

polysiloxane liquid, it is by no means oblig-

ap / atory to use individual dialkyldialkoxy-

c45 C) silanes or mixtures of pure substituted es-097 -  
2 4ters. 

One of the important methods of pro-

0.94 paring such liquids in, for instance, the
49S 109

a) hydrolysis of a mixture obtained on alkvla-Hpo/si

tion of tetraethxysilane by orgarnmmagesium
Fig.25 - Influence of Quantity of

compounds.
Water taken for the Hydrolysis of

A mixture of ethylethogysilanes obtained
Dimethyldiethoxysilane on the Den-

by reacting 183 g of tetraetho eilan., 55 g
sity and Refractive Index of the

of magnesium, and 242 S of ethyl bromide dis-
Nonvolatile Part of the Polymer:

solved in 550 al of ethl ether is 1ydro2yse
1 - Density; 2 - Refractive index;

H20 by pouring it into 1 liter of 25 sulfuric
a) Molar ratio-- ; b) Density;

acid. As a result of the hydr*2y*si, poly-
c) Refractive index

cliethylailoxanes are formed.

On the hydrolysis of a bifunctional mixture consisting of different compounds,

it is necessary to assure reaction conditions under which eoodrolysis shall take

place, and a mechanical mixture of polymers shall not be obtained. For this purpose

it must be so selected as to bring the velocity of the reaction of the bhdrloysis of

the moncmor in the composition of the mixture to be hydrolyed close to the veloc-

ities of the condensation of the product of hydrolysis.

The cohydroysis of dimethyldiethoxsilane and methylbaew2ydiethoqmilane is

conducted at an elevated temperature.
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Cohyrolysis of ethylbenzyldiethoxysilane and Dimethyldiethoxysilane (BiblI.8).

To a rfixture of 224 g of methylbenzyldiethoxVsilane and 296 g of dimethyldietho.V-

silane, 1395 ml of 95% ethanol containing a few drops of concentrated HCl is added,

followed by 25 ml of water. The mixture is heated at 700C for 4 hours. On the com-

pletion of the reaction, the solvent is distilled off, and the residue (a viscous

liquid) is heated for 48 hours at 1900C, forming a waxy polymer.

The effect of the method of conducting the hydrolysis on the properties of the

end product will be seen from the following experiment (Bibl.49).

A mixture of 90 g of dimethyldiethoxysilane and 10 g of methyltriethoxysilane

is boiled 4 hours with an equal volume of a mixture of ethyl alcohol and concentrated

HCI (1 : 1). After completion of the hydrolysis, 10 g of trimethylethoxysilane is

added droprwise to the mixture, and it is again boiled for an hour. The reaction pro-

duct is washed with water, and the volatile compounds, (up to 2300C), are distilled

off. The liquid so obtained has a viscosity of 45.5 centistokes at 250C. Gelation

takes place only after heating for 256 hours at 2000 C. If a mixture of all three of

the above substituted esters is subjected to hydrolysis at once, under the same con-

dition and in the same proportions, the viscosity of the reaction product is only

21.9 centistokes, and the time of gelation on heating to 2000 C is 63 hours.

On the hydrolysis of dimethyldiethoqsilane in an acid medium with an excess of

water, a liquid mixture of polymers is obtained, and is separated by distillation in

a vacuum at 2500 C into a nonvolatile part (amounting to 70 - 80%) and a low-polymer

volatile part (amounting to 20 - 30%). The low polymer part is mainly a mixture of

c:yclic polydirtethylsiloxanes with 4 to 8 silicon atoms in the ring. Cyclic polymers

are prepared in considerably better yield on the thermal cleavage of high-polymeric

dimethylsiloxane, which is effected by heating the polymer in a vacuum at 4000C in

the presence of a small amount of NaOH and a catalyst (Bibl.49). Under these condi-

tions, up to 90% of cyclic compounds are formed. The boiling points of the cyclic

compounds increase regularly with their molecular weight. The freezing point of the
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cyclic poly .ers fluctuates markedly and does not depend on the molecular weight.

Thus, for example, the cyclic pentamer and heptamer crystallize with difficulty and

have low melting points, while the trimer and tetramer have higher melting points,

which evidently indicates that their structure is more symmetrical.

Hydrolysis of Compounds and Mixtures of Functionalities Higher than Two

The structure of the compounds formed on the hydrolysis and condensation of mix-

tures with a functionality over two is very sharply increased in complexity. The

presence of trifunctional compounds, in the absence of an excess of monofunctional

conpounds, makes it possible for the polymer chains to be cross-linked by siloxane

bridges.

R I
- .( 1-Si- --Si--lI-.Si -

Thus on the hydrolysis of mixtures whose functionality is higher than two, poly-

mers of network, (cross-linked) or three-dimensional structure are formed, which, as

is well known, are characteristic for resins.

The most important parameters determining the properties of the hydrolysj. pro-

duct are the functionality of the system, and the size a4i nature of the organic rad-

icals attached to the silicon atom.

If the functionality of the system is close to two, that is, if the number of

trifunctional structural units is relatively small, the number of siloxane bridges

cross-linking the polymer chains may prove to be insufficient to form a resinous

polyer (Bibl. 50).

Method of Preparing Polsmethylsiloxane Liquids. A mixture of 0.9 mol of di-

methyldiethosilane and 0.1 mol of methyltriethoxysilane is hydrolyzed by treatment
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with 1 N HC1 at a temperature not over 450 C. The reaction product has a viscosity

of 13 centistokes (contains ethoxyl groups); to intensify the hydrolytic process, it

is heated in a stream of carbon dioxide gas; this increases the viscosity of the poly-

mer to 29 centistokes, and then, to complete the hydrolysis, the product is boiled

in a mixture of ethanol and concentrated HCi (1 : 1). This leads to an increase in

viscosity to 82 centistokes.

Liquids of the above type have a low freezing

iok4Fpoint and a low temperature coefficient of viscosity.
For instance, the polyorganouiloxane obtained by co-

b) o

2 .... y hydrolysis of 90 parts of dimethlethoxyilane and

j 4 6 1 10 parts of methyltriethoxysilane under the condi-a) tions described has a freezing point of -78°C; itsFig.26 - Rate of Hydrolysis viscosity at 100°C is 12 centistokes, and at -40C is
of Ethoxy groups in Ethyl-

510 centistokes (for mineral oil at the same tempera-
triethoxysilane

tures, it is 7 and 13,300 centistokes respectively).a) Time, hours; b) Number of

In spite of the presence of trifunctional structural
Etho.V groups hydrolyzed, %

units in the polymer, it is relatively stable and

does not gel at a temperature of 10OC over a period of 600 hours, and can therefore

be used as a low-temperature liquid in hydraulic instruments.

The value of the functionality of the system at which the product of hydrolysis

acquires the properties of a resinous polymer strongly depends on the size and struc-

ture of the organic radical. The maximum allowable value of the functionality of the

system does not exceed 2.1 for the preparation of liquid polymers in the above ex-

amples, and it is not possible to obtain a resinous polymer for polyethylsilxanes

with a functionality of 2.4 (even on prolonged condensation of the hydrolysis pro-

ducts (Bibl.51). Systems with still higher functionality, containing higher radi-

cals, yield only liquid polymeric products of hydrolysis (the polybutoxysiloxanes

above discussed (Bibl.52) may be cited as an example, for they still remain liquid
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at a functionality of the system running up to 2.6).

The most convenient method of investigatiz g the process of hydrolysis and con-

densation of trifunctional monomers is their partial hydrolysis under the action of

an insufficient quantity of water. This/00

0 - / ,method of investigation was used by me in

1938 (Bibl.35). It allowed me, for the

b) -first time, to establish, from the example

of ethyl- and butyltriethoxysilanes, the

mechanism of the reaction of the hydrolysis

"9 and condensation of trifunctional organo-
a)

silicon compounds. When water (in the
Fig.27 - Effect of Size and Structure

amount of 0.5 mols) acts on alkltriethoxy-
of Alkyl Radical on the Rate of

silanes, the main reaction pe-duct is di-
Hydrolysis of Alkyltriethoxysilanes:

siloxane:
1 - C2H5Si(oC2H5)3;

2 - C3H7Si(OC' 3; IRS i)l',;, I I.., 1 ,li') I -r KI( N I

Partial Hydrolysis of Allcltriethox-
4 - C6H3Si(OCiI 5); 5 Si(silanes. Wih 22.5 g of 90% alcohol, 48 g

a) Tim, hours; b) Number of ethoxy
of ethyltriethoxysilane is mixed; the mix-

groups hydrolyzed, %
ture is heated, with stirring, for 10 hours.

The main reaction product is diethyltetraethoxydisiloxane. On hydrolysis of iso-

butyltriethoxysilane, 44 g, in 18 g of 90% ethyl alcohol under similar conditions,

the principal reaction product is diisobutyltetraethoxydisiloxane.

On the action of larger quantities of water, the process of hydrolysis contin-

ues further:

IRSit(.l '-)StR(0R')( -- 1+ , f-SiJ )I PS' , ). l(tl' ))I - K 'OlI

". l'i.,I)SRl(OH ) II lOSiR(( )R'1 > [?'()[ lSi((.)I?')()jSi1?(OR' )2 +  112() Ck.
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Ultimately, compounds of the general formula:

W 01 R SiOl , , R'

are formed.

Thus, when 48 g of ethyltriethoxysilane reacts with 38.8 g of 90% ethanol,

tetrasiloxane is formed as the principal reaction product.

Figure 26 shows the rate of hydrolysis and condensation of ethyltriethocysilane,

and Fig.27 the effect of the size of the alkyl radical on the rate of hydrolysis of

alkyltriethoxysilanes.

Table 49 gives the relation between the number of silicon atoms in the molecules

of the principal product of the partial hydrolysis of alkyltriethovsilane and the

molar proportion of water used in hydrolysis; together with the boiling points of the

hydrolysis product obtained by me (Bibl.53).

Table 49

Relation between the Number of Silicon Atoms in the Polymer Molecule

and the Molar Proportion of Water

a) b) d))I d)

R'ORSI(Oft')0j. I _C

"., !sSi(oC ! Is):, (,5 2 150-155 (t0 mm)
).I0 3 145-150 (0.003 m,
o.75 4 195-200 (0.005 ,,mi
11,.80 5 i 204-210 (OO0 3,im
0,83 i 212-220 (0.003 amm)
o,.5 7 224-232 (0.003; mm.i

( iI, 2 175- 182 (2mm
I I(, ,75 ;4 192-198 (0. , 00 i
o X5 i 243--248. (N.1101 i

I(;I ~ ~ ~ 0 75)CIII1( ~iOCl 1 F- 4 203-208 (0,002 mm),
0,8() T 5 256-26 ) (0,002 mi

c 1 .i((X =llI)): ' 0,65 3 3 199-204 (0,001 mm)
11,80 "1 272--2'", ),(01 nI

a) Formula of compound hydrolyzed; b) Number of 'ools of water per mol

of product hydrolyzed; c) Number of silicon atoms in polymer molecule

RIORSi(ORI)OxRt; d) Boiling point, OC
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It is interesting to note that the length of the siloxane chain of the princi-

pal compound formed as a result of the hydrolysis reaction is in complete correspond-

ence with the calculated value (cf. formula on page 352).

Table 50 gives the physical properties of the products of hydrolysis of ethyl-

triethoxysilane that have been separated.

Table 51 gives the physical properties of the products obtained on the hydroly-

sis of butyl-, pentyl-, and hexyltriethoxysilanes.

Table 50

Physical Properties of Compounds Separated on Partial Hydrolysis of

Ethyltrietho3Wsilane

I I

C) d e) f)a) Lb) I
C '1 11

DitA yltetraethoxy. 0 .IIi:i: ( .II(, I I -1.5 1.027 1.4(045 "&.
912 X O e (10 m")

Triejay pentsethox/y. (('14 5):,()..q( Il), 14;- 15 1 .Ni2 I .- Io,., 6 -,1
tr -110xe " (oM lom

Tetraet y hexaethoxy. ji . 1 Si (x j 1!15_200- 1 .'92 1 .41,4' P4.'tetrasi oxane 0,T0 MM)Pentaet y pentaethox l S 4, * 151 2(4- 2111 1., 121m1 I .41 1) 71
_pentasl.txane -{. h i(a{ ' z,- 2 4 1),2( 41 1 .'

Hecaety octaethoxy- '(00.(U, MM,
. exasi )xuie J :11),, ;' '( I In211, 212--22oI 1. IT) 1.414 ' 1'1.HeFtaethy nonaethoxy- " 1 ,11113" m)
neptast .oxane : 1 , i. 1,, it 22.1- 232 I 1 2'1 , 1! 1 1, .2

a) Nam; b) Formula; c) Boiling point, °C; d) Specific gravity, d 20.
14

e) Refractive index, n20; f) Content of ethoxy groups, %

The hydrolysis of methyltriethoxysilane has recently been investigated (Bibl.53).

On its partial hdrolysis, linear polyethoxymethylsiloxanes of the following general

formula C2H5 0 Si(CH3 )(OC 2 H5 )]oc2 H5 have been isolated.

Partial Hydrolysis of Methyltriethoxysilane (Bibl.53). To a solution of 5935 g

mthyltriethoxysilane in 1525 g of ethanol, a solution of 13.3 g of NaOH in 300 g of

water is added over a period of 2 hours. The mixture is allowed to stand over night,

and is then heated at boiling point under a reflux condensor. The ethanol formed
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during hydrolysis is distilled off, the reaction mixture is heated to 1000C, the re-

action product is neutralized by a stream of carbon dioxide gas, and it is then cool-

ed and filtered. The mixture of liquid polymers so obtained (4160 g) is rectified.

Table 52 gives the properties of the compounds so obtained.

The hydrolysis and condensation of unsaturated alkyltriethoxysilanes proceeds

according to the same pattern as that of the saturated compounds, but in this case,

Table 51

Physical Properties of Compounds Obtained on Partial Hydrolysis of

AlIqlethoxysilanes

2 Lb) . ) d).. C %

Diboty tetraethoxy- (C.H,),SiO(OCels). 17.-182 357 48.46631ane( 2 m)
Tetrabu lhexaethoxy (C4He).Si 4Oa(OC1 Ii&)g 192-298 643 41 .70Tletrabut lhexaethoxy- (C.H,),Si,O. (OCH,)s (0.01 m)

tetrasi loxane 243-248 1071 j 31i, 71

.Jept asi rxane -- 01 m
1et raany;exaethoxy- (C H 13)gSi.0 3(OC'...11), 203--208 707 37.59tetrasi oxane (0,002 Mm)Pentaanjheptaethoxv- (CH 1 )jSij0,(OC.0IIs) 256-260 132 35, 71

epctasoxae (0.002m)
rt~epeta ethy 19-208 ,737 37.597' tr slo xne o (C.Hj.),SiO((C0H,)I WS(03-l m

Pent ahexyhept aethoxy- (CHj3;0(C. ,) 5-6 3 59

pentasloxanel)SiO((Xi ) 260-272 912 36,06
(0,001 mm)

a) Name; b) Formula; c) Boiling point, °C; d) Molecular weight;

e) Content of Ethox groups, %

together with the hydrolysis and condensation, processes of polymerization also take

place, so that the molecular weight of the products of partial hydrolysis is found

to be higher. For instance (Bibl.54), when 0.75 mol of water act on 1 mol of allyl-

triethoxysilane, the molecular weight of the hydrolysis product is 785 instead of the

calculated value of 594, and when 0.8 mol of water acts, it is 909 instead of the

calculated 724.
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Hydrolysis of AlkitrialkoxMsilanes by an bcess of Iater

Under the action of an excess of water on individual trifunctional compounds,

the products of the reaction of hydrolysis and condensation are no longer linear

polyorganosiloxanes, but instead are complex polymers of three-dimensional structure,

and we are unable in the general case to calculate the molecular weight of the reac-

tion products mathematically.

Table 52

Physical Properties of the Polymers Obtained as a Result of the

Partial Hydrolysis of Methyltrietho3rsilane

General Formula of Polymer: C2 H5O[Si(CH,)(OC2H5)]OC2 H5

b) jd) f)
C) 25 25

2 I00 (20 mm 1,24 (1,9441 1,3895 70.83
:1 73 ((,r m ) I 1.92 09744 1.3934 94.77
S!)5 (0.5 mm,,} 2.77 ().W35 1,3955 118,56

1,-0 (0,5 Mm) 3.48 I .(66 I .3974 142.53

a) Number of silicon atoms, X;b) Boiling point, 0C; c) Viscosity,

centistokes; d) Specific gravity, d 2; e) Refractive index, n25;

f) Molar refraction

Under the action of excess of water on alkyltrialkoailanes at a temperature

of 65 - 70°Ct there is usually a sharp decrease in the rate of hydrolysis during the

first two hours, and equilibrium is practically established, 'ile remainin alkoV,

groups are not hydrolyzed for a very long period of time. In this case, the size of

the organic radical exerts a rather substantial influence on the number of these

residual alkoxy groups. While the number of hydrolyzed alko.V groups after 1-hour

hydro3lysis of methytriethoxsilane is over 90%, this number is only 70% for ethyl-

triethoxcsilane, and during the following 9 hours it does not exceed 75%.

If the hydrolysis reaction is so conducted that the entire amount of water is
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introduced at once, at the very beginning of the process, the rate of hydrolysis con-

siderably exceeds the rate of condensation. If the hydrolysis of ethyltriethoxy-

silane is almost completed in 1 hour, the refractive index of the mixture and its

viscosit.r still continue to increase for 14 - 6 hours, which is evidence that the pro-

cess of condensation still continues.

H.'lrol ,sis by Alkali Solutions

The presence of insignificant amounts of alkali during hydrolysis catalyzes the

process of cleavage of the alkoxV groups. When concentrated solutions of alkali are

usel, the following reaction may take place together with the hydrolysis:

-Si-4)R - Nal -' i-O, -- ROHI I

)epending on the reaction conditions, polymers may be formed, containing one at-

o. of sodium per silicon atom, [RSi(ONa)O]x, or disiloxanes, containing two sodium

atons to the silicon atom, RSi(ONa)2OSiR(O1Ja)2, or monomeric silanolates, RSi(ONa)3,

containing, three sodium atoms to one of silicon. Compounds containing the ONa group

are recommended as alkaline catalysts of the rearrangement reaction of cyclic&l poly-

siloyanes (Bibl.55)•

Irol,.-sis of !:ethyltriethoasilane in the Presence of Sodium Hydroxide (Bibl.

3). 1. To 7.9 of a saturated aqueous solution of NaOH, a mixture of 17.8 g of

meth,;-.triethoxysilane and 19.9 g of methanol is added. When the mixture is allowed

to stan!, white crystals containing water of crystallization are thrown down. This

,tater of crrstallization can be removed by drying the product over phosphorus pent-

oxile at 1!,O°0.

2. 'o 17.2 g of methyltriethox ,silane 2.16 g of water and 23.214 g of a saturat-

el 'qiueou:s solution of NaOH are added. The ethanol formed is distilled off under a

va 'i":. th:l ether is then added to the mixture, separating the crystals of
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C, 3 i ( .:a 6.8H2 0.

'or.pom Is containing the ONa group react readily with various allilchIoro-

silanes, formnr, polyorganosiloxanes.

iractical r'ethod of Hytdrolysis of Trifunctional Monomers and their Mixtures

In stulying the products of hydrolysis and condensation of al1qltrietho r-

silanes, I was the first to establish the possibility of preparing high-molecular

poloranosiloxanes possessing a number of technically valuable properties (Bibl.56).

he properties of organosilicon resins were studied and their advantages over organic

resins were established (Bibl.57).

"he hydrolysis of a mixture of substituted esters of functionality higher than

t!:o in the presence of acid catalysts, most often of HCl, is of practical importance

for the preparation of organosilicon resins. We now present several examples of the

praztical conduct of this hydrolysis.

1. To a mixture of 7.12 g of methyltriethoxysilane ani 1.18 g of trimethyleth-

ox.silane, 1.18 g of water is slowly added (in the form of an alcoholic solution con-

taining traces of 1CI). The alcohol is distilled off. The product of the hydrolysis

(a low-viscosity liquid) is washed and then dried. After air at a temperature of

2500J is blown through it, a solid elastic resin is formed (Bibl.58).

2. On the hydrolysis of butyltriethoxysilane in the presence of 1% of nitric

acii, followed by the condensation of the hydrolysis product by blowing air through

it for 15 hours at 1600C, a polybutylsiloxane resin of molecular weight 1205 is ob-

tained. The condensation of the product of hydrolysis in the presence of phosporus

pentoxide for 2J4 hours at 1600C leads to an increase in the molecular weight to 1650

(Bibl. 59).

Hydrolysis of mixtures of dimethyldiethoxysilane and tetraethoxysilane in the

ratios of 2 : 1 and 3 : 1, under the same conditions, yieldel a resinous polymer

(Bibl.60).
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One of the most important methods of preparing resinous polysiloxanes is the

hydrolysis of the reaction mixtures obtained by the alkylation of tetraethoxrsiane

by organomagnesium compounds. By regulating the degree of al1glation, resins with

various physical and chemical characteristics may be obtained. For instance, on the

hydrolysis of a mixture of ethyletho.Vsilanes, obtained by the reaction between

tetraethoxysilane, magnesium, and ethyl bromide, in the presence of sulfuric acid,

followed by washing, drying, and condensation, a polyethylsiloxane resin is formed

(Bibl.45).

Alcoholysis and Reesterification

Under the action of alcohols on substituted esters, the reaction of alcoholysib

takes place. This process has all the features indicated in our discussion of the

alcoholysis of esters of orthosilicic acid on page 249. The distinctive feature of

the reaction in this case is merely the lower activity of the substituted ester as

compared with the tetraalkoxysilanes; thus, for exhmple, the reaction between ethyl-

triethoxysilane and normal prow1 alcohol by the formula

1 .1 i..SI(4H 34. .Jl?()lI --- 4 lIsi IIo 11 ., -T ,3(1H &OllI

proceeds on heating the reaction mixture to the boiling point and distilling off the

ethanol formed over a period of 95 hours (Bibl.33).

If the reaction of alcoholysis is conducted by reacting the substituted ester

with polyethylene glycol, then the reaction products are water soluble (Bibl.61).

The alcoholysis of compounds of the type RSi(OC2H5)3 , where R is an aliphatic

radical containing from 12 to 24 carbon atoms, proceeds at a temperature of the or-

der of 200 - 300C. The reaction product are surface-active and may be used as ezuag-

sifiers or in order to render various materials water-repellant.

A weak acid, like an alcohol, may enter into a reaction with a substituted es-

ter; for example, boric acid in the presence of an acid catalyst, forms the corre-

sponding silylborate:
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Preparation of Tri-(trimethylsilyl)-Borate (Bibl.62). A mixture of 35.5 g of

trimethylethoxysilane, 6.2 g of boric acid, and 10 mg of toluenesulfonic acid is

heated at boiling point for 5 hours. The reaction product contains tri-(trimethyl-

silyl)-borate, boiling point 900C, refractive index n200 ' 1.3839.D

When two substituted esters react with each other, metathesis of the alkoxy

groups takes place (Bibl.63):

Replacement of an Alkoxy Group by a Halogen Atom

This reaction is similar to the corresponding reaction of the esters of ortho-

silicic acid, but leads instead to the formation of alkyl-(aryl)-halosilanes:

(C*H,)sSiOC-! It + ClHCOCi -- - (C3H,)sSICI + CHsCOOCHs

Preparation of Tripropylchlorosilane (Bibl.18). A mixture of 7 g of tripropyl-

ethoxysilane and 16 ml of acetyl chloride is heated, and at the same time the ethyl

acetate is distilled off. In this case 5.5 g (85%) of tripropylchlorosilane is

formed.

A similar reaction takes place when substituted esters react with benzoyl chlor-

ide when heated for many hours at 200°C in a sealed tube (Bibl.64). In the presence

of quinoline phosphate, this reaction proceeds very well even in an open vessel com-

municating with the atmosphere. This method is recommended for the preparation, for

instance, of pure dimethyldichlorosilane from dimethyldibutoxysilane (yield 80%),

and also for preparing methylchloroilanes from methylchloroethoxysilanes.

The replacement of alkoxy groups b.y halogen atoms likewise takes place under

the action of phosphorus trichloride; for instance, trimethylethoxysilane reacts at

70oC:
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3(CIi$)3SiOC2H6 + PC16 *--- - 3(CH3)3SiCJ + P(OCgH&Xa

At high temperatures, the reaction of phosphorus chlorides with substituted es-

ters is more complicated, an alkyl chloride being liberated and polysiloxane formed

(Bibl.64).

The replacement of an alicoxy group by fluorine is considerably easier than by

chlorine. The reaction proceeds easily under the action of hydrofluoric acid (Bibi.

65):

(4IH.Si(OCtH,)s + 3HF - CK,&SiF& + 3C111,01i

Cleavaxs of Alkoxy GrouDvs and Formation of Organosiloxanes

The reactions recalling the processes of hydrolysis, which occur under the ac-

tion, mainly, of acids on the substituted esters, are of great practical importance.

HI quantitatively converts substituted esters into polyorganosiloxanes (Bibl.66):

xRi(OCHs)l + 3xHJ -- (RWIO1 ). + 3rCY.I,. + 1..SxHA)o

Dilute sulfuric acid has a similar action:

2(CH&)sSiOC*iI, + HjSO. -- - (C2.H5)gSjOSI(CH&)s + 2CtH&OSOH

and also the lower organic acids (Bibl.66):

R3Si(OR')._ -- (4 -- x)RCOOH -- (RzSi~t)i + (4 - x)RCOOR' -t - H

Preparation of PoLUM1wliloxane. A mixture of 34.5 g of formic acid, 58.5 g of

anyltriethoxysilane, and 0,5 - 1 g of p-toluenesulfonic acid, is heated to the boil-

ing point, and the ethyl formate (55 g) is sizmiltaneously distilled off, thus form~-

ing polyain'luiloxane.

These reactions may serve for the quantitative cleavage of the alkoxy groups

and accomplishment of hydrolytic processes.

Of interest is the catalytic cleavage of alkoxy groups in substituted halo-
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esters on heating in the presence of ferric chloride, and also the cleavage of alkoxy

groups on heating a mixture of substituted esters and alIqlchlorosilanes in the pres-

ence of ferric chloride. The process, schematically represented by the equation:

-4 i-OR + C --- - - -- RCII t [ i

leads to the formation of various polyalkysiloxanes (Bibl.67).

The amount of ferric chloride used ranges from 0.03% to 1%. The most varied

products may enter into this reaction (dimethylalkoxchlorosilanes, the product of

partial esterification of a mixture of phenyl- and mthyltrichorosilanes and phenyl-

methyldichlorosilane, a mixture of mthyltriethoxysilane, ph e trichlorosilane, and

dimethldichlorosilane, etc.). With a proper selection of the proportion between

these components, various polyallQ-l-(aryl)-siloxanes containing neither chlorine at-

oms nor alkoxy groups may be obtained.

The reaction between the substituted esters and acetic anhydride (Bibl.67) pro-

ceeds similarly to the reaction of esters of orthosilicic acid:

(I 1,Si(( )R ):, + 3(( ---- (.2HSi(O(O I-.1), + 3cH COOR

If i - C2 H5 , C3H7 , or CH9 , the reaction proceeds at the boiling point of the mix-

ture, in almost quantitative yield. The reaction product may dissociate in the acet-

ic anhydride -odium, so that a side reaction may occur, leading to the formation of

polyorganosiloxanes:

CJl'lSi(OR), -(CH,CO),0 (:._,Si(OR),(OCOCH,) + CH,COOR
CIIsSi(OR)(OCOCH5 ) (:;.I IsSi(()R)-4)- + CH3CC)-

.1 ISi( )R),((X'(X. rH,) -, I .i()R)0X () Il"1,1- -t (M R)
1?)\ / OR

.llSI( )lN( )( N i t:;) - : .,I ( )R ):(I) - " HC i-S,-()-Si-OR etc.
(:H:,c:O " "C:H,

Cleavay, e of Orzanic Radicals

Under the action of an alkali, and, in certain cases, of water, on substituted
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esters ,whose molecules contain chlorinated aliphatic radicals or radicals with mul-

tiple bonis, cleavag-e of these groups takes place:

Uleavage of groups with a triple bond at the a-carbon atom is particularly easy.

Voltnov and Reutt (Bibl.10) found that when phenylacetylenetrietho.Vsilane is treated

with boiling water, a certain amount of phenylacetylene is formed, as well as a mix-

ture of benzene-insoluble and benzene-soluble polymeric products of hydrolysis. Ob-

viously', both reactions of hydrolysis, leadings to the formation of a polysiloxane

soluble in benzene

v,.,j Isc. - S11 0( ..1Is):!, (.,I I C-- cSiOl,5).

and a cleavage reaction, leading to the formation of silica gel:

must take place.

Formation of Po.rmeric Substituted Esters

When glycols react with alkylchlorosilanes, the reaction product is a polymer

with the structural unit:

-P PIj' I )Sp--()! '-(1 -

and the silicon atom may be bound by its fourth valence either with the organic rad-

ical R, or with the glycol residue ORO. These compounds may be prepared by ester-

ification of organochlorosilanes or by alcoholysis of substituted esters. The only

difference is that, instead of a monoatomi- alcohol, diatomic glycols (Bibl.68) or

phenols are used in the reaction. The presence of a second reactive group in the

molecule of the glycol (or phenol) leads to the formation of a polymer which is usu-
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ally of cy-clic structure

vRSiCl - xl I)R '011 - (R.SA( )R '0), + 2xlt(I

or

cW 2Si(OC..l i). (-vOR 'OH ' (RH2 SiC.R ()), -i- 2x( 4 I[,i )l I

If a trifunctional compound is introduced into the reaction instead of a bifunc-

tional compound, a polymer of cross-linked structure is obtained.

Jhen ethylene glycol is heated with dimethyldichlorosilane at 550C in the pres-

ence of p-toluenesulfonic acid, a polymer is formed, which is a liquid with the mo-

lecular weight 1164 (K 1 10):

'When this polymer is heated to higher temperatures, its molecular weight diminishes.

Destructive distillation of the polymer yields crystals of the same composition and

a molecular weight of 243(x - 2), which on standing are again converted into a

liquid.

According to patent data (Bibl.68), the esterification of dialidichlorosilanes

may be conducted by the action of diphenylolpropane, deca- or hexamethylene glycol,

14.4-dioxydiphenyl, etc. The reaction is catalyzed by sodium in amounts ranging from

0.002% to 1%. The reaction of diethyldiphenoxysilane with diphenylolpropane leads

to the formation of a viscous polymer which is suitable for the production of glues

and adhesive materials.
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CHAPTE VI

ALKYL- (ARYL )-HALosILAIS AND HAWALKYL-(HALOARYL )-HALO)SIIANS

Alk.vl- (Ar-vl)-Halosilanes

The alkyl-(aryl)-halosilanes constitute an extensive group of monomeric organ-

osilicon compounds*

The alkyl-(aryl)-chlorosilanes are the compounds of this class that are of the

greatest practical importance and are most available.

The group of alkyl-(aryl)-chlorosilanes includes compounds of the types:

RSiH2 Cl, R2SiHCl, SiHCl 2  (1)

RiCl3  RSiCl2 , R3 SiCl (2)

I II III

Compounds of the first group (1) have been little studied, and their niber of

synthesized compounds is insignificant. The compounds of the second group (2), which

are more important, have been synthesised in larger number, and Many of then were al-

so studied in detail.

The high chemical activity of the halogen in alkyl- and aryl- chlorosilanes per-

mits their wide use for various reactions with organic compounds. Their reaction

with water is particularly interesting. Under the action of water, alky1- and aryl-

halosilanes easily exchange the halogen atom for a hydroxl group; thus forming

aliyl- and arylsilanols, from which high-polymeric compounds (polyorganosiloxanes),
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possessing very valuable technological properties, are prepared.

Preparation of Alkyl-tAryl)-Chlorosilanes

The alkyl-(aryl)-chlorosilanes are the most important class of monomeric organ-

osilicon compounds. They are one of the principal intermediates for the preparation

of organosilicon polymers, and may be manufactured in large amounts by simple and ec-

onomical methods.

In most chemical reactions, the organic radicals attached to the silicon atom

remains unchanged, but the halogens do participate in the reaction. For this reason

the alkl-(aryl)-chlorosilanes are divided, according to their functionality, into

the following groups:

I. Trifunctional - alkyl-(aryl)-trichlorosilanes.

II. Bifunctional - dialkyl-(diaryl)-dichlorosilanes.

III. Monofunctional - trialkyl-(triaryl)-chlorosilanes.

Alkyl-(aryl)-chlorosilanes are prepared by two principal methods of synthesis:

(1) by substituting organic radicals for chlorine atoms in SiCl or in organo-

chlorosilanes, by the aid of organomagnesium or other organometallic compounds;

(2) by the direct reaction of an alkyl halide with silicon in the presence of a

catalyst (direct synthesis).

Other methods of synthesis have not yet acquired practical importance.

Pre oration of Alkel-(Aryl)-Chlorosilanes by the Aid of Oranowesium Compounds

In evaluating the method of preparing alkylchlorosilanes by the aid of organo-

magnesium compounds, its universality and flexibility should first of all be pointed

out. n reactions with organomagnesium compounds, alkyl-(aryl)-chlorosilanes combin-

ing in themselves various different organic radicals may be prepared. In this re-

spect this method excells all others, except for that of synthesis with organo-

lithium compounds, which, however, cannot be widely used owing to the high cost of
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metallic lithium.

Under laboratory conditions, synthesis by the aid of organomagnesium compounds

is the most valuable and universal method for preparing both alkyl-(aryl)-chloro-

silanes and a considerable number of other organosilicon compounds.

The inconvenience involved is the unavoidability of using a solvent or diluent,

sometimes in substantial amounts, and also the necessity of separating the precipitate

of magnesium salts. All this makes a large number of stages necessary, makes the

process prolonged and leads to the low productivity of the apparatus. This fact con-

siderably reduces the value of this method for preparing organosilicon compounds on

an industrial scale. Direct synthesis, which has certain other disadvantages, does

not, however, have the disadvantages inherent in the method of substitution through

organomagnesium compounds, and therefore a combination of these two methods makes it

possible the rational preparation of the overwhelming majority of the alkyl-(aryl)-

chlorosilanes.

The organomagnesium compounds however, which were discovered in the first years

of the present century, soon found use for the synthesis of the alkyl-(aryl)-chloro-

silanes in the presence of ethyl ether.

The reaction with SiCl4 proceeds according to the mechanim

SiX 4  + .\M"' PSix% + NlgXX,
RSiX- RMgX' = R.SiX. .. ,lgXX'

R.,SiX., I- ,-T 1X' = i(sSiX + gX '
ItSiX + .,X' = R4Si + MXX'

When SiCl is mixed with a solution or suspension of alkyl-(aryl)-agnesium halide,
4

a mixture of alkyl-(aryl)-chlorosilanes of all degrees of substitution is usually

formed.

The ratio between the reaction products depends primarily on the ratio between

the starting reagents. By selecting the proper proportions, the process may at will

be directed toward the production primarily of the alkyltrichlorosilane, the di-

alkyldichlorosilane, or the trialkylchlorosilane.
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Another condition affecting the ratio between the reaction product is the rela-

tive reactivity of the tetrahalosilane and the products of varying degrees of

alkylation.

If both these conditions are known, then the ratio between the different reac-

tion products may be calculated (for the ideal case, when the velocity of introduc-

tion of the organomagnesium compound is infinitesimal, and ideal mixing is assurred).

Let:

x a ratio of the number of mole of organomagnesium compound to the number of

mole of SiCl 4 ;

y - ratio of number of mole of products of various degrees of substitution,

RnSiCl 4_no formed, to the number of mole of SiCl4 taken into the reaction;

:(:R: y - ratio between reaction rates between the organomagnesium compound and the

SiCl, the alkyltrichlorosilane, the dialkyldichlorosilane, and the tri-

alkylchlorosilane respectively;

N - number of mols of SiCl&

The process reflecting the above reactions between SiCl and RM X may in the

general case be mathematically described by the following system of differential

equations (Bibl.l):

f(yo-ya)dx

dv, p (si - Fd

dys (Y y9- Yys)dx

where

' N(y, + am + Pt + ys)

The solution of these equations allows us to elucidate the relation between the

relative amount of organomagnesium compounds (x), the ratio between the reaction rates

(the reactivity) and the relative quantity (yn) of the compounds of various degrees

of substitution, RnSiCl4 -n in the reaction products:
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Yo(Y "t -

I O7
-

YO

('A - i) (a -IY)(I

where

i- -. ' -- ) -

-A

These equations allow us theoretically to calculate the ratio of the alkyl-

(aryl)-chlcrosilanes in the mixture formed under the action of the organomagnesium

compound on SiCi4 for definite ratios between the reaction rates of the chloro-

silanes.

By studying the ratios between the starting reagents and the reaction products,

it is possible to draw a conclusion as to the ratio between the reaction rates of the

various chlorosilanes.

There is today unfortunately not a sufficient amount of experimental material

available that would allow us to elucidate this question completely. It can only be

stated that, in general, the relative reactivity of the chlorosilanes depends on the

type of radicals attached to the silicon atom, as well as on their number and on the

symetry of the molecular structure. The symmetrical dialky-(diaryl)-dichlorosilanes

react at a considerably lower velocity than the asymmetric monalkyltrichlorosilanes,

that is, the velocity of reaction is usually considerably smaller than the value of x

which sometimes exceeds 1. If the molecular symmetry is not of substantial import-

ance, then the hypothesis that the respective reactivities are in the following ratio

1 i 1 1 is the most probable. In this case, the above equations will take
4 2 4
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the following form:

ye, 6ye 91"10-11 1)

Then
4( )

In the case where the molecular sy metry has a substantial influence on the

course of the product, the value ofa must be taken higher. If the ratio of the sub-

stances in the reaction mixture

I 2
I : y 1: : I :2 :

then
1 ,V( I " !g0

~ + , -' 27,

In that case

40 ,." 27 ,

. .U:' . ---y + . ,

For each given ratio between the reactivity, a curve of a relationship between

the yield of any of the alkyl-(aryl)-chlorosilanes yn and the ratio between the inu-

ber of mole of organomagnesium compounds and that of SiCi 4 can be constructed, A

comparison of the experimental data on the composition of the mixtures with the

course of the curves for various reactivity ratios may give an idea of the relative

reactivity of a number of alkyl-chlorosilanes with respect to a given organamgnesium

compound; when the reactivity is known, however, the composition of the reaction pro-

ducts can be mathematically calculated (under ideal conditions) for any desired ratio

between the organomagnesium compound and the SiCl 4

As already stated, we lack todays for the solution of this problem, exhaustive
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experimental data which would make it possible precisely to establish the reactivity

ratio, even for compounds with simple organic radicals. It can only be said roughly#

for purposes of orientation, that, for example, for the characteristic of the reac-

tion between SiCl 4 and phenylmagnesium bromide in a medium of ethyl ether, the curves
1 2

of the relation between yn and x, calculated by the ratio 1 : 2 : i : 5 come closest.

This is evidence that in the reaction with phenylmagnesium bromide, the molecular

symmetry of chlorosilane substantially influences the reactivity (the asyumetric

phenyltrichlorosilane reacts twice as fast as SiCl , and four times as fast as di-

phenyldichlorosilane). The difficulties of preparing phenyltrichloroeilaneby means

of organomagnesium compounds are related to this fact. On the other hand, there are

grounds for considering that ethyltrichlorosilane has a lower reactivity with respect

to ethylmagnesium bromide than SiCl 4 has, and therefore it can be easily prepared in

high yield.

In practice, the amount of organomagnesium compound is usually taken in 25% ex-

cess for the replacement of a chlorine atom in SiCl by an organic radical. For ex-

ample, for the synthesis of a dialkyl-(diaryl)-dichlorosilane, 2.5 mole of the cor-

responding organomagnesium compounds is taken for each mol of SiCl . If the object

of the synthesis is to replace one atom of chlorine in SiCl , and excess of SiCl 4 is

usually used, and after the completion of the process this excess is easily separated.

The synthesis of an organomagnesium compound in the presence of ethyl ether,

which has given a good account of itself in laboratory practice, is inconvenient un-

der industrial conditions, although, according to the literature, it is used in the

United States for the synthesis of organosilicon polymers. The method of preparing

organomagnesium compounds proposed by me (Bibl.2) enables us to synthesize the alkyl-

(aryl)-chlorosilanes without using ethyl ether as a solvent.

This process may be run either in two stages, with the preliminary preparation

of the organomagnesium compounds, by the reactions:

V € Ia lk'\ ~ A lQi( Ii, ; :.*( I.\ etc.
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or in a single stage, by the reaction between magnesium and a mixture of SiCl , alkyl

halide, solvent, and catalytic quantities of tetraethoxysilane.

Preparation of Ethyltrichlorosilane and Diethyldichlorosilane without use of

Ether (Bibl.3). In a round bottom flask, provided with a stirrer with mercury seal,

a dropping funnel, a thermometer lowered to the bottom of the flask, and a reflux

condenser with a calcium chloride tube, 12 g of freshly prepared dry magnesium shav-

ings, less than 0.1 mm thick, are placed with a few drops of tetraethoxysilane. From

the dropping funnel 1 to 2 ml of ethyl bromide are introduced into the flask, after

which the temperature in the flask usually rises rapidly to 70-SCPC. The stirrer is

now started. The reaction mixture is slightly cooled on a water bath, and the ethyl

bromide is added slowly (dropwise). The first portion of ethyl bromide (40 g), is

added under constant cooling of the mixture on a water bath. The process in this

stage is usually strongly exothenmic; the flask is filled with a white mist; when the

cooling bath is removed, the temperature of the mass sharply rises. The remaining

ethyl bromide, 22 g, is added together with a solvent, thoroughly dried benzene or

toluene (70 g). If the temperature of the reaction mass begins to fall, the mass is

slightly heated on a water bath (in such a way as to hold the temperature of the mix-

ture at about 450 C during the course of the addition of ethyl bromide). When the

addition of the ethyl bromide is finished, the mixture is heated to the boiling point,

until the dissolution of the magnesium is completed (3-4 hours); the reaction mixture

is then cooled tolO-150 C, and then, with stirring, a solution of 85 g of SiCl and

100 g of solvent is rapidly poured into it. The mixture is stirred at room tempera-

ture for half an hour, and is then gradually heated to the boiling point and held at

this temperature until no more organomagnesium compound remains in a sample of the

reaction mass.

A qualitative analysis for the presence of the organomagnesium compound may be

made as follows. A sample 1-0.5 g of the reaction mixture is mixed with half the

volume of a 1% solution of Mdchlerts ketone in benzene. The mixture is then treated
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with a few drops of water and is vigorously shaken, after which 2-3 drops of a 2% so-

lution of iodine in acetic acid is added. The appearance of a green or blue color

indicates the presence of an organomagnesium compound in the origiRal reaction mix-

ture. If the sample does not change color, the synthesis is considered to have been

completed. The mixture is now transferred to a Wurtz flask, or to a metal retort,

for distillation of the liquid from the precipitate of magnesium chlorobromide. When

the distillation under atmospheric pressure has been completed, the vacuum pump is

turned on, and the distillation is continued until no more condensate arrives in the

receiver. The distilled liquid is rectified in a column with 20-30 theoretical pla-

tes, the ethyltrichlorosilane is collected at 98-10C, and the diethyldichlorosilane

in the range 128-13CPO. The yield of ethyltrichlorosilane is 65 g, or 80% of theo-

retical.

If the object is to get mostly dietbyldichlorosilane, the technique of the pro-

cess remains the same, but the ratio of the reagents is modified (to 1 mol of SiCil
4P

2-2.5 mols of magnesium and 2.4-2.8 mole of ethyl bromide are taken instead). The

yield of diethydichlorosilane in this case is 70% theoretical.

The conduct of the synthesis in a single stage makes it possible in most cases

easily to regulate the process and obtain better yields. In this case, it is more

convenient to conduct the synthesis by pouring a mixture of SiCl 4 , ethyl bromidesol-

vent, and catalytic amounts of tetraethoxysilane (in the ratios indicated above) on-

to the magnesium shavings, moistened with a few drops of tetraethoxysilane. To ac-

celerate the process, it is advisable to introduce ethyl ether into the mixture in an

amount not exceeding 1%. The addition of the mixture takes 3-4 hours at a tempera-

ture of 450 C. after which it is gradually heated to the boiling point. The process

is followed, and the mixture is separated, according to the above described tech-

nique.

The use of ether in the process does not increase the yield of the reaction pro-

duct.
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Preparation of a Mixture of Ethylchlorosilanes in an Ether Medium in Two Stages

(Bibl.s). In a 5-liter flask, provided with a stirrer with mercury seal, a reflux

condenser with a calcium chloride tube, a thermometer, and a dropping funnel, 178 g

of magnesium shavings and 1250 ml absolute ether, containing traces of iodine are

placed.Into the flask 10 ml of ether bromide is introduced, and then 500 ml of ethyl

bromide and 15 ml of ethyl ether are slowly and uniformly poured in. The dissolution

of the magnesium is completed in 3 to 4 hours, thus forming a 2.5-mol solution of

ethylmagnesium bromide. A solution of ethylmagnesium bromide so obtained so prepared

(3 liters) is added uniformly over a period of 3 hours to a solution of 345 ml of

SiCl in 625 ml of ethyl ether. When the addition of the solution has been completed,

the mixture is heated half an hour at the boiling point, after which it is cooled,

the liquid is decanted, and the residue is extracted with ether. The excess, after

distilling off the ether, is fractionated, yielding 25-30 ml of a fraction boiling at

95-1050 C (impure ethyltrichlorosilane), 200 ml of a fraction boiling at 125-1350 C (im-

pure diethyldichlorosilane), and 25-35 ml of a fraction boiling above l4CPC, which

contains triethylchlorosilane. Thus the yield of the mixture of unpurified ethyl-

chlorosilanes does not exceed 60% of theoretical (based on SiCl 4 ).

Ethyltrichlorosilane (Bible5) may be prepared by a similar method, using a con-

siderable excess of SiCl 4 (5 mols of SiCl 4 per mol of Cj25 MBr) (Bibl.5). The yields

of etbltrichlorosilane is 48% (based on the starting magnesium).

The preparation of methylchlorosilanes (Bibl.6) by means of organomagnesium com-

pounds involves two basic difficulties. First, the starting alkyl halides, methyl

chloride and methyl bromide, are gases under ordinar7 conditions; second, the organo-

magnesium compound reacts with excessive violence with the SiCl 4  thus making it dif-

ficult to regulate the process, and which may also lead to the formation of consid-

erable amounts of tetramethylsilane instead of the methylchlorosilanes desired.

In comparing the reactivity of methylmagnesium bromide, for example, with that

of ethylmagnesium bromide, we may point to the fact that on the action of a mixture
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of methyl- and ethylmagnesium bromides on triethylchlorosilane, only triethyl-

methylsilane is formed.

The high reactivity of methylmagnesium halides forces the conduct of the synthe-

sis of methylchlorosilanes under particularly mild conditions.

Preparation of a Mixture of ethychlorosilanes in an Ether MediM. A mixture

of 212.5 g of SiCI4 and 350 ml of dibutyl ether is placed in a 5-liter flask provided

with a stirrer and a reflux condenser. The flask and the condenser are cooled to

-78.5 0 C. To the mixture, with vigorous stirring, 3.3 liters of a molar solution of

methylmagnesium chloride (or bromide) in ether is added over a period of 2.5 hours.

Then, under stirring, the mixture is gradually warmed to room temperature and allowed

to stand. The product is separated from the residue of magnesium chloride by decan-

tation and extraction with ether. The ether is distilled off, and the residue is

rectified in a column of 60-70 theoretical plates. The nethyltrichlorosilane is

collected in the range 66-670C, and the dimethyldiolorosilane in the range 69-70PC.

The mixture of metylchlorosilanes so obtained consists mainly of dimethyldi-

chlorosilane is desired, a solution of 476 £ of SiCl in 750 ml of dibutyl ether is

acted on by 2.9 liters of a l8 molar solution of metyluagnesium chloride in ethyl

ether. It is difficult to prepare pure trimetbylehlorosilane in this way, since it

forms an aseotrope with SiCl 4 . It in far more convenient to prepare trimethyl-

chlorosilane from pure dlaethyldichlorosilane or metbltriehlorosilane, or from

mixtures of these substances, the intermediate fractions collected between 67 and

69.50C on the rectification of the methylablorosilanes.

Preparation of Trimethlchlorosilane. In one liter of ether is dissolved

429.5 z of a mixture obtained on the rectification of the metylchlorosilanes at

67-69.50C. containing 2.75 mole of dimthyldichlorosilane and 0.5 mol of methltri-

chlorosilane. The solution is placed in a flask cooled by a mixture of solid car-

bon dioxide and acetone. Under stirring, 500 ml of a 4.1 ol solution of methyl-

magnesiumchloride is gradually added, and the mixture is gradually warmed to room
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temperature. The liquid is then decanted, the ether is distilled off, and the tri-

methylchlorosilane is separated by rectification in a column with 40 theoretical

plates.The trimethyichlorosilane so prepared has a boiling point of 57.5 0 C. The

yield is 38.7 g (0.35 mol).

The synthesis of the methylchlorosilanes from organomagnesium compounds and

SiCi h has not had practical importance, owing to the difficulties described above,

on the one hand, and also, on the other hand, owing to the simplicity and accessibil-

ity of the direct synthesis of the methylchlorosilanes from silicon and methyl

chloride.

The reaction with methylmagnesium chloride, however, still maintains its import-

ance wherever it is necessary to insert a methyl radical into a molecule of various

alkyl or arylchlorosilanes.

Many alkylchlorosilanes may be prepared in a similar way, either by the reaction

of an alkyluagnesium chloride with SiCl in an ether colution, or without using ether,

that is, by the action of a mixture of an alkyl halide, SiCl 4 , a solvent (benzene,

toluene, xylene) and catalytic quantities of tetraethoxesilane, on magnesium. For

the synthesis of the alkyltrichlorosilanes, it is advisable to use an excess of

SiCl (1.5-2 mols of SiCl to each mol of alkylmagnesiumchloride). This excess of

SiCl can easily be separated from many alkyl- and arylchlorosilanes (except methyl-

chlorosilanes) owing to their relatively low boiling points. The dialkyldichlorosil-

anes are prepared by the action of 2.25 mole of an alkymagnesium chloride (or of the

corresponding amounts of magnesium and alkyl chloride) on 1 ol of SiCi.

Trialkylchlorosilanee are formed either on the action of an excess of alkyl-

magnesium halide (4 mols) on 1 mol of SiCl , or by alkylation of a dialkyldi-

chlorosilane.

With increasing length of the organic radical, the velocity of the reaction be-

tween the organouagnesium compound and SiCl decreases, and a more prolonged heating4

of the mixture is necessary to complete it. We present as an example a method of
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synthesizing dodecyltrichlorosilane.

Preparation of Dodec-ltrichlorosilane in &n Ethereal Medium (Bibl.7). Into a

flask containing 12.5 g of magnesium shavings and 35 g of ethyl ether, a solution of

95 g of dodecyl chloride in 68 g of ether is gradually poured. The dissolution of

the magnesium is completed when the mixture is heated on a water bath for an hour,

after which the solution so prepared is slowly added, with stirring, to a mixture of

140 g of SiCl in 150 g of dry benzene. The reaction is completed on boiling the

mixture 3-5 hours. The dodecyltrichlorosilane is separated from the reaction mix-

ture by decantation, extraction, and rectification. It boils at 162-171 C (18 Mm).

The yield of the product is 67% of theoretical. Tetradecyltrichlorosilane and

octadecyltrichlorosilane can be prepared similarly, using corresponding proportions

.if the reagents.

Another factor which has a considerably stronger influence on the rate of reac-

tion of an alkymagnesium chloride with SiCl is steric hindrance. As a rule, in

single-stage alkylation, only a single branched radical can be introduced into the

SiCl molecule. To add a second such radical, the alkyltrichlorosilanes so obtained

must be acted on by an excess of the organomagnesium compound. It has not been pos-

sible, however, to insert a third organic radical into the compound by the aid of

organomagnesium compounds. Such reactions are accomplished by means of organolithiu

compounds.

The reaction between phenylmagnesium bromide and SiCi h in an ether solution pro-

ceeds readily. In this case two chlorine atoms in the SiCl are replaced. Phenltri-

chlorosilane has not been prepared in high yield, obviously owing to the fact that

the asymmetric phenyltrichlorosilane reacts with phenylmagnesium bromide at a higher

velocity than the SiCl does. Even when an excess of SiCl is used, the yields of4 4

phenyltrichorosilanes does not exceed 3C% of theoretical. When phenylmagnesium

bromide acts on SiCl (2.25 mols to 1 mol) the following are obtained: 14% of

phenyltrichlorosilane, 44% of diphenyldichlorosilane, and 5% of triphenylchlorosilane.
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Koton (Bibl.9) has prepared phenylchlorosilanes by the action of ether solution

of phenylmagnesium bromide on SiCl4, but he did not separate the product from the re-

action mixture, hydrolyzing them instead to prepare polyphenylsiloxane resin.

Preparation of Phenylchlorosilanes in an Ether Medium (Bibl.9). In a flask pro-

vided with stirrer, reflux condenser, and dropping funnel, 15 g of magnesium shavings

by iodine are placed, and a mixture of 100 g of bromobenzene and 100 ml of ether is

then added dropwise. dhen the addition of the mixture has been completed, the reac-

tion mass is heated on a water bath until the magnesium is completely dissolved.

The reaction product is slowly poured, with stirring and cooling, into a mixture

of 100 g of SiCl and 100 ml of ether. The reaction mass is heated on the water bath

and is held at boiling point for 2 to 3 hours. The precipitate of magnesium chloro-

bromide is removed by filtration, the ether is distilled off, and the residue, a mix-

ture of phenylchlorosilanes with an admixture of diphen-1, is hydrolyzed. After ex-

traction, drying, and evaporation, 70 g of polyphenylsiloxane resin, containing 38%

of Si0 2, is separated. The yield of the product is 32% of theoretical (based on

SiCl ). It is not possible to establish precisely from the literature the quantity

and nature on the reaction products, but the low SiO2 content in the reaction pro-

duct, in spite of the obvious presence of the hydrolysis products of SiCl4 in it, is

evidence that not only phenyltrichlorosilane, as the author considers, was fczmed

during the synthesis, but also diphenyldichlorosilane.

In a study of the reaction of phenylmagnesium bromide with SiCl4 in ether solu-

tion (Bibl.8), it was found that the reaction product contained mixed halo-esters,

whose formation is due to the reaction between ether and SiCl :

SICI + (CtH,),o - - CjiHj Ir CtHlOSICi,
'GHIUSICjI + C.Hi/Br L HsWSCI,(OC.i,) + MICir etC.

The synthesis of phenylchlorosilanes may be effected by the action of a suspen-

sion of phenylmagnesium chloride in xylene on SiCl 4

Preparation of Phenylchlorosilnes in a Xylene Medium. On the action of a so-

F-TS-9191/V 396



lution of chlorobenzene in xylene on magnesium shavings in the presence of tetra-

ethoxysilane, ethyl bromide, and ethyl ether (1% of the mixture), phenylmagnesium

chloride is formed. The optimum synthesis is at a temperature of 12CPC. The phenyl-

magnesium chloride reacts with the calculated quantity of SiCI4 at room temperature.

The mixture is then gradually heated until the organomagnesium compound disappears.

The phenylchlorosilanes are distilled under reduced pressure or are extracted and

then rectified. The total yield of phenylchlorosilane is 60-7C% of theoretical,

and phenyltrichlorosilane in the principal reaction product. When ether solutions of

p-methoxy- and p-ethoxylmagnesium bromides react with a benzene solution of SiCl 4 ,

the corresponding aryltrichlorosilanes are formed. The yield is 20-45% of theoret-

ical.

Vol'nov and Reutt (Bibl.l0) conducted the reaction between SiCi4 and acetylene-

magnesium bromide, prepared by the Iotsich method (without using ether):

(Cli.,Br -I- Mg (... H&MgBr
(..,Hk',Br -I- I I( ('H . H('-CMgBr -- C.-I,

,*I ( -CMufBr -I- Si(.1- * ( HI -C)S i -- 3M0IIBr

The reaction of acetylenemagnesium bromide with SiC4 is completed when a mix-

ture is heated on a water bath for 3 to 6 hours. The authors did not isolate the

product in the pure state, but subjected it to hydrolysis, after first washing out

the magnesium chlorobromide:

2(HCe- C)SiCI + H2O .. (HC- (:),SiSi(Q-C'!)3 -;- 21 II

The hexaacetylenedisiloxane obtained as a result of the hydrolysis is a crystal-

line product with the melting point 19-20°C.

The di-magnesium derivatives of the alkyidihalides or aryldihalides (Bibl.ll)

can react with SiCl to add one or two silicon atoms, forming either linear compounds

or heterocyclic compounds containing magnesium.

The linear compounds form rigid molecules, for example the di-magnesium deriv-

ative of p-dibromobenzene.
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BrMAoIHi 4 RBr -1- 2SCI. • (:ISiCHiSjI -i- 2.M4CIBr

In the case where the molecule of the dimagnesium derivative does not have a

rigid structure, the process proceeds with the formation of a compound containing

silicon in the ring. Dimagnesium dibromopentane, for instance, reacts in such a way:

I I'(. - ;-(1I
BrAk(Cli2)6,Btl.r -f'- SWl7i - -, 12C, SiCI: -t 21% i ,r

The dimagnesium derivative of acetylene does not react with SiCl (Bibl.12).

Preparation of Cyclopentamethvlenedichlorosilane. In a round bottom flask 61 g

of magnesium shavings are placed, and 2 liters of ether are poured in; 278 g of

1,5-dibromopentane, to which a very small amount of ethyl iodide has been added to

accelerate the reaction, is gradually added with stirring. On the completion of the

reaction, the mixture is heated under a reflux condenser for 3 hours, then it is

cooled, and a solution of 170 g of SiCl4 in 200 ml of ether is rapidly poured into

the flask. The mixture is stirred for 1 hour, and is then decanted. The ether is

evaporated and the residue is rectified. The reaction product, cyclopentamethylene-

chlorosilane, boils at 165-1750C.

The alkylchlorosilanes react with organomagnesium compounds according to the re-

action described for the reaction with SiCl . Two-stage alkylation is necessary in
4

the preparation of dialkyldichlorosilane containing branched radicals, and also of

substituted silanes containing unlike radicals attached to the silicon atom.

The velocity of reaction is determined not only by the activity of the organo-

magnesium compounds, but also by the type and number of the organic radicals in the

original alkyl-(aryl)-chlorosilane. The velocity of the reaction is considerably

lowered by the increasing length of the carbon chain of the organic radical. Thus,

for example, when 0.5 mol of trimethylchlorosilane, 0.5 ol of triethylchlorosilane,

and 0.5 mol of ethylmagnesium bromide reacts together, trimethylethylsilane and

tetraethylsilane are formed in the molar proportions of 2 : 1, which is evidence
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that the reaction of ethylmagnesium bromide with trimethylchlorosilane proceeds at a

rate twice as high as it does with triethylchlorosilane. Propylmagnesium bromide

with the same mixture of triethylchlorosilane and trimethylchlorosilane, forms

trimethylpropylsilane (and traces of triethylbutylsilane).

The presence of radicals of higher molecular weight in the molecules lowers the

velocity of the reaction with an organomagnesium compound still more. The branched

and cyclic radicals exert a particularly powerful influence. For example (Bibl.14),

on the action of an excess of an ether solution of isobutylmagnesium chloride on a

benzene solution of isobutyltrichlorosilane, it is possible to obtain only diiso-

butyldichlorosilane, and even that in a yield not over 20% of the theoretical. The

reaction of triphenylchlorosilane with phenylmagnesium bromide takes place only at a

temperature of 180°C.

The cyclohexrl group causes even greater steric hindrance. The reaction between

phenyltrichlorosilane and cyclohexylmagnesium bromide for 3 to 4 hours at 18CPC leads

to the replacement of only two chlorine atoms (Bibl.15):

(Cl IsSiCIm + 2CgH11,.tgIr C•H&(CH,)*SiCI -j 2MgCIBr

At a high temperature, as a result of the oxidation of the organomagnesium com-

pound, phenyldicyclohexylcyclohexyloxysilane is formed:

2CeHjjMg13r +0o. - 2C6H,,OMgBr
(4 H,,OMgBr Cg1i&(CH,,)tSi(' - * CH&(C@Hj3)*SiO"H" + MICIBr

When the reaction is ccnducted in a stream of nitrogen, phenyldicyclohexlsilane

C6 H5 (C6 H ) 2SiHO is formed together with the cyclohexylsiloxy derivative (Bibl.15).

It has not been possible to introduce a third cyclohexyl group into the molecules

under any conditions at all. Ethylmagnesium bromide reacts with phenylcyclohexyl-

bromosilane when heated for three hours at 180°C, according to the equation:

C'4 H('HI,).SiBr -- C,IIoMgBr CHs(' 41 )tSiC2H, + MgBr2

All the above facts evidence the substantial influence of steric hindrance on

the process of the reaction between alkylchlorosilanes and organomagnesium compounds.
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The organic radicals, attaching to a silicon atom and screening the other bonds

of that silicon atom, exert a decisive influence on the behavior of the molecule as

a whole, giving it a relative stability to the action of chemical reagents.

We note still another phenomenon which is not merely of theoretical interest but

also of practical importance. When chlorosilanes react with alkylmagnesium bromide,

there is sometimes an exchange of the halogen atoms, as a result of which alkyl-

bromosilanes may be found in the reaction product. For example (Bibl.16), the action

of 18.35 mols of an ether solution of ethylmagnesium bromide on 24 mols of dimethyl-

dichlorosilane, results in the formation of 8.33 mols of dimethylethylchlorosilane,

0.723 mol of dimethyldiethylsilane, and 1.506 mol of dimethylethylbromosilane which

indicates that the following reaction takes place:

tCH3)tSiCk .- .I I. N~krBr - C-~~~1SIr--M(

There are grounds for asserting that such an exchange of halogens is character-

istic for the reactions of organomagnesium compounds with many alkyl-(aryl)-

chlorosilaness as well as with SiCl 4 The reaction of halogen exchange proceeds more

intensely at an elevated temperature. The difficulties of isolating certain products

in the individual form are obviously connected with this reaction.

When a method is selected for synthesizing alkyl-(aryl)-chlorosilanes containing

different organic radicals attached to a single silicon atom, a considerable number

of factors must be borne in mind: the different reactivity of different organo-

I
magnesium campounds with respect to the -Si-Cl bond, the screening action of the in-

serted radicals on the remaining -Si-Cl bonds, the possibility of the halogen ex-

change reaction, the difficulties of separating the individual intermediate products,

and, finally, the difficulty of preparing the starting organomagnesium compounds.

For example, the processes of methylation should be, as far as possible, avoided,

using methylchlorosilanes prepared by the direct method instead. Further, in cer-

tain cases, in the phenylation of methyltrichlorosilane, to obtain a high yield of
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the phenylmethyl derivative, it is more convenient to convert the starting product,

prepared by the direct method, into the substituted ester, by the action of absolute

alcohol. In this case, the process of phenylation proceeds well in a single stage

without the use of ether:

CFInSiCI:; t 3Cl 1,Ok -" ' CHaSi(OCKa)J.

(CHt.I +m g + (:HSi(()CHs)x .... CH(CHs)Si(OCqHj)2 + CH&UoMg I

Another example is the synthesis of phenylethyldichlorosilane. It is possible,

ir principle, to conduct this process, either by ethylation of phenyltrichlorosilane,

or by phenylation of ethyltrichlorosilane. When the reaction is conducted accordirg

to the former pattern, however, the following complications arise:

(1) it is difficult to prepare phenyltrichlorosilane from SI3Cl in sufficiently

high yield; (2) the operation of separating the high-boiling products is complicated

(phenyltrichlorosilane at a boiling point of 20dDC, while phenylethyldichlorosilane

boils at 23CPC).

It is therefore more advisable to conduct the process according to the second

scheme:

cHSiCI. + (4 HMRCI > (',i I,(C8Hg)SiCJ, + MCI,

Preparation of Phenylethyldichlorosilane (Bibl.J17). To 100 g of ethyltri-

chlorosilane, an ether solution of phenylmagnesium bromide, prepared by reacting 17 g

of magnesium with 122 g of bromobenzene, is added. The mixture is stirred for 2

hours at room temperature, after which, for completion of the reaction and in order

to convert the precipitate of magnesium chlorobromide into the crystalline state,

the mixture is heated on a water bath. The precipitate is removed by filtration or

extraction, the ether is distilled off, and the residue is distilled under reduced

pressure, at 50 im. The yield of phenylethyldichlorosilane is 4C% of theoretical.

The process may also be conducted by reacting ethyltrichlorosilane with an

equimolecular amount of phenylmagnesium chloride without using ether.

In selecting the conditions of the synthesis, and also if it is not necessary
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to separate the individual products, the synthesis of chlorosilanes containing two

unlike organic radicals may be accomplished. This is done by the action of a solu-

tion of two organomagnesium compounds on SiCl, or on the action of a mixture of

SiCl and two halogen derivatives on magnesium. In this way, for example, phenyl-

ethyldichlorosilane can be prepared.

9j(I 4-( 'IjC -1 (,.Hi.Pr 4+ ~ -*~ I ( ~ t ~~ r ~ l

The reaction product contains various alkyl- and arylchlorosilanes, and it is an ex-

ceptionally difficult task to separate the mixture into the individual compounds.

When trichlorosilane reacts with organomagnesium compounds, the Si-H bond is in

all cases maintained, and the reaction products are either alkylchlorosilanes,

HSiR Cl 3-x or alkylsilanes, HSiR .3

Alkylation and Arylation of Trichlorosilane (Bibl.l8). 1. To 50 ml of a solu-

tion of 175 g of methylmagnesium bromide in ethyl ether, under cooling with brine and

stirring, a solution of 60 g of trichlorosilAne in 150 ml of ether is gradually added.

The reaction product is acidified with sulfruic acid, the organic layer is separated,

and the ether and trimethylsilane are distilled off on the water bath. The tri-

methylsilane may then be separated from the ether by rectification in a low-tempera-

ture column. Its boiling point is 9-lii 0 C.

2. To 135.5 g of trichlorosilanes dissolved in 100 ml of ether, under cooling

with ice, a solution of 2.5 mols of ethylmagnesium bromide in 100 ols of ether is

added. The mixture is heated 4 hours; the precipitate is separated, and the ether is

distilled off. Rectification yields 39 g of ethyldichlorosilane, (boiling point

74.5-75.5°CO)and 30 g of diethylchlorosilane, (boiling point 99-10CPC). The higher

alky1ldichlorosilanes, up to oxtadecyldichlorosilane, may be prepared in a similar

way.

3. A soltuion of 6 mols of phenylmagnesium bromide in ether is added to 6 ols

of trichlorosilane at -50°C. The mixture is gradually warmed to room temperature,

and the ether is distilled off. The liquid is then separated from the precipitate
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by vacuum distillation to 1650C (5 mm). Rectification yields 188 g of phenyldi-

chlorosilaneboiling point 980C (51 mm), as well as diphenylchlorosilane, boiling

point 140-145 0 C (7 mm).

4. A mixture of 0.6 rol of benzylmagnesium bromide in ether solution and 0.3 rol

of trichlorosilanes is allowed to stand 17 hours at room temperatures and it is then

heated 8 hours on a water bath. Filtration and rectification yield 28.2 g of di-

methychlorosilane, boiling point 156-1610 C (6 mm).

Reaction of 0.3 rol of benzylmagnesium chloride with 0.3 mol of trichlorosilane

under similar conditions yields 11.7 g of benzyldichlorosilane.

Under the action of organomagnesium compound on hexachlorodisilane and hexa-

chlorodisiloxanes the replacement of the halogens is complete, while the Si-Si or.

Si-O-Si bonds are preserved (Bibl.19). In this way, hexaphenyldisilane in 40% yield

and hexatolyldisilane in 30% yield may be prepared from hexachlorodisilane. When

smaller quantities of the alky-(aryl)-magnesium chloride are used in the reaction,

products of incomplete substitution, alkychlorodisilanes, may be prepared. In con-

trast to hexachlorodisilane, when hexabromodisilane reacts with organomagnesium com-

pounds, only derivatives of monosilanes are formed, -ikylbromosilanes or tetra-

alkylsilanes.

When a solution of ethy lmagnesium bromide acts on hexachorodisilane, from 1 to

6 chlorine atoms may be replaced by ethyl radicals.

Preparation of Ethylchlorodisiloxanes. To prepare compounds of the desired de-

gree of substitution, ethylmagnesium bromide in 25% excess (over the theoretical

amount) is added to a solution of 1 rol of hexachlorodisiloxane in 1 liter of ether.

The mixture is heated 3-6 hours, after which the residue is filtered off and the

filtrate is rectified. Depending on the amount of ethylmagnesium bromide taken in

the reaction, products of substitution of 1, 2, 3, and 4 chlorine atoms in the hexa-

chorodisiloxanes are obtained in 40, 87, 85, and 78% of the theoretical yields,

respectively.
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Pentaethylchlorodisiloxane may be prepared in 12% yield from triethyltri-

chlorodisiloxane.

c11).':ISi oSi(CH,)CI, + 2(HMgBr (CjHs)3SiUSi(C2Hs),CI r- 2MgCIBr

The process is completed when the mixture is heated 10-12 hours.

On the reaction between 2.4 mols of methylmagnesium chloride, 0.1 mol of methyl-

magnesium iodide, and 1 mol of hexachorodisiloxane, dimethyltetrachlorodisiloxane

is formed in yield of 56% of the theoretical.

(; i 2 -) t- 2CH3MgCI -- - CH3SiCIOSiLI, CH + 2IgCl

When 2.85 mols of phenylmagnesium bromide reacts with 1 mol of hexachorodisiloxane,

diphenyltetrachlorodisiloxane is formed. The yield is 17.5% of theoretical. When

an excess of phenylmagnesium bromide is used, hexaphenyldisiloxane may be prepared in

a yield 140% of the theoretical.

Preparation of Alkyl-(Aryl)-Chlorosilanes by Means of Organolithium Compounds

The preparation of alkyl- and (aryl)-chlorosilanes by means of organolithium

compounds is the most universal and flexible method of synthesis. The high cost of

lithium makes it difficult to use the method a large scale, but in some cases it is

indispensible in laboratory practice. The reaction between the silicon halides and

organolithium compounds proceeds easily and in high yield even in those cases when

alkylation by the aid of organomagnesium compounds cannot be effected, owing to

steric hindrance and the inadequate activity of the organomagnesium compounds. The

reaction of alkylation by organolithium compounds differs favorably from the alkyl-

ation reactions using sodium, as well,, since the former makes good control of the

process of synthesis possible.

Organolithium compounds (Bibl.20) are most often prepared by the action of

metallic lithium on an alkyl halide:
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RX + 21.i RU -r. liX

Better yields of lithium alkyls are obtained when alkyl chlorides are used (ex-

oept for methyllithiums, which is prepared from methyl iodide), while the better

yields of aryllithium compounds are obtained when arylbromides are uzed. The reac-

tion between lithium and an alkyl chloride proceeds in the presence of ether, pet-

roleum ether, or cyclohexane, while the reaction with an aryl bromide takes place

only in an ether medium. Owing to the exceptional sensitivity of organolithium com-

pounds to the action of atmospheric oxygen, all work with them is done only in an

atmosphere of nitrogen. We present examples of the preparation of alkyl- and

ar7lchlorosilanes by the aid of organolithium compounds (Bibl.21, 22).

Preparation of Tripherylchlorosilane. A stream of dry nitrogen is thoroughly

blown for 2 hours through a flask provided with a stirrer and mercury seal. Then

120 ml of absolute ether is introduced, followed by 6.6 g of finely ground lithium

(see below for the techinque of grinding). The stirrer is stArted, and the small

amount (1.5-2 ml) of bromobenzene, out of the total quantity of 62.7 g necessary

for the reaction, is poured into the reaction flask with stirring. If the reaction

does not begin, the flask is slightly heated on the water bath until the exothermic

process does begin. The bromobenzene is now diluted with 120 ml of ether and intro-

duced into the flask over the period of about 1 hour (the reaction is conducted at

the boiling point of ether), after which the mixture is heated for an hour, and is

then filtered under pressure of dry nitrogen. The phenyllithium solution so obtained

is added with stirring to 18 g of SiCl dissolved in 30 ml of ether, and the mixture

is heated 2 hours on the water bath. The reaction product is separated by filtration

followed by rectification. If the reaction mixture is subjected to hydrolysis, tri-

phenylsilanol can be obtained in a yield of 97% of the theoretical.

Technique of Grindins Metallic Lithium. Mineral oil, purified by sulfuric acid

and activated charcoal, is heated 24 hours with metallic sodium at 25CPC. The
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sodium is removed and the oil is purified a second time. Metallic lithium is intro-

duced into the purified oil, the oil is heated to a temperature of 2500C, and is

stirred by a rapidly rotating wire stirrer. After the lithium has been ground, the

oil is cooled, and the lithium powder so obtained is removed, while the oil is washed

with ether. The lithium so comminuted can maintain its activity only for a few hours

and only if kept in a nitrogen atmosphere.

By the aid of organolithium compounds it is possible to prepare tertiary butyl

trichlorosilane and dibutyldichlorosilane, which cannot be prepared with organo-

magnesium compounds, and also triisopropyloilane, which is difficult to prepare in

that way.

It was not possible to prepare tert-trbutylchlorosilane, even when a mixture

of tert-dibutyldichlorosilane and tert-butyllithium is heated at 1600C.

Preparation of Tertiary Butyltrichlorosilane. For the preparation of tort-

butyllithium, 3.5 g of lithium, ground by the technique above described, is placed in

a reaction bath together with Oel g of magnesium powder. Into the flask are now

poured 150 ml of petroleum ether, after which 27 ml of tert-butyl chloride is added,

with stirring, over a period of 6 hours. The yield of tert-butyllithium is 50% of

theoretical. When the butyllithium so obtained is added to a solution of SiCi in

petroleum ether, and the mixture is heated on the water bath tert-butyltrichloro-

silane is formed. The yield of the product does not exceed 55% of the theoretical

(based on the butyllithium taken). Tertiary butyltrichlorosilane is a substance

crystalline substance which readily sublimes, and melts at 98-990C.

Tert-butyltrichlorosilane can be prepared by another method in better yield.

By this method, metallic lithium is rolled by special rollers, under a layer of min-

eral oil, into thin foil, which is cut into pieces 1 cm2 in size. The oil is poured

off and the lithium is washed with ether. Pentane, treated with sulfuric acid with

stirring for three days, is used as a solvent for this synthesis. Before use, the

pentane is distilled, and the fraction boiling at 35-360C, is used for the synthesis.
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Freshly distilled tert-butylchloride is used for the synthesis; boiling point

50.O°C, refractive index nj0 - 1.3850.

In a 1-liter 3-neck flask, 15.5 g of lithium foil (prepared as described above,

which has not come in contact with air) and 375 ml of pentane, are placed. The mix-

ture is heated to boiling, after which a tenth part of a solution of 92.5 g of tert-

butylchloride in 300 ml of pentane is introduced into the flask. After the beginning

of the exothermic reaction, the source of heat is withdrawn from the flask. The re-

mainder of the solution of tert-butyl chloride is added with vigorous stirring over

a period of 6 hours. After the addition has been completed, the reaction mixture is

heated for a further period of 2 hours. The yield of tert-butyllithium is from 60 to

75%. To a cool solution of tert-butyllithum, 170 g of freshly distilled SiC1 is

added; the mixture is heated for an hour, after which the reaction product is sepa-

rated by decantation, extraction, and distillation. The yield of tert-butyltri-

chlorosilane is 75% of theoretical, and the boiling point is 1320C (730 nm).

Preparation of Tertiary Dibutyldichlorosilane. A solution of 0.72 mols of tert-

butyllithium in 750 ml of pentane is placed in a flask serving as the retort for a

rectification column and provided with a stirrer. To the solution, 135 g of tert-

butyltrichlorosilanes is added, and the mixture is heated 4 days, gradually distill-

ing off the pentane at the same time. At the end of the process, the temperature in

the reaction flask is 70°C. After the end of the reaction, 500 ml of pentane is in-

troduced into the flask, together with 52 g of SiCl4 to decompose the unreacted

butyllithium. The mixture is stirred for an hour, after which the liquid is decanted

and rectified. At 1900C (729 m), 90.3 g of tert-but;,ldichlorosilane is collected.

PreDaration of Isopropylhlorosilanes. The. reaction between 6.8 g of SiCl 4 and

0.2 mtol of isopropyllithium in 250 ml of petroleum ether, under the conditions de-

scribed above, yields 5.8 g of isopropyltrichlorosilane, or 68% of theoretical.

On the reaction of isopropyllithum with trichlorosilane, the replacement of

1, 2, 3 chlorine atoms also takes place. In the latter case, at a temperature of
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-50 C to -l°C, a solution of 1.5 mol of isopropyllithium in 1.5 1 ether is added to

a solution of 46 g of trichlorosilane in 100 .l of ether. When the introduction has

been completed, the mixture is held for 15 hours at room temperature, and then for

21 hours at the boiling point of ether. On hydrolysis of the reaction mixture, which

takes place when it is poured onto a mixture of ice and sulfuric acid, a mixture of

diisopropylsilanol in 11% yield and tetraisopropylsilanediol in 42% yield is formed.

When trichlorosilane reacts with an organolithium compound, the Si-H bond may be

preserved, which indicates the relatively lower reactivity of the hydrogen attached

to the silicon with respect to the organolithium compounds, by comparison with the

chlorine attached to the silicon. Under more severe conditions, however, the lWdro-

gen attached to the silicon is able to react with organolithium compounds to form

lithium hydride and an alkylsilane.

Alkylation by the aid of lithium may also be conducted in a single stage.

Prearetion of a Mixture of Butylchlorosilanes. To a mixture of 100 ml of ether

and 2.6 g of butyl bromide, 3.47 g of lithium is added, after which a solution of

42.5 g of SiCl 4 in 38.6 g of butylbromide is also added. The mixture is heated on

the water bath for 5 hours, after which the butyltrichlorosilane may be separated by

extraction and rectification, or it may be hydrolyzed.

When SiCl 4 reacts with a large excess of cycloheqllithium, the only product of

the reaction is tricyclohexlchlorosilane.

Preparation of Tricyclohexychlorosilane. To lithium foil under a layer of pe-

troleum ether, 95 g of cyclohexyl chloride is added gradually over a period of 4

hours. The reaction begins on heating, and then continues owing to self-heating.

To the solution of the organolithium compounds so obtained, a solution of 17 g of

SiCl 4 and 50 ml of petroleum ether is gradually added with stirring and cooling with

ice. After standing over night, the precipitate is filtered off, and the excess of

organolithium compound is decomposed with 6 N HCl. The organic layer is separated,

dried over calcium chloride, and the solvent is distilled off, giving a viscous oil,
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which is crystallized from glacial acetic acid, and is recrystallized from petroleum

ether. The product so obtained, tricyclohexylchlorosilane, has a melting point of

101-102 0 C.

Tricyclohex~lchlorosilane does not react with methylmagnesium iodide nor with

methyllithium, even when an ether or toluene solution of a mixture of the components

is boiled. When tricyclohexwlchlorosilane is heated with metallic sodium in a medium

of toluene, to boiling, no reaction is observed, either.

Under the action of lithium-aluminum hydride on tricyclohexyichlorosilane, it

can be reduced to tricyclohexylsilane.

Preparation of Tricyclohexylsilane. To tricyclohexwlchlorosilane, dissolved in

ether, an excess of lithium-aluminum hydride in ether solution is added dropwise.

After the reaction mixture has been boiled for half an hour, the ether is distilled

off, and the residue is dissolved in petroleum ether. The solution is heated, and

the residue of unreacted hydride and mineral salts is filtered off. The solvent is

then distilled off.

The yield of the product is 80% of theoretical.

Tricyclohexylsilane, (C6 Hll) 3 SiH is an oily liquid; boiling point 183-1850 C

(9 um); refractive index S 5 - 1.5132. It does not crystallize, even when cooled

with a mixture of solid CO2 and alcohol.

Tricyclohexlsilane is easily brominated in the cold in a solution of CC1 ;

yielding tricyclohexylbromosilane in quantitative yield; melting point 112-1130 C,

When tricyclohexylsilane is boiled 2 hours with a solution of iodine in CC1 4 , tri-

cyclohexliodosilane is formed, which is crystallized from petroleum ether and re-

crystallized from ethanol; melting point 97-98°C. The yield is 52%. Tricyclo-

he.Vliodosilane decomposes easily in the light, liberating iodine.

When tricyclohexylsilane is boiled with an excess of 5% alcoholic KOH, tri-

cyclohexylsilanol, (C6Hll) 3 SiOH, is formed. To the reaction mixture, to separate

this product, an equal volume of water is added, and the (C6Hl )3SiOH is then thrown
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down as a precipitate. The product is crystallized from ethyl ether and recrystal-

lized from petroleum ether; melting point 176-177°C. The yield is 87%. When tri-

cycloheclsilanol is boiled with acetic anhydride, tricyclohewrlacetoxysilane,

(C6HlI) 3 SiOCOCH3 , is formed, and is precipitated from the reaction mixture when it is

cooled to OC under vigorous stirring. To purify the product it is washed with

ethanol; melting point 82-83oC. Yield, 80% of theoretical.

By the aid of organolithium compounds it is possible to prepare alkyl-(aryl)-

chlorosilanes containing the most varied organic groups, for example, l-methoxy-

4-bromophenyltrichlorosilane ,etc e Organolithium compounds are very often irreplacible

reagents for the synthesis of tetra-substituted silanes.

Prenaration of Alkyl-(Aryl)-Chlorosilanes by the Aid of Oranosodium. Comounds

The method of preparing alk- and arylchlorosilanes by the aid of organosodium

compounds is of considerably less value than the methods described above. This is

because this reaction is very difficult to control. The liberation of a considerable

amount of energy on the reaction of an organosodium compound wlth a halosilane at the

I
first Si-Cl bond encourages the reaction at all the remaining -Si-Cl bonds, so that,I

for example, for SiCl 4 the process is completed almost quantitatively with the form-

ation of the tetra-substituted product SiR4 . When the usual measures of precaution

are observed, and when an excess of chlorosilane is used, a certain amount of alkyl-

chlorosilanes can be obtained as a result of the reaction. Thus, for instance, on

the reaction between sodium, SiC14 , and ethyl bromide, the ratio between diethyldi-

chlorosilane, triethylchlorosilane, and tetraethylsilane is 1 : 1 : 2 (Bibl.23).

When pherylsodium acts on SiC 4 , phenyltrichlorosilane can be obtained in low

yield. However, in evaluating the method of preparing alkyl-(aryl)-chlorosilanes

by the aid of organosodium compounds, it must be borne in mind that the process

gives satisfactory yields only with the simplest aromatic radicals; the alkylsilanes
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usually give a low yield, (even when all the reaction products, both alkylchloro-

silanes and tetra-substitution products are taken into account). If, however, the

molecule of the halogen derivative has a long or highly branched chain, or a func-

tional group in the phenyl nucleus (nitrochlorobenzene, mthoxychlorobenzenep etc),

it is not possible to run the reaction at all. Certain unsaturated derivatives, for

instance sodium acetylide, likewise do not react at all.

The synthesis of the alkyl- and arylchlorosilanes by means of organosodium com-

pounds has no practical application.

Preparation of Alkyll-(Arl)-Chlorosilanes by the Aid of Organomercury and Orxanozinc
Compounds

Phenyltrichlorosilane was first prepared (Bibl.24) by prolonged heating of 100 g

of diphenylmercury with 50 g of SiCl 4 in a sealed tube at 30CPC:

SiCI6 + Hg(4H),.. C4HSiCIl + C.H.HgCI

Tolyltrichlorosilane can be similarly prepared. At the present tine, this

method is of no practical importance, owing to the difficulties of conducting the

process, the low yields, and the toxicity of mercury.

Dimethylmercury, trimethylaluminm, and diethylzinc do not react with SiCI 4

(Bibl.25).

Diethvlchlorosilane may be prepared by means of diethylzinc:

SiCi, + ZnfCtl l), - "-o (C;H)giCI, + ZnCI,

Preparation of Diethrlchlorosilane (Bibl.26). Zinc dust, containing 0.5-1% of

copper, is washed with concentrated HC1 and water, and is dried in a stream of hy-

drogen; 16 g of the zinc dust so treated is placed in a flask, provided with a

stirrer, together with 50 g of ether. While stirring the contents of the flask, a

mixture of 20 g of ethyl iodide and U.5 g of SiCl 4 is gradually introduced. The

mixture is heated to the boiling point over a period of 8 hours, after which the
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diethyldichlorosilane may be either separated by extraction and rectification, or

hydrolyzed; in this case liquid polydiethylsiloxane is formed. The yield is 72% of

theoretical. Diethyldichlorosilane is also prepared by the reaction of 1 mol of

SiCi, with 2 mols of ethylzinc bromide over a period of 6 hours at the boiling point

of ethyl ether. Ethylzinc bromide is formed on heating zinc dust, activated with HCl

with ethyl bromide in the presence of ether for 36 hours. In this case, 85% of the

zinc is dissolved.

Direct Synthesis of Alkyl-(Aryl)-Chlorosilanes

The reaction between elementary silicon and a gaseous alkyl halide at an eleva-

ted temperature, is extremely important for the synthesis of organosilicon compounds.

in the ideal case, the process may be represented as follows:

2Si + 4RCI --- RSiCIs + R3SiCI (1)

Si + 2RCI - R eSiCI, (2)

the first reactions being of principal importance, and the second subordinate. In

practice, however, the reaction between silicon and an alkyl halide yields a large

number of the most varied products, liquid (R2 SiCl 2 , RSiCl3 , R3SiCl, RSiHCl 2 , Siel4 ,

H3iCl 3 ), gaseous (RH, R-R, H2 ) and solid (carbon).

This process may be conducted without using a catalyst, but in this case the

reaction proceeds slowly, and the relative importance of the pyrolytic processes is

great, so that the products of the reaction consists mainly of the chlorosilanes with

a high chlorine content (SiCl 4 , RSiCl 3 , RSiHCl 2 ). The use of a copper catalyst (or

also of a silver catalyst for the arylchlorosilanes) accelerates the reaction, and

allows its temperature to be lowered and brings the process close to the ideal mech-

anism described by reactions (1) and (2).

The reaction between silicon and an alkyl halide is an exothermic process.

The principal raw material for the synthesis of alkylhalosilanes is silicon or
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ferrosilicon containing not les than 90% of silicon. The best results are obtained

when silicon of the first grade (mark KR-1) is used, which usually contains 9905% of

silicon. Either electrolytic copper or copper prepared by reduction from its sales

is used as a catalyst. The starting alkyl chloride must not contain traces of mois-

ture, alcohols, or other impurities.

A number of methods for preparing the mixture of silicon and catalysts, the con-

tact mass, are described in the literature. We give three of the most important

methods:

1. Fusion of copper with silicon in a reducing medium, followed by rapid cooling

of the alloys so prepared to prevent segregation of the copper. When the alloy is

cooled, according to the type of contact apparatus, it is ground either into lump

10-15 mm in sie, or is ground into dust on a ball mill.

2. A mixture of finely ground silicon and copper powders is compressed into

tablets under a pressure of the order of 5000 kg/cm2, and tablets are reduced in an

atmosphere of hydrogen at a temperature up to 106CPC to increase the catalytic activ-

ity of the mass.

3. Mixing the powdered silicon and copper and cuprous chloride, compression into

tablets, drying, and reduction of the tablets at 300C according to the formula:

Si -+" 2CuCI.- - SiCI4 + 401

The conduct of the reaction between the alkyl halide and the contact mas in-

volves no difficulties and can be accomplished in any laboratory.

Method of Conducting the Direct Synthesis of Alkrl - and Aryhalosilanes. Into

a glass, porcelain or steel tube (best of copper-lined) 50 ma in diameter and 1 m

long, 500 g of the contact mass ground into lumps 10 m in sise is charged. The tube

is heated from without in a tubular muffle furnace. The gaseous alkyl halide enters

the contact tube from a cylinder through a receiver and washer with sulfuric acid,

and a flow meter. The liquid halogen derivatives, for instance chlorobensene, enter
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from a dropping funnel through a pressure tube about 0.5 m high to overcome the in-

significant pressure in the apparatus (for this purpose the upper part of the drop-

ping funnel may also be connected with the contact tube). Before the beginning of

the process, the contact mass is dried in a stream of inert gas at a temperature of

2000C until all traces of moisture in the waste gases have disappeared (tested by

passing the gases through anhydrous copper sulfate). If the contact mass has been

prepared from cuprous chloride, its temperature is brought up to 30CPC, and in 1

minute an exothermic process of reduction takes place, liberating SiCl.4 After the

reduction a stream of inert gas, is blown through the contact mass.

The contact mass is heated to the temperature required for the synthesis, after

which a stream of gaseous alkyl halide is passed through the mass at the rate of

about 30 liter/hour, or of liquid alkyl halide at a rate of 20 g/hour. The reaction

products, condensing in the water-cooled condenser, flow off into the receiving

flask. If the synthesis is conducted with a gaseous alkyl halide, the receiver is

provided with a reflex condenser cooled by ice or brine. The waste gases pass into

a condenser cooled by a mixture of acetone and solid carbon dioxide, to condense the

unreacted alkyl halide.

The mechanism of the reaction between the alkyl halide and the silicon has not

yet been definitively established. The following course of the process is the most

probable (Bibl.27, 28). The metallic copper reacts with the al1l chloride at the

temperature of synthesis, forming alkyl eoner hlozides

(:u + RCI -* RCuCI

which, in the presence of silicon, is capable of dissociating into the radicals:

RCuC - (:u -! R -- CI

The free radicals so formed react with silicon:
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Si + R- + (1' - R-Si-Cl

The free valences of the silicon may then, depending on the reaction conditions, be

saturated by organic radicals, chlorine, or by the hydrogen formed as a result of

pyrolytic processes.

At the temperature of synthesis, the free radicals are subjected to pyrolysis,

but also enter into the most diverse combinations, as a result of which a number of

hydrocarbons as well as hydrogen and carbon, are formed. The latter accumulates in

the contact mass in the form of coke, which is one of the causes for the reduction

in the activity of the contact mass, of the increased synthesis temperatures, of the

intensification of the pyrolytic processes, and, ultimately, of the poorer compo-

sition of the condensate. The spent contact mass usually contains considerable

amounts (6-1%) of carbon in the form of soot, whose presence makes the spent contact

mass readily inflammable in air at room temperature.

The lower the temperature of synthesis, the lower the intensity of the pyrolytic

processes, and the closer the course of the process to the ideal. For this reason,

one of the main conditions of successful conduct of the process of direct synthesis

is providing, at all points of the contact mass, the minimim temperature at which the

reaction between silicon and the a117l halide begins. This temperature is different

for the different alkyl halides or aryl halides.

Prenaration of Methvlchlorosilanes

"The reaction between silicon and methyl chloride, in the absence of a catalyst

(Bibl.28) proceeds at a temperature of 2850 C. and the quantity of the reaction pro-

ducts in this case (the condensate in the receiving flask) does not exceed 57% of

the weight of the methyl chloride passed through, while the average number of rad-

icals attached to the silicon atom is only 0.56, that is, the reaction product con-

sists mainly of SiCl 4 and methltrichlorosilane. These data speak for the complete-

ly unatisfactory course of the process and of the abundant liberation of gaseous
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products of pyrolysis.

One of the principal forms of the contact mass is an alloy of copper and silicon.

The results of work with an alloy containing 5C of copper and 5C% of silicon at a

temperature of 3120 C. has been described (Bibl.2). The description unfortunately

indicates the yield of condensate erroneously (almost double the theoretical) , which

makes any evaluation of the data difficult. The ratio between the number of radicals

and the number of silicon atoms, according to the analytical results for the hydroly-

sis product, is rather high, 1.8.

These figures, however do not sufficiently characterize the effectiveness of the

contact mass in the form of an alloy. Using an alloy containing only 2C% copper, the

reaction could probably be conducted at a lower temperature, thus assuring a higher

yield of the desired products.

A contact mass prepared by reduction of a mixture of cuprous chloride and

silicon, possesses high activity (Bil.28)0 The reaction between the reduced mass and

methyl chloride at 30CPC leads to the formation mainly of dimethyldichlorosilane,

but after 25% of the silicon has been used up, the content of chlorosilanes with a

larger number of chlorine atoms in the condensate increases. After 6C% of the

silicon has been used up, the average composition of the condensate collected through-

out the entire process, is as follows: dimthldichlorosilane, 42.1%; methyltri-

chlorosilane, 36.8%; methyldichlorosilane, 11.8%.

Under certain conditions, this method allows us to conduct the process at a

lower temperature, yielding a condensate containing 75% of dimnthyldichlorosilane.

In this case, about 8C% of the silicon is used.

A certain modification (Bibl°29) of this method of briquetting a mixture of

copper and silicon in the powdered form rumely compression under a pressure of 5-7

tons/cm2 makes it possible to conduct the process under completely different con-

ditions and with different equipment. The compressed mass is broken up into small

pieces and is reduced in a contact apparatus at 275-300°C. It is found that the re-
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action with methyl chloride takes place in this case at 290-31cPC, and from the con-

tact mass prepared from 85 g of silicon and 15 g of cuprous chloride, 153 g of con-

densate is formed in 90 hours (using up about half of the silicon). Thus the amount

of condensate is somewhat more than half the amount of the methyl chloride passed

through. In another experiment, at 295-3050 C, (at a rate of flow of 6.2 g of methyl

chloride an hour) 160.4 g of condensate was obtained in 71 hours, that is, less than

half the weight of the methyl chloride passed through. The percentage composition of

the condensate in these two experiments was as follows:
I II

Dimethyldichlorosilane ................. 21.7 39.6
kethyltrichlorosilane ............ ... •••39.8 35.0
Methyldichlorosilane ................... 16.0 8.7

These data cannot be recognized as satisfactory. On observing certain conditions

of synthesis, and with the proper arrangement of the process, the yield of condensate

may considerably exceed that stated, and the average content of dimethyldichloro-

silane in the condensate will amount to 50%, using up 70% of the silicon (Bibl.30).

Another patent contains references (Bibl.31) to the possibility of using, as

a catalyst, copper oxide or copper powder oxidized on the surface, but the results

adduced by the author are entirely unsatisfactory.

One of the most widely used forms of the contact mass (Bibl.30), which are

given in the present literature, is a mixture of finely ground silicon and copper

powders, compressed under a pressure of about 5 ton/cm2 and reduced in a stream of

hydrogen at a temperature up to 106CPC. This type of contact mass is probably what

is meant by the general term copper-silicon mass; this term is often used in patents,

without indicating the method of preparing the mass. The copper content in the mass

varies over a wide range, from 2 to 45%; the optimm ranges from 20 to 25%.

The literature throws very little light on the apparatus setup of the direct

synthesis. The following indication is of interest (Bibl.30). On reaction of

methyl chloride with the contact mass prepared from 20 kg of silicon and 2.2 kg of

copper powder (obviously prepared by the above described method) in a "oil-heated
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band-type reactor", 81 kg of condensate was obtained in 324 hours from 77 kg of

methyl chloride (that is, 103% on the basis of the methyl chloride consumed), and

this condensate contained 63.6% of dimthyldiohlorosilane, U.8% of mothyltrichloro-

silane, and 25% of a fraction boiling up to 660C. In another experiment, the same

quantity of contact mass and 67 kg of methyl chloride yielded only 55 kg of a conden-

sate containing 59.3% of dimethyldichlorosilane. The results of the first experiment

speak for the high activity of the contact mass and are the best results published

in the literature. The high percentage of silicon utilized is worthy of notice

(4 kg of condensate from each kg of silicon, which corresponds to the utilization of.

almost 90% of the silicon), as well as the high process productivity obtained in

working with such a contact mass (0.8 kg of condensate day per kg of pilicon in thi

contact mass).

In a number of patents (Bibl.32) the possibility of conducting a fluid process

is proposed in general terms: the contact mase in the form of dust is ejected by a jet

of methyl chloride into the reactor, whence the products of reaction pass into an

expander, then into a dust separator, and then con for separation. The recycling

of the methyl chloride and the contact mass powder is provided for. The condensate

contains 57% of dimetbyldichlorosilane.* It is stated that the process proceeds under

a pressure of 3-4 atm at 330-37CP. The principal advantages of the process is ob-

viously the high productivity of the contact mass. Finally, one of the works,

(Bibl.31) indicates the preparation of large quantities (hundreds of kg) of metbyl-

chlorosilanes in a "vertical stationar7 reactor 100 me in diameter)*.

The dilution of the methyl chloride by an inert gas (Bibl,30) (5-2% of nitro-

gen) encourages an increase in the dimethy1dichlorosilane content of the condensate

to 86.5% as against 73.5% without such dilution (the type of contact mass and the

process conditions are not indicated by the authors). The hydrogen dilution gives

the increased content of chlorosilanes containing the S-H bond in the condensate

(the content of methyldichlorosiline rises to 17%).
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The trimethylchlorosilane content of the condensate under ordinary conditions

does not exceed 5%. The trimethyichorosilane content can be increased in the con-

densate by adding aluminum or zinc to the contact mass (Bibl.33). Thus on addition

of aluminum powder (5% of the contact mass by weight)* and conduct of the synthesis

at 300-35cPC the trimethylchlorosilane content of the condensate is increased to

10%. If the amount of aluminum** in the contact mass is increased to 10%, then the

trimethylchlorosilane in the condensate rises to 20%. By adding 2% of zinc powder

to the contact mass and conducting the synthesis at 330-350PC, the trimethylchloro-

silane content of the condensate is likewise increased to 20%. The patent unfortun-

ately fails to indicate the content of the main product of the reaction, dimethyldi-

chlorosilane, in the condensate, which is probably sharply reduced when the process

is run under these conditions. The conditions given in the patent can therefore not

be recognised as .optimum. It is, however, possible to find conditions under which

this method will make it possible to increase the trimethylchlorosilane content with-

out appreciable reduction of the dimethyldichlorosilane content.

There is a reference (Bibl.33) to the possibility of diluting the methyl

chloride, before its introduction into the contact apparatus, with 5-35% of chlorine

by volume (the composition of the condensate is not stated). This is obviously ad-

visable when mtbyltrichlorosilane is desired as a product, since, in the presence

of chlorine, the synthesis of methbltrichlorosilane can proceed without loss of

methyl chloride:

CI, + CI I.'cI + Si - CllSicl.

The yield of dimethychorosilane under these conditions is probably sharply lower.

The, introduction of methyl chloride with an admixture of H1U into the contact

W The aluminum powder must have a particle size such that it will pass a

No. 200 sieve.

** In this case the aluinum powder mnst pass a No. 100 sieve.
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apparatus has been patented (Bibl.31); but the data given in the patent are entirely

inadequate for determining the composition of the reaction product or the yield of

methylchlorosilane. Thus the patent states that on passage of methyl chloride with

an admixture of 2% of HCl over the contact mass at 370PC, the condensate is converted

after hydrolysis into a solid colorless resin. From these data no conclusions as to

the composition of the products can be drawn. Obviously the main product under these

conditions is methyltrichlorosilane, but at this temperature, even without using HC1,

the main product of the reaction should be methyltrichlorosilane.

Better results are obtained (Bibl.33) when finely ground copper powder (oxidized

from the surface) with particle sizes of a few microns, is used as the catalyst. The

copper particles are surrounded by an extremely thin oxide film which prevents fur-

ther oxidation. The oxide film is so thin that its presence can be established only

by the aid of X-ray analysis. It is stated that on passage, through a contact mass

consisting of 50 kg of silicon powder and 5.55 kg of copper powder in a "strip type

reactor heated by an oil jacketu, of 155.25 kg of metbyl chloride over a period of

124 hours, 164.25 kg of condensate is obtained, being 106% of the weight of the

methyl chloride, and containing 63.6% of dimetldichlorosilane, 31.8% of methrltri-

chlorosilane, and 25% of a fraction boiling below 660C.

The high percentage of utilization of silicon in the contact mass must be noted.

It yields 3.3 kg of condensate from I kg of silicon, which corresponds to the util-

ization of about 72% of the silicon. The high productivity of the contact mass

should also be noted (0.6 kg of condensate per kg of contact mass per day), which is

probably assured by the appropriate design of the contact apparatus. In another ex-

periment, the yield of condensate amounted to only 82% of the quantity of the methyl

chloride passed through, and the dimethyldichlorosilane content was only 59.3%.

The words "band type reactor" in the patent probably mean a contact apparatus

with the band mixer described in another patent (Bibl.34). Figure 28 gives a dia-

gram of such a contact apparatus.
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Preparation of Mthylchlorosilanes in a Band Tmn Reactor. The process of re-

action between methylchloride and the contact mass is conducted in the reaction

chamber I into which the contact mass is charged through the stub pipe 2. The mass

is stirred by the band mixer 3. attached to the shaft of the contact apparatus and

brought into rotary motion by means of the motor 4. The band of the mixer is

arranged in the form of a screw. In plan, the band consists of a ring whose area is

-4 N

.7-

JJ

Fig. 28 - Contact Apparatus for Con- Fig. 29 - Diagram of Installation for

duct of Direct Synthesis: Direct Synthesis by the Fluid Process:

1 - Reaction chamber; 2 - Admission 1 - ethyl chloride supply pipe;

pipe for contact mass; 3- Band mixer; 2 - Tube for contact mass; 3 - Reaction

4 - Motor; 5 - Admission pipe for chamber; 4 - Cooling chamber; 5 - Part-

methyl chloride; 6 - Jacket; ition; 6 - Tube for recycling contact

7 - Filter; 8 - Condenser; 9 - Out- mass; 7 - Additional methyl chloride

let pipe for uncondensed gases; induction pipe; 8 - Tube for supplying

10 - Receiver; 11 - Discharge pipe fresh contact mass; 9 - Cyclone fan;

for spent contact mass 10 - Receiver for spent contact mass;

U - Filter; 12 - Condenser;

13 - Receiver
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55-60% of the cross sectional area of the contact apparatus. When the shaft rotates,

the band rises above that part of the contact mass located near the walls of the con-

tact apparatus; while the mass located at the center, near the shaft (outside the

area of the ring of the band), descends. Thus, on a relatively slow rotation of the

mixer, thorough mixing of the contact mass takes place. The methyl chloride arrives

in the reaction chamber 1 through the stub pipe 5. In this chamber the temperature

necessary for synthesis is maintained by feeding a heat-carrier into the jacket 6 of

the contact apparatus. The reaction mass need be heated only during the initial

stage of the process; after the beginning of the reaction, the heat-carrier serves to

carry off the heat liberated during the reaction. The reaction products, passing

through the filter 7 and the condenser 8, are collected in the receiver 10, while the

uncondensed gases are withdrawn through the pipe 9 for deep chilling and for catching

the methylchloride. The contact mass spent during the process of synthesis, is dis-

charged from the contact apparatus through the stub pipe ll.

According to patent data (Bibl.35). the optimm particle sie for a contact

mass in the form of an alloy ranges from 74 to 105 microns. The proportion of par-

ticles smaller than 44 microns must not exceed 15%, and that of particles larger than

149 microns mst not exceed 5%. Direct synthesis by the fluid process can probably

be most conveniently conducted with such a. contact mass.

Figure 29 gives a diagram of a fluid-process installation.

Pr'eo aion of Methylchlorosia4 in a flu4d-Prces Installation. The reac-

tion between methyl chloride and the contact mos takes place in the vertical tube 3.

The methyl chloride, obviously first heated to the reaction temperature, is fed

through the pipe 1, and is drawn over the contict mas entering through the pip* 2.

The reaction chamber may consist either of the pipe shown on the figurep or a cylin-

der of larger cross section in which the reaction mass is mixed. The process may be

conducted either at normal or elevated pressure. The necessary temperature is main-

tained by the heat liberated during the reaction. The mixture passes from the
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reaction chamber into the cooling chamber 4, which is provided with the partition 5,

where the main part of the unreacted copper-silicon alloy powder is separated and

flows along the inclined bottom of the cooling chamber into the tube 6. whence it

passes through a slide gate into the tube 2 and is recycled to the reaction chamber

3. The circulation of powder is accelerated when a certain quantity of methyl

chloride or nitrogen is introduced through the pipe 7. The fresh powdered contact

mass enters through the tube S. From the chamber 4. the nixture passes into the cy-

clone fan 9, where the finely dispersed spent powder is separated. The spent contact

mass is collected in the receiver 10 and can be activated by oxidation (decarboniza-

tion), and is then recycled to the synthesis* After separation of the reaction pro-

ducts from the dust, they arrive in the filter 11, and then in the condenser 12,

where the methylchlorosilangs are condensed, and are then collected in the receiver

13. According to the data of the patent, at a temperature of 330-370&C and a pres-

sure of 3.5 ata, the condensate will contain 57% of dimethyldichlorosilane.

The installation can have a higher productivity, If, in selecting the optimm

process conditions, the dimethyldichlorosilane content of the condensate can be held

stable within the limits of 50-57%0 the design of the installation must be regarded

as good (provided an adequate percentage of silicon is utilised). Unfortunately the

patent does not give exhaustive data on the operation of the installation.

Other data on the design of contact devices for direct synthesis have not been

published, except for a short statement (Bibl.34) that considerable quantities of

mothyloblorosilanes (hundreds of kilograms) have been produced in "vertical station-

ary reactors 100 = in diameter".

There are references to the possibility of direct synthesis of mthylchloro-

silanes in the presence of HC (Bible98).

Premration of Methrlchlorosilanes in the Presence of Hydrozen Chloride

(Bibl.98). Anhydrous HCl is passed at 370PC into a glass tubular furnace in which

a 1 : 1 copper-silicon alloy is placed, and then a mixture consisting of 1 part by
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volume of HC and 50 parts by volume of methyl chloride is passed over a period of 8

hours through the furnace.

The reaction products are condensed at -800 C, and are then hydrolyzed by a mix-

ture of ice, water, and ether. The polymethylsiloxanes so prepared are condensed on

heating into viscous or solid resins. When a mixture of methyl chloride and HC in

the ratio of 7 : 1 by volume is passed in over a period of 1 hour at 36d°C, and then

in the ratio of 20 : 1 over a period of 1 hour, similar products are formed.

When methyl chloride is passed over silicon powder for 24 hours at 3800C at the

rate of 80 ml/min, a condensate of boiling point. 55-S0PC, containing trimethylchloro-

silane, dimethyldichlorosilane, and methyltrichlorosilane, is formed. When a mixture

of methyl chloride and HC in the proportions of 1 : 1 by volume is passed through

under these same conditions, similar results are obtained. When a mixture of CH3Cl

and HC in the proportions of 20 : 1 by volume is passed, the yield of pol~yethyl-

siloxane is 4 times as great as those obtained in the preceding experiments.

Separation of the reaction products of silicon with methyl chloride. Most of

the by products of the reaction between silicon and methyl chloride are gases and are

easily separated from the condensate of methylchlorosilanes. The methyl chloride is

usually separated from the gas mixture by deep cooling (-400C), and is condensed to-

gether with the residue of the metbylchlorosilanes that have passed through the water

cooler, while the gas mixture is recycled to the reactor. The remaining gases con-

sist mainly of ethan, hydrogen, and ethylene. The losses, when the process functions

satisfactorily, do not exceed 7-lC%.

An insignificant part of the pyrolysis products consist of liquids which are

condensed together with the methylehlorosilane and hinder their separation in the

pure state.

The condensate, together with the dissolved methyl chloride, also contains the

following compounds: B.P. 4umt.%
Trimethyloblaoresilane HsiCI3 ............... 32 3-5
Methyldichlorosilane CH5SiHC 2 ............. 40.6 5

Silicon tetrachloride SiC1 4 eeeeeeeeeeeeeeeee 57.6 Traces

F-TS-9191/V 424



Trimethylchlorosilane (CH3)38±Cl ........ 000. 57.7 3-5
lMethylichlorosilan. C 3 SiC 1...............* 66.1 10-40
Dimsthyldioblorosilane (CH) 2Si01 .......... 0. 70.2 30-70
2-MethylpentaneCV14 .................. o..... 60.4 0.2-0.3
3-ahletn 6lo.. . .**..... 63.3 0.2-0.4
2-Methyihexane C7Hl6*- *....... s.....e...... 90.3. 0.1
Ethylene Chloride CH2CHCl2 ................. ee 57.4 Traces

*Content fluctuates sharply according to the conditions of synthesis.

An admixture of SiCl 4. boiling point 57,6 0 C. and paraffin hydrocarbons with six

carbon atom, can often be detected in the trimethylchlorosilane, boiling point

57.7 0 C (Bibl.36). The appearance of these compounds indicates the unsatisfactory

regulation of the process temperature. At a high temperature, there is thermal de-

composition of the methyl chloride,, forming, hydrocarbons or chlorinated hydrocarbons

for instance ethylene chloride* A disproportionately high ratio of the chlorine

content to the content of the uncleaved methyl groups, results in an increased yield

of Bidl4 . The further cleavage of the methyl groups, accompanied by the liberation

of elementary hydrogen, leads to the formation of compounds with the Si-H bond, for

instance, of trichlorosilane, boiling point 3tcC. or methyldichlorosilane, boiling

point 40.60C. Although the dimethyldichlorosilane is sometime~s also contaminated

with hydrocarbons, the greatest difficulties of all are encountered in the purifica-

tion of the trimetbylchlorosilane,, since it form azeotropic mixtures with SiC14 and

2-ethyl- and 3-methylpentanes ( the boiling point of the aseotropic mixture is

57.60). Besides this, ethylene chloride, boiling point 51..70Cs also forms a binary

aseotrop. with trimsthylcblorosilan. and with SiCl,4 , and possibly also a ternary asso-

trope with these same compounds.

The separation of the mixture of methylchlorosilanes and their preparation in

the pure form is a very complicated problem. In practice, the most complex process

is the separation of a pure dimethyldichlorosilane ,entirely free from all traces of

mthyltriLchlorosilane. Pure dimethyldichlorosilane is necessary for the preparation

of a high molecular polydimethylsiloxane, elastomer. Dimethyldichlorosilane does

not form azeotropic mixtures with any of the products of the reaction, and therefore
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it may be separated by rectification on a column of adequate size. The complete sep-

aration of methyltrichlorosilane, which boils only 20 C below dlimethyldichlorosilane,

may be accomplished in a column of 60-70 theoretical plates with a sufficiently high

reflux ratio.

The construction of bubble-cap laboratory columns of this type has been de-

scribed in adequate detail (Bibl.37). The process of rectification of methylchloro-

silanes does not differ from that of multi-component organic mixtures with boiling

points of the components of the mixture close together. The fact that the vapor of

the methylchlorosilanes must not come in contact with the moisture of the atmosphere

must be borne in mind. The purity of the dimethyldichlorosilane must be carefully

verified by checking its boiling point, its density, and its content of titratable

chlorine. The chlorine content of sufficiently pure dimthyldichlorosilane does not

exceed 55.1%.

After the separation of the intermediate fraction at about 70°C has been com-

pleted, the rectification process cannot be significantly forced by reducing the re-

flux ratio. It is possible in this case that the product will be contaminated by

traces of methylhexane, which boils at a temperature over 9CPC, and by the products

of hydrolysis of CH3 SiHClOSiCH3HCI. The presence of traces of hydrocarbon in the

dimethyldichlorosilane does not interfere with the subsequent hydrolytic processes,

since the high-boiling products of hydrolysis are easily separated from admixtures

of volatile hydrocarbons.

The separation of pure methyltrichlorosilane is also a complicated operation,

since it is difficult to remove the traces of dimethyldichlorosilane from this pro-

duct, But this is not as important as in the separation of pure dimethyldichloro-

silane. For practical purposes the fraction of methyltrichlorosilane boiling in the

range 65-670 C and containing 7C% chlorine instead of the theoretical 71.1%, can be

used. Methyltrichlorosilane, just like dimethyldichlorosilane, forms no azeotropic

mixture with the other components of the mixture.
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It is incomparably more difficult to separate the third main component of the

mixture, trimethylchlorosilane. As stated above, the ethylane chloride, SiCl 4 , tri-

methylchlorosilane, 2-methyl-, and 3-methylpentanes, which are present in insignifi-

cant amounts in the condensate, all boil in the range 57.4-63.2 0 C. These products

may form the following azeotropic mixtures:

1) SiCIA, 61.8%, and trimethylchlorosilane, 35.2% - boiling point of mixture

54.70C;

2) trimethyichorosilane, 7C% , and 2-methylpentane, 3C% ; boiling point of

mixture, 56.AOC;

3) trimethylchlorosilane, 75% , and 3-methylpentane, 25% ; boiling point of

mixture, 57.30 C;

) SiCI, 63.5%, and ethylene chloride, 36.5% ; boiling point of mixture 530C.

In addition, ternary azeotrope mixtures are probably also formed.

It is practically impossible to separate the pure trimethylchlorosilans complete-

ly from the mixture, by rectification alone. But this is not necessary; all that is

required is to separate the trimethylchlorosilane quantitatively from the SiCl h . This

operation does not involve any difficulties in principle; the process of separation

may be effected either by physicochemical or by chemical methods.

In all cases it is necessary on rectification to separate the fraction contain-

ing the trimethylchlorosilane. The separation may be accomplished by azeotropic

rectification of the separated fraction with a new component yielding aseotropic

mixtures of different boiling points with SiCi4 and trimethylchlorosilane. The fol-

lowing may be used as such components: acrylonitrile, boiling point 7900# which forms

an azeotropic mixture with 93% of trimethylchlorosilane, boiling point of mixture

57'C; and with 89% of SiCl4 (boiling point of mixture 51.2%).

Acetonitrile, (boiling point 82 0 C), fozs aseotropic mixtures with 92.6% of

trimethylchlorosilane, boiling point of mixture 560C; and with 90.6% of SiC14 , boil-

ing point of mixture 490C.
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By chemical separation of a mixture of trimethylchlorosilane and SiCl , the tri-

methylchlorosilane may be isolated in the chemically pure state. The process may be

accomplished by two methods:

1. Esterification of the mixture by ethylene oxide, forming a mixture of esters:

SiC14 -, 4 1CH --- Si(OCH 4 CI)d

ICI 13)sSiCl -- CII.H;O -- (CQi)3SiO H 4CIi-. I

The trimethyl- 0-chloroethoxysilane so formed is easily separated both from

hydrocarbons and from the tetra- O-chloroethoxysilane. The trimethylchlorosilane

may be obtained by treating this substituted ester with benzoyl chloride:

(CH,)vSiOCl8 + CH 5COC -I - (CH)aSICI + CAH.COOC H

2, By hydrolysis of the mixture, distilling off the pure hexmethyldisiloxane,

and then treating it with sulfuric acid and amonium chloride.

If the synthesis is conducted under sufficiently mild conditions, and the temp-

erature at all points of the contact mass is regulated with sufficient accuracy, no

SiC14 at all will be formed. This considerably facilitates the process of separating

the mixture and makes it possible by only a single rectification to separate the tri-

etylehlorosilane (56-5oc) completely. This product Will be found to be sufficient-

ly pure and can be used for most practical purposes, and in particular, for the prep-

aration of hmetldisilozane.

Preparation of NWrlahlorosilane

The reaction between etbyl chloride and silicon has not bee described adequate-

ly in the literature. Ther is an indication (Bibl.8) that when a contact mass con-

taning lC% of copper is used# and the process is conducted at 300-3250 C, a conden-

sate of the following percentage composition is formed: (%)

SLC1 4 ..... . .... . . 37
Diethylenedichlorosilane @.*G. 26
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Sthyltrichlorosilane ......... 040.0•6 27

Triethylohlorosilane ............... Traces

When suitable conditions of reaction between the ethyl chloride and the copper-

silicon contact mass are selected, however, it may be conducted at 240-250C, and in

this case SiCl 4 will be present in the condensate only in insignificant amounts. It

has not been possible to obtain a high diethyldichlorosilane content in the conden-

sate, for the principal reaction product is ethyltrichlorosilane. Ethyldichloro-

silane is also present in significant amounts (Biblo38).

The mixture may be separated in a rectification column of 25-30 theoretical

plates.

PreDaration of Alkichlorosilanes Containing Unsaturated Radicals (Bibl.39)

Allyl chloride reacts actively with silicon at a temperature of 25CPC. The re-

action is exothermic, and unless the temperature is carefully regulated, it may rise

of itself to 500-600PC. The dilution of the allyl chloride by an inert gas is recom-

mended* In working with a contact mass containing 10% of copper, a condensate con-

taining 4C% of low-boiling products of little value (SiCl 1, trichlorosilane, etc),

and 60% of a mixture of allylchlorosilanes may be obtained,from which rectification

yields allyldichlorosilane, C3 H5SiHCI 2 , (boiling point 970C), allyltrichlorosilane,

C3H5SiCl, (boiling point 117.5 0 C), and diallyldichlorosilane, (C3 H5 )2 3iCl 2 , (boiling

point 82-840 C at 50 m). The latter is contained in only insignificant quantities in

the mixture.

In contrast to allyl chloride, vinyl chloride enters only slightly into reaction

with the contact mass, the reaction takes place only at temperatures over 30dC, and

the conversion of the vinyl chloride is slight. From the condensate, vinyltri-

chlorosilanes (boiling point 920 C), and divinyldichlorosilane, (boiling point 118-

1190C), in ratio 1 : 3, may be separated. l,2-dichlorovinyltrichlorosilane and

2,2-dichlorovinyldichlorosilane are also obtained.
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Preparation of Phenylchlorosilanes (Bibl.40)

The reaction between silicon and chlorobenzene differs substantially from its

reaction with the alkyl chlorides. The reaction of silicon with chlorobenzene in

the presence of a catalyst begins only at 3ScPC; the optimum synthesis temperature

is 400-4200C. In the absence of a catalyst, the process proceeds at a considerably

higher temperatures. Thus, for example, when chlorobenzene is passed through ground

silicon placed in a contact tube 25 mm in diameter at 680PC for 54 hours, 367 g of

condensate is obtained, being 90% of the quantity of chlorobenzene passed in, and

containing 17.8% of high-boiling fractions: phenylchlorosilanes, diphenyl, and the

product of partial hydrolysis of the phenylchlorosilanes. If the chlorobenzene is

passed in together with dry HC1 (0.3 mol per ol of chlorobenzene), the synthesis

may take place at 5500C, and 9.4 g of phenyltrichlorosilane are obtained from lOg of

chlorobenzene.

According to the literature, the best catalyst is a 50% alloy of copper and

silicon, oxidized in a stream of air at 300°C for 15 hours. Chlorobensene containing

0.O*% of HC1 reacts with such a contact mass at a temperature of 430C, forming a

condensate containing 9-10% of phenyltrichlorosilane and 20-24% of diphenldichioro-

silane. Benzene and biphenyl are byproducts of the reaction. The mixture also con-

tains insignificant amounts of phenyldichlorosilane, C6 HSiHC12# boiling point 1730C.

The chlorobensene content is 50-60%. Calculation shows that to obtain 1 kg of

phen.lchlorosilanes, 1.5-1.7 kg of chlorobenzene is used; thus the yield is entirely

satisfactory.

When a contact mass containing 10% of silver as a catalyst is usedv the conden-

sate obtained at 4O0CP contains 4% of phenltrichlorosilane, 10% of diphenyldi-

chlorosilane, and about 3% of products boiling above 3050 C. After 70 days of opera-

tion, the content of phenylchlorosilanes in the condensate falls to 5%, indicating

the loss of activity of the contact mass.

The literature data on the preparation of the phenylchlorosilanes, one of the
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most important forms of organosilicon monomers, is fragmentary and inadequate. In

particular, one of the most important indexes, the percent of utilization of silicon

in the contact mass, is nowhere stated. There are reasons for considering that in

working with the above described contact masses, this amount is very small, and

therefore other forms of contact masses allowing the utilization of 60-70% of the

silicon (with a phenyltrichlorosilane content of 15-30% in the condensate) is of

practical importance.

The arylhalosilanes are also prepared by the action of an aryl chloride and HC

on alloys of silicon and copper (Bibl.41).

Preparation of Phenvlchlorosilanes. When chlorobenzene is passed at the rate

of 22 g/min for 132 hours through a vertical tubular furnace, 1500 x 4 M in size,

filled with 1300 parts of weight of silicon powder with a fine grind of 325 meshes,

and activated in a stream of hydrogen at 13500C, a condensate with a boiling point

above 1320 C is formed. It consists mainly of biphenyl and its chlorine derivatives,

and contains an insignificant amount of phenylchlorosilanes (1.4%). Similarly, on

passing 2710 parts b7 weight of chlorobensene and 450 parts by weight of HC at 490-

515 0 C for 167 hours through such a fiunace, 273 parts by weight of a condensate con-

taining about 165 parts by weight of phenltrichlorosilane, is formed. When chloro-

benzene and HMl are passed at the respective rates of 13.8 and 1.92 parts by weight

per minute, at 436-1450 C, for U6 hours, 116 parts by weight of a condensate con-

sisting mainly of C6 H5SiCl 3 is formed.

A 2.84% yield of C6 H5SiC13 was attained on passing chlorobensene and HC1 at the

respective rates of 13 and 0.43 parts by weight per minute through the furnace for

66 hours at OCOC. Passage of a mixture consisting of 72 parts by weight of HCI and

1550 parts by weight of C6H5Cl at 430-450°C for 72 hours over a copper-silicon alloy

in proportions of 1 : 9, yielded 168 parts by weight of a condensate containing 132

parts of C6 H5SiCl 3 . The yield of phenyltrichlorosilane does not exceed 8.8%.
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Other Reactions with a Copper-Silicon Contact Mass

.Yethylene chloride (Bibl.185, I,2, 33), CH2Cl2, reacts with a 10% copper-silicon

contact mass at 30CP0. The methylene chloride should be diluted with up to 5C% of

nitrogen for better control of the reaction. The following were isolated from the

reaction products: B.P.in 0C

0lSiClSilILI..... 51-52,5 (10 Mon)
(:lSiCI IC.SiC:. 65 (10 mow)
(Cl.i(. r,1........... 81-82,5 ( M.P.

The presence of certain higher cyclic methylene chlorosilanesq (Cl2SiCH2)ns

boiling above 2OOC (10 mm) has been established.

Dichloroethane reacts similarly, and the principal reaction product in this case

is hexachloroethylenedisflane, Cl3 SiCH2CH2 SiCl 3 ; boiling point 92.5-93oC (25 nm);

melting point 27-290 C.

There is a statement (Bibl.39) that when the mixture of the vapor of a simple

ether and a hydrogen halide react with a copper-silicon contact mass at temperatures

of 250-h250C, alkylchlorosilanes are formed. The ratio between the number of radi-

cals and the number of silicon atoms in the reaction product is regulated by the

amount of hydrogen halide (from 0.2 to 1 tol per tol of ether). The composition of

the reaction product is not indicated.

CCL (Bibl.40) reacts with a 10% contact mass at 200°C to form tetrachloro-

ethylene and hexachlorodisilane (Bibl.10).

Reactions with Other Contact Masses

The chlorosilanes are alkylated (Biblo43) by alkyl halides in the presence of

such metals as aluminum or zinc at temperatures of the order of 300-5000C. The

hydrolysis of the products obtained by the reaction of tetrachlorosilane and methyl

chloride leads to the formation of a resinous substance resembling the corresponding

polyorganosiloxanes. On the reaction of methyltrichlorouilane and methyl chloride
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at 45CPC, 21% of trimethylch].orosilane,. 11% of dimethyldichiorosilanes and traces of

methyldichiorosilanes are formed. At 350 0Cs the ratio of the products was somewhat

modified; at 400C.C a certain quantity of tetramethylsilane was formed, As a result

of the reaction of dimethyichiorosilane with methyl chloride, trimethylchlorosilane

in 3C% yield is formed. A mixture of dimethyldioblorosilane and ethyl chloride form

dimethylethyldichlorosilanes.

The reaction between dimethyldibromosilane and methyl bromide leads to the

formiation of trimethylbromosilane.

The hydrogenation of SiC14 and certain mthylchlorosilanes leads to the replace-

ment of a chlorine atom by hydrogen.

It is believed that this reaction may be represented as follows:.

2.A 1 1 3(1,(. C~'HsA I, + (CH,),A icl

The aluminu encourages the replacement of chlorine in alkylchlorosilane by organic

radicals. It is also able to displace silicon from its compounds:

The literature describes the replacemaent of nalogens attached to the silicon by

al)yl radicals at high temperatures (Bibl*44), It was originally found, for the sub-

stituted silanes of type RxSiClL1-x9 where the value of x must be at least equl to 19

that almmnm or zinc were satisfactory catalysts* A mixture of diasthyldichloro-

silane and methyl. chloride in the proportion 1 : 1 at 350"C gave a 3%~ yield of tri-

.methylchlorosilane, When mthltrichiorosilane reacts with methyl chloride at 3500C.

6% of trimthylchlorosilane and 4.5% of dimethyldichlorosilane was obtained, When

the temperature was raised to 450CsC the yields were increased to 11% and 21%. re-

spectively. In additions 3-4% of mathldichlorosilane was obtained. Dimethyldi-

chiorosilane and methyl bromide in molar ratio 2 : 1 reacted over aluminum at
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350 0 C forming trimethylbromosilane, while dimethyldibromosilane and ethyl chloride

yielded dimethylethylchlorosilane. The reaction of methyl chloride with dimethyldi-

chlorosilane in the presence of zinc at 3750C yielded trimethylchlorosilane in 3C%

yield.

The literature describes a process for the preparation of organosilicon compounds

by reacting benzene and trichlorosilane at 750-770PC over a catalyst consisting of

fused quartz and small pieces of clay plates. The principal reaction product was

phenyltrichlorosilane (Bibl. 48).

Preparation of Alkylchlorosilanes from Hydrocarbons and Chlorosilanes

In 1935, Shtetter (Bibl.45) described the reaction between SiCl4 and certain

compounds containing a double bond. The process proceeds under a pressure of 10 to

100 atm in the presence of catalysts, aluminum, iron, and certain heavy metal chlo-

rides, as well as mercury oxychloride. According to the data of the author, the

process proceeds with formation of products containing only a single Si-C bond. The

reaction with ethylene, acetylene, and carbon monoxide may be represented as follows:

CH-CH, + SIC14 .- a. CICHtlCSI(:I,
HC-CH -- SiCI4 -4 ClCHmCHSiCI.,

CMO .- Si(;I4 - CICOSiCI,

The reaction described by Shtetter is very interesting, but until recently ncl.

a single work had been published confirming or elaborating his data. It is only

recently, in one of the patents (Bibl.46) that an indication appeared to the effect

that SiCl 4 reacts with ethylene in the presence of a mixture of aluminmn chloride

with mercury oxide or with mercury chloride. The process proceeds under a pressure

of 16 atm, at 25-350 C. The authors did not isolate the reaction product, however;

all the reaction mixture was hydrolyzed, forming a polymer of the composition

(HOC2H4SiO.1 5 )x* The Shtetter synthesis does not seem to us as simple as the patent

indicates, and for its successful accomplishment a number or precautions are
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obviously necessary.

According to data of Andrianov and Kochkin (Bibl.7), SiCl 4 reacts with a hydro-

carbon at a temperature over 450PC:

RH SiCI > RSiCI3 + HCI

There are statements in patents (Bibl.48) that when a mixture of SiCl 4 and

methane is passed over pumice at 50CPC, 12.2% of methyltrichlorosilane can be obtain-

ed, and that a certain amount of phenyltrichlorosilane is obtained from a mixture of

benzene and B'Ci 4 at a red heat.

This method at the present time is not of practical importance, since the reac-

tion proceeds at too slow a rate, even at temperatures that lead to appreciable pyro-

lytic processes.

The difficulties involved in the addition of hydrocarbons to SiC 4 are probably

due to the energetic stability of the Si-Cl bond. The process proceeds in an entire-

ly different way where one of the bonds of the silicon atom is energetically less

stable. Nany reactions are known (Bibl.49) in which the Si-H bond is broken and an

organic radical adds to the silicon atom. The most difficult case is the reaction

between trichlorosilane and an unsaturated hydrocarbon. The process proceeds readily

in the presence of a peroxide or on irradiation of the reaction mass with ultraviolet

light. An advantage of the method in the sinplcity of the separation of the reac-

tion mass, since only a single compound is formed during the reaction (Bibl.89).

R(H- CH, - HSiI,. ' RC(I-:HtSiCI2

Where the olefin molecule has a double bond at the primary carbon atom, the

silicon atom adds at this primary atom. In this way a nunber of alkyltrichloro-

silanes of normal or branched structure can be prepared. The reaction with normal

olefins usually takes place more easily than with branched olefins. If the double

bond of the olefins is in the middle of the molecule, however, the silicon atom
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adds to the most electronegative carbon atom.

The optimum ratio is from 0.3 to 0.75 mol of olefin to 1. mol of trichlorosilane,

when 0.013 to 0.026 mol of peroxide per mool of trichlorosilane is used. As an

example we give the method of preparing octyltrichlorosilanes from l-n-octene.

Preparation of Octrltrichlorosilane. A mixture of 7.9 g of octene and 135.5 g

of trichlorosilane is placed in a flask provided with a stirrer and a reflux condens-

er connected with a dry ice-acetone trap. To remove the air, dry nitrogen is blown

through the flask. The process is conducted under low pressure of nitrogen produced

by means of a cylinder and a mercury seal 200 m high, installed after the trap.

After the nitrogen has been passed for 2 hours, the temperature of the mixture rises

to 450C, and a solution of 1.5 g of crystalline acetyl peroxide in 19.1 g of octene

is added to the mixture over a period of 2 hours. The mixture is then heated 9 hours

at 50-630C, after which the excess of trichlorosilane is distilled off, and thy resi-

due is fractionated under reduced pressure. The yield of octyltrichlorosilane is

A0.9 g, which amounts to 99%; boiling point 231-232 0C (731 Nm).

In the presence of a peroxide under ultraviolet irradiation, the process is con-

ducted at I6-520 C for 21L hours. The yield of octyltrichlorosilane is 31% of the

theoretical.

Similar reactions with isobutylene, cyclohexene, 1-pentene and a number of other

olefins take place at 70-IOOC over a period of not more than 24 hours. The yield as

a rule is high: for instance, 2-methyl-l-heptene at 49-580 C for 25 hours gives a

yield of 70% of product.

Under ultraviolet irradiation in the absence of peroxide, the yield is usually

smaller, and equilibrium is reached more slowly; for instance, in the presence of a

peroxide, allyl chloride forms propyltrichlorosilane in 27 hours in 24% yield, while

under ultraviolet irradiation without peroxide in 45 hours, the yield is only 8.4%.

The mechanism of the action of a peroxide catalyst is probably as follows. In

the first stage, a certain number of free radicals are formed:
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1 (;1H3COO))2 . 2CHSC(X).

:H.,COO. • : CH$. +CO.

The relative weakness of the Si-H bond makes its rupture possible:

IIsic', + cI:. )' Cl, '- Sic, .

The SiC13 I radical reacts with the olefin, adding at the position of the double

bond:

h~ =.CH. "-r- CISi... J' RCH.--CH~ic

after which the complex so formed reacts with a new molecule of trichlorosilane to

form a new trichlorosilyl radical:

R(.HCI l..SiCl, + HSCI, ' RCH1 I-lsic, + SiCI,

This radical again adds to the double bond of the olefin, etc.

The addition reaction between olefins and trichlorouilanes has been studied in

detail for olefins of various structures, for example RCH - CH2 , RCH a CHR, R2C - CH2

R2C - CHR, R2C - CR2 , where R is an alkyl or chloroalkyl radical.

When R is a radical with a normal chain, for instance methyl, n-aWl, or n-heql

then alkyltrichlorosilanes are obtained in good yield. But if R is a multibranhed

chain, for instance, tertiary butyl or tetramethylmethane, then the yield of alkl-

trichlorosilanes is substantially lowered. The low yield of isobutyltrichlorosilane,

may possibly be explained by the fact that owing to the higher volatility of the

olefin, the reaction is conducted at low temperature. A peroxide catalyses this

reaction better in ultraviolet light. Under the action of ultraviolet light in the

reaction with 2-methyl-2-butene, however, a high yield of the product was obtained.

The alkyltrichlorosilanes, under ordinary conditions, are not capable of further

reaction with the olefins, and therefore in most cases very pure products are obtain-

ed by this reaction. This method therefore has advantages, for the preparation of
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the alkyltrichlorosilanes, over the Grignard method and over direct synthesis, both

of which yield mixtures of alkyllhlorosilanes (Bibl.50).

The synthesis of 1,l,2-trimethylpropyltrichlorosilane from 2,3-dimethyl-2-butene

and trichlorosilane is of interest, since the above described methods of preparing

tertiary alkylchlorosilanes by using tertiary lithium compounds, which are difficult

to prepare .in good yield (Bibl.51), are disadvantageous. A comparison of the results

of a preliminary study of the reactions between 1-octene and silicon hydrides has

shown that trichlorosilane reacts considerably more readily than other silanes.

n-Propyldichlorosilane, on reaction with 1-octene in the presence of diacetyl per-

oxide, gave a low yield (6%) of propyloetyldichlorosilane, containing admixtures.

Triethomysilane does not react with 1-octene in the presence of all the above mention-

ed catalysts.

Triethylsilane does not react with 1-octene in the presence of a peroxide, but

under the action of ultraviolet lighti it does give a low yield of an impure product.

Diethylsilane gave an excellent yield of a product which apparently consisted mainly

of diethylotylsilanes but it could not be isolated, owing to the =all amount of the

starting product. SiCl 4 did not react with 1-octene in the presence of a nmber of

catalysts.

The following reactions have bee investigated (Bible52):

W:I 3)ACz-CH, .g-iiS0c3
'.I 17CI I=CH, + HSiCI, - • aH,,5iCI,

C~'ie -H(CI ' eHISiC'l
.1 1,=,CHSiCI3 + I ISiCI, • " CISiCH-U I2 i( I

Ct1CH,=CHt + aItSiHCiO -" CH,,SiCIIcuI
CeH,(lI - H. + CHSiHC.12 C-- 'l34I:H SjoII5 .;;,

It is very probable that thes reactions miht be considered as reactions of

free radicals, since the catalysts are peroxides and ultraviolet light.

The literature presents a description of the reactions between silance and alkyl

chlorides in the presence of aluminum chloride (Bible53):
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A161,
(CsH,),sIH + C4.H1 CI -*_ CH,. + (rc,H,),SICI

")'CHS\CHCHsCHCI ! CH 1, + (CH5 )gSiCI
Hs H+

CHs AICI1i4,H&)SIH +C HCH CHtCCI - - (CH,)CHCH ,CHCH 3 + (CH )siCI

These reactions are very exothermic.

There are indications that trimethYlchloromethYlsilane was converted under the

action of alimnum chloride into dimethlethylchlorosilane (Bibl.95), and that be-

sides this a side reaction took place, the disproportionation of dimethylethylchoro-

silane, as a result of which a mixture of trimethylchorosilane, diethyldichloro-

silane and triethylchlorosilane was formed.

The monoalkl-substituted ethylenes react with trichlorosilane in the presence

of benzoyl peroxide under ultraviolet irradiation. This reaction did not take place

with triethoxysilane, triethylsilane, nor with SiCl 4 (Bibl.55).

The process may also be conducted under pressure, without using a catalyst

(Bibl.54)o but in this case it proceeds at higher temperatures. Thus, when a mixture

of trichlorosilane with octadecene is heated for 2.5 hours at 30ODC, octadecyltri-

chlorosilane is obtained; the yield is 94% of theoretical.

At a temperature above the decomposition point of an olefin, its addition to a

trichlorosilane involves certain side processes; thus, for ecample9 trichloroethylene

and trichlorosilane at 490PC form 2.2-dichlorovinyltrichlorosilane (Bibl.55).

CIWmCHCI + HSCI - CICH-HCISKCI 3

CICH-CHCISCI -- , CI + CIC-CHSICI.

The foruation of the P, 0-4ichloro-isoer (instead of the a, 0-isomer, as that

author assumed)v indicates that this process proceeds according to the mechanism we

have presentedo instead of being preceded by the cleavage of HCi and the formation

of dichloroacetylene, which reacts with the trichlorosilane.

F-TS-9191/V 439



Preparation of 2.2-dichlorovinyltrichlorosilane. Into a glass tube 9 = in di-

ameter and 180 = long, an inert filler, which helps to improve heat-transfer, is

charged. A mixture of 35 g of trichloroethylene and 25 g of trichlorosilane is intro-

duced at a temperature of 4900C for 3 hours into the tube. From the 50 g of reaction

product, on rectification, 5.3 g of unreacted trichlorosilane and 29.4 g of dichloro-

vinyltrichlorosilane are obtained on rectification; boiling point of the latter is

520 C (8 mm). The yield is 87.7%. The quantity of HU1 formed during the reaction

(7 g), somewhat exceeds the theoretical (6.5 g). When the reaction is conducted in

a sealed tube in the presence of a peroxide catalyst at a low temperature, the pro-

cess gives a very low yield.

Dichlorovinltrichlorosilane, as a compound with a double bond, can in turn add

still another molecule of trichlorosilane:

CIC-CHSiCi, + SiHCI, -- CIsSIC~iCHOSICI,

It has been noted (Bibl.4 6), that trichlorosilane can add to the double bonds

of rubber. On heating a mixture of trichlorosilane and a benzene solution of rubber

at 3000C under a pressure of 60 atm for 16 hours, a product containing from 1 to 2

mols of trichlorosilane at the double bond has been obtained, which on hydrolysis and

condensation forms a film with good adhesion to glass.

Tetrachloroethane and trichloroethane are able to react at a temperature of

W0C0° according to the following mechanimm:

CICH--_C Ig - CICH-OCIt + HCI

CICH-cCI, + HSiCh - -* CaICH-CsIcAI,
(IMcH-"ISiClsI --- CISC-CHSICs, + HCI

Obviously the first reaction takes place at the lowest velocity, since on the

eaction between trihlorosilane and trichloroethylne, the amount of dichlorovinyl-

trihlorosilane is 87.7%j, while the yield of this substance from tetrachloroethane

is only 15%.
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The process is accomplished by passing a mixture of 26.0 g of trichlorosilane

and 26.5 g of trichloroethylene through a 9-m contact tube at 5000C for 95 mine

When propylacetylene reacts with trichlorosilanes, l-pentenyl-l-trichlorosilane

is formed (Bibl.55, 99).

The reaction takes place according to the formula:

AH4,(.=CI I + liSiCI , ()3H,Cli-CIISi('l,

Preparation of l-pentenrl-l-trichlorosilane (Bibl.55). A mixture of 271 g of

trichlorosilane and 12.1 g of benzoyl peroxide is placed in an enameled autoclave.

To the mixture 34 g of propylacetylene dissolved in 50 g of trichlorosilane is added.

The mixture is then heated to 8CPC and held at this temperature 52 hours. Fractiona-

tion of the reaction products yields mainly unreacted trichlorosilane, together with

10.8 g of l-pentenyl-l-trichlorosilane; boiling point 850C (80 m).

Dichloroacetylene (easily explodes 1) reacts in the presence of acetyl peroxide

with trichlorosilane in a sealed tube at '0°C for 65 hours, forming a, 0-dichloro-

vinyltrichlorosilanes.

CICi.'CO. .-llSW( l -30 t:ICllmO ISiAtl

The yield of the product is 28%.

Trichlorosilane may be alkylated in other ways than the action of unsaturated

hydrocarbons. Under the proper conditions (true, with low yields) it reacts with

alkyl halides and even hydrocarbons (Bibl.48, 56). Thus when a mixture of 1 mol of

ethyl chloride and 1 mol of trichlorosilane reacts in a nickel bomb for 22 hours at

312-3160 C under a pressure of 130 atme 0.21 mol of ethyltrichlorosilane and 0.66 mol

of SiCl is formed. A mixture of 1 aol of broaobensene and 0.85 aol of trichloro-

silane, when passed through a quartz tube filled with clay tablets, at 750-77CPCo

reacts to form insignificant amounts of phenyltrichlorosilane.
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Preparation of Alkylhalosilanes by the Diazo Method

Kaloalkylhalosilanes, containing a halogen atom in the a-position, may be pre-

pared by the reaction of tetrahalosil.anes with aliphatic diazo compounds.

Using the diazo method developed by A.N.Nesmeyanov (Bibl.57) for the synthesis

of organo-element compounds, Yakubovich and Ginzburg (Bibl.58) first established the

ossibility of preparing organosilicon compounds from silicon halides and aliphatic

diazo compounds.

Under ordinary conditions the silicon halides (SiF, S±C41, SiBr4 ) energetically

decompose aliphatic diazo compounds (diazcmethane, diazoethane), but the formation of

organosilicon compounds is not observed. Organosilicon compounds can be obtained

with these reactions only as a result of the interaction of the reagents at low tem-

neratures. The best yields (up to 65%, based on the diazo compound) are obtained at

temperatures from -70°C to -60°C. The reactions proceed according to the formulas:

SiCl4 -- ( I1N, - -- CICHSi(:I, + N2

SiCl4 + (:HCHN - -> CH$CHCISiCI, -- N.

SiBr + CH2NS -- BrCH.Silir N,

The compound formed may in turn be alkylated by diazo compounds:

(.l I t:i :, -- (:lI 2N., (ICH 2),Si(c:i, -- N.,
(CICH2)tSi(Cl. ~ 11N . (CIl lllsiCI \,.,

Usually a mixture of products is formed, and the predominance of any one of them de-

nends on the proportions of the starting reagents. As the alkyl radicals accumulate,

however, further alkylation is impeded. The trialIylchlorosilanes, for instance

trimethylchlorosilane, enter with particular difficulty into reaction with diaso-

methane. Triethylchlorosilane is not alkylated at all by diazomethane, even on

prolonged contact.

In those cases where the reaction between halosilicon compounds and diaso com-

pounds proceed slowly, catalysts may be used, such as bronzes anhydrous copper sul-

fate, and the like, which strongly accelerate the reaction between these reagents
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without exerting any substantial influence on the yield of organosilicon products.

SiF4 is not alkylated by aliphatic diazo compounds, although it does energetic-

ally decompose them. The silicon bromides are alkylated with considerably more ease

than the chlorides, and in better yield. In this case the di- and trialkllhalo-

silanos R2SiBr2 and R3SiBr are formed with appreciably greater ease than the mono-

alklhalosilanes.

In this way, various a-haloalkyl-derivatives of silicon may be prepared.

CiCH2SiCl 3 , (ClCH2 )2SiCl 2 , (ClCH2 )3 SiCl, CH3 (ClCH2 )SiCi 2 , CH3CClSiCl 3 , (BrCH2 )SiBr 3 ,

(BrCH 2 ) 2 SiBr 2 , (BrCH2 )3S.Br have been prepared by this method.

The mechanism of this reaction is apparently as follows: the molecule of silicon

halide, on meeting the unstable molecule of the aliphatic diaso compounds, causes It

to decompose, liberating nitrogen:

and forming an alkylene radical. The latter in turn either polymerizes or reacts

with the molecule of silicon halide.

It is well known that in the series SUP4 SiC14 , SiBr 4 , the energy of the Si-X

bond decreases markedly (from 143 kcal for Si-F to 69 kcal for the Si-Br bond).

Accordingly the possibility of the Si-C- bond being formed may be facilitated on

transition from silicon fluoride to silicon bridea, which does in fact happen.

The role of the catalyst (copper etc) reduces down to the acceleration of the

process of decomposing the diazo compound into the alkylene and nitrogen, if this

decomposition proceeds with insufficient energy under the action of the molecule of

silicon halide itself.

The practical value of the reaction for use in industry is reduced owing to the

need of conducting it at a low temperature.
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Preparation of Alklchlorosilanes by the Vapor-Phase Method (Bibl.59)

The reaction between an alkyl halide, an alkylchlorosilane, and the metal is of

great practical interest, since it allows the use of relatively less valuable alkyl-

trichlorosilanes for the synthesis of the di- and trialkyltrichlorosilanes. The re-

action between methyltrichlorosilane, methyl chloride and aluminum powder may serve

as an example of this reaction:

3CFiSiCIs + 3CH 3CI + 2AI -I 3(CHI)tSiCI, + 2AIClg
3(CI Js)jSiCI1 + 3CHsCI + 2AI ---- 3(CHa)&SiCI + 2AICIg

Method of Prearin, Alkylchlorosilanes by Vapor-Phase Alkylation (Bibl.59).

Methyl chloride from a cylinder enters the mixer, where it is bubbled through liquid

chlorosilane and entrains the vapor of the latter into the contact tube. The neces-

sary ratio between the methyl chloride and the chorosilane is maintained by regulat-

ing the temperature in the mixer. The contact process is effected in a glass tube

75 mm in diameter and 600 mm long, into which 500 g of aluminum* have been charged.

The tube is heated by a muffle furnace. The products of the reaction pass from the

contact apparatus into a trap for the aluminum chloride (in which the temperature is

maintained at lOa'C), after which they are routed to the condenser.

Zinc powder may be used instead of aliwinum as the halogen acceptor. The follow-

ing figures enable us to evaluate the effectiveness of the process.

When equimolecular quantities of methltrichlorosilane and methyl chloride are

passed over aluminum at 45OPC, a condensate is formed, consisting of 21% of tri-

methylchlorosilane, 11% of dimetbyldichlorosilane, and traces of methyldichlorosilane;

at 350PC, 6.3% of trimethylchlorosilane and 4.5% of dimethyldichlorosilane are formed.

From equimolecular quantities of methyl chloride and dimethyldichorosilane,

when passed over aluminum at 350C, 3C% of trimethylchlorosilane is obtained. The

same results is obtained if the mixture is passed over zinc at 3750 C.

* The particles must be of such size that they will pass a No. 80 sieve.
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By passing dimethyldichlorosilane and ethyl chloride over aluminum at 350°C,

dimethylethylchlorosilane can be prepared; 2 mole of dimethyldibromosilane and 1 rol

of methyl bromide, when passed over aluminum at 35&°C, form trimethylbromosilane.

SiCl 4 under these conditions is also able to react with alkyl chlorides, but the

process proceeds with extreme slowness and the yield of the process is so insignifi-

cant that the individual reaction products cannot be separated.

AlJylchlorosilanes containing the Si-H bond, may be similarly prepared, by pass-

ing a mixture of hydrogen and an alkylchlorosilane through a contact apparatus. Thus,

an equimolecular mixture of methyltrichlorosilane and hydrogen at 45OPC, when passed

over aluminum, forms up to 5% of methyldichlorosilane:

6,I laSiCI:3 -- 31it - 2A1 > 6ll sSil lC12 + 2AICIs

Dimethyldichlorosilane does not react under these conditions. Yu.G.Mamedaliyev and

others have proposed the preparation of allylhalosilanes by the action of unsaturated

hydrocarbons, ethylene and HC1 on an alloy of iron, silicon, and 20% of copper, at

270-4 lOPC. The authors believe that HC1 adds to ethylene, forming ethyl chloride,

which then, under the catalytic influence of the copper, reacts further with silicon

to form ethylchlorosilanes (Bibl.60). A method of preparing the alloy, is described,

and it is shown that with certain ratios of silicon to copper, an alloy is obtained

which, when reacted with ethyl chloride, propyl chloride, or tert-butyl chloride,

will yield ainly alkyltrichlorosilanes and dialkyldichlorosilanes. The reaction

with tert-butyl chloride is also accompanied by side processes, the formation of

resins and gaseous hydrocarbons (Bibl.61).

The alkylhalosilanes may also be prepared by the action of aluminum chloride,

ferrous chloride, or bismuth trichloride on tetra-substituted silanes by the reaction

(Bibl.62):

3(-9 2BiC (c 2 Hs) 3 SiCl + 3C2 H5 Cl + 2Bi
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This reaction proceeds only at high temperature. The heating of the tetraethyl-

silane with bismuath trichloride in ether and alcohol up to their boiling points does

not lead to the cleavage of the organic radical. However, heating tetraethylsilane

with bismuth trichloride at the boiling point of tetraethylsilane for only 2 hours

does lead to the formation of trietbylchlorosilane.

"ethod of Prenaring Pure Trialkylchlorosilanes

her 38j HC! acts on hexamethyldisiloxane, the cleavage of the siloxane bond

takes place, and a certain amount of trimethylchlorosilane is formed:

(CH3)siosi(CH3 )3 + 2HC1 - 2(CH3 )3SiCl + H20

Th.is roaztic is the only example of the cleavage of the siloxane bond under the

acti. of MC-,,,, and demonstrates the weakmess of the bond between the trialkylsilyl

rcup 3-d other atoms or groups. This peculiarity of the trialkylsilyl group has

been used 'or certain reactions for preparing trialkylchlorosilanes (Bibl.63).

!cxaal!,ldisiloxanes readily reacts with concentrated sulfuric acid, forming a

sulfate:

R3S±Oi% + 2H2SO4 - 2(BSiO)SO3 H +H20

The sulfates so obtained reacts wii HCl to form a trialkyichlorosilane:

(RSiO)S3H + HJ. - %Si + H2504

Cnly- tia trial:ylsilyl group is distinguished by the ability of entering into a

reacticn of this type; bifunctional structural units R2Si < do not react at all, so

that only the trialkylchlorosilane is present in the product. The preparation of

fluorotrialkylchlorosilanes by this method may be of practical interest.

Preparation of Triethylchlorosilanes from Hexaethyldisiloxane. To 275 ml of

sulfuric acid of specific gravity 1.84, 265 g of hexaethyldisiloxane is added under

7-TS-9191/1 446



stirrin-, after which, 175 g (or a somewhat smaller amount) of ammonium chloride is

added -radually, over a period of 2 hours, with stirring. The stirring is continued

for another hour, then the upper layer is taken off and the reaction product is dis-

tilled from a flask provided with a column. The yield of triethylchlorosilane is

0-9C of theoretical, the purity of the product depending on the care with which the

solvent was removed from the hexaethyldisiloxane. When rectified hexaethyldisiloxane

:. :sed, with the boiling point 230-235 0 C, the triethylchlorosilane may be obtained

U: the chemically pure state.

Chemically pure trimethylchlorosilane may be prepared similarly from hexa-

met'nyldi siloxane.

The preparation of trinethylchlorosilane from hexamethyldisiloxane is described

on page 53!1.

ripropyl- and tributylchlorosilanes may be prepared by the method described

:a±ovc for the preparation of triethylchlorosilane.

Another reaction which also leads to the formation of trialkylchlorosilanes

(-ibl.50), is that between triallqlaminosilanes and HCl:

R ,iNI. -.- 21IIi - - RSi(I + Ni,(I

Preparation of Triethvlchlorosilane from Triethylaminosilane. 1. To 160 ml of

concentrated HC1, 13 g of triethylaminosilane is added over a period of half an hour.

The upper layer is removed, dried over anhydrous sodium sulfate, and distilled, yield-

in; 12 g of triethylchlorosilane, or 80% of theoretical. Chloroethyldiethylchloro-

silane is prepared similarly, from chloroethyldiethylaainosilane, in a yield 79% of

theoretical.

A different method of conducting this reaction is also possible.

2. Through a solution of 20 g of triethylai nosilane in 150 ml of ether, hydro-

gen chloride is bubbled. On the completion of the reaction, the anonium chloride

IS filtered off and the filtrate is distilled. The yield of triethylchlorosilane
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is 7Q of theoretical. Chloroethyltriethylchlorosilane in 76% yield is prepared

under similar conditions from chloroethyldiethylaminosilane.

The tetra-substituted silanes containing a halogen atom in the side chain are

able to undergo rearrangement under the action of small amounts (1%) of ammonium

chloride at 80-1O0°C, forming trialkylchlorosilanes, for example:

The trialkylchlorosilanes are formed under the action of elementary chlorine, or

of alkyl halides (in the presence of anmonium chloride) on trialkylsilanes containing

the Si-H bond. Under the action of benzoyl chloride or phosphorus chlorides on sub-

stituted esters, or of phosphorus pentachloride on silanols (for example, on tri-

phenylsilanol), alkyl- and arylchlorosilanes -may also be prepared.

Alkyihalosilanes may be prepared by the action of alkyihalides on polyhalo-

silanes:

This reaction proceeds in the presence of the catalysts CuCl, SbCl3, etc, at a

temperature of IOO-150DC (Bibl.6L).

Preparation of Alkl-(Arytl)-Fluorosilanes

Preparation of Alkvl-(Aryl)-Fluorcsilanes by the Aid of Or~anomaxnesium Compounds

In contrast to SiCl2 ,, Si?/ reacts so actively with organomagnesium compounds

that it is Lpossible to control the process properly. The principal reaction pro-

duct is a trialkyl- or triarylfluorosilane, and the tetraalkylsilane is also fre-

quently formed. Diallgidifluorosilanes can be prepared by this method only where the

organic radical they contain is branched (for instance by the aid of iaopropyl-

na-iesiur. chloride).

The rerlacerient o2 three atoms of fluorine proceeds very raridly and so well
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that a general method of adding three organic radicals to the silicon atom may be

based on this reaction. Thus, for example, the synthesis of the trialkyliodosilanes,

R3SiI, and the tetra-substituted silanes R3SiR, is most conveniently conducted by

way of the trialkylfluorosilanes, prepared according to the reaction:

3101g.\ I Si:, > 1I,St: + 3Mg.I

followed by iodination or alkylation of the trialkylfluorosilanes.

The reaction for the preparation of the trialkylfluorosilanes from SiCl 4 and

organomagnesium compounds was first investigated, in 1935, by Medoks and Kotelkov,

on the example of triphenyifluorosilane (Bibl.65).

Preparation of Triphenylfluorosilane. SiF , (prepared by heating a mixture of

3.5 g of CaF2, 6 g of glass powder, and 33 g of sulfuric acid) is passed for 2 hours

5 min through a tube with glass wool (to remove the HF) into a flask with a solution

of phenylmagnesium bromide (prepared from 3.6 g of magnesium shavings, 2h.3 g of

bromobenzene, and 75 ml of ether). The product reacted completely. The trialkyl-

fluorosilanes do not react with water, and therefore the precipitate of magnesium

fluorobromide is washed away with water acidified by HC (50 ml). The product is

extracted with 30 ml of ether, the extract is evaporated, and the triphenylfluoro-

silane is separated by rectification at the boiling point 200-21(°C (10 m).

Medoks (Bibl.65) similarly prepared tribenzylfluorosilane, in 6-7 g yield from

33.77 g of benzylchloride, 6.49 g of magnesium, 121 ml of ether, and SiFI, vapor;

boiling point 235.50C (7.6 n).

A number of trialkylfluorosilanes may be prepared by the same method (Pibl.66,

67). SiFIL m~y be prepared, either by the above method, or by the action of sulfuric

acid on a mixture of NaF4 and silica. The product may be most simply purified by

passing it through tablets of I'aFL, which absorb H?.

The reaction with ethylmagnesium bromide gives a relatively low yield, and

tetraethylsilane is formed together with triethylfluorosilane.
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The precipitate of magnesium salts may be washed away by a weak solution of

sulfuric acid; the washed solution is dried and rectified, yielding 11% of triethyl-

fluorosilane and 15% of tetraethylsilane.

Propyl-, butyl-, and amylmagnesium chloride react under similar conditions only

to form trialkylfluorosilanes, and in considerably better yields; the yield of tri-

propylfluorosilane is 431 of theoretical and that of triamylfluorosilane is 58%.

When SiF4 is passed for 6 hours over a solution of isopropylmagnesium chloride

in 500 ml of ether, reaction takes place, forming a mixture of diisopropyldifluoro-

silane, in 13.5% yield, and triisopropylfluorosilane, in 7.5% yield. The reaction

mixture is likewise separated by washing, drying, and rectification.

The yield of triethylfluorosilane by the Grignard reaction was 15%, that of tri-

propylfluorosilane, 62%, that of tributylfluorosilane, 70.1%, that of triamylfluoro-

silane, 57.6%. The fluorosilanes are very stable. The fluorine attached to a

silicon atom cannot be split off even by reaction with sodium in liquid ammonia.

Preparation of Alkyl-(Aryl)-Fluorosilanes by Fluorination of Polyor-anosiloxanes

The replacement of hydrogen atoms by fluorine atoms is effected by the action

of HrF on polyorganosiloxanes in the presence of water-removing agents (Ribl.68):

The Si-C bond is completely stable against the action of HF, and therefore the

nrocess can be conducted with almost quantitative yield.

This reaction makes it rossible to prepare rost alkyl- and ary2fluorosilanes by

hydrolysis of the corresponding alkjl- or aryichlorosilanes and treatment of the

hydrolysis products with !' or aimonium fluoride in the presence of sulfuric acid.

For instance trirethylfluorosilane may be prepared from hexamethyldisiloxane and

awronium fluoride by the reaction:

F-TS3-9191/V 450



t'~ i 3sS-U--SC~i) 3 + 2N[-141 + I - -o4 2$LHS)3S11 -t- (Nii 4 h.60g + H2()

Preparation of Allcifluorosilanes from Polyalkyldisiloxanes. In a flask pro-

vided with a stirrer and a mercury seal, is placed a mixture of polymethylsiloxanes

(prepared by hydrolysis of a mixture of methylchlorosilanes) with 80% oleum, and a

small amount of a wetting agent (tergitol). Into the flask, with stirring, HF is

bubbled, and the gaseous methylfluorosilanes formed are passed through tablets of

sodium fluoride into a condenser, where they are condensed by means of solid carbon

dioxide or liquid nitrogen. The mixture of methyfluorosilanes may be separated in

a special low-temperature rectification column.

Trimethylfluorosilane may be prepared by a considerably simpler method.

To 196 g of concentrated sulfuric acid, 81 g of hexamethyldisiloxane is added

with stirring and cooling with ice. Then 18.1 g of ammonium fluoride is gradually

introduced into the reaction mixtures with stirring and slight warming. The tri-

methylfluorosilane is caught by means of ether.

Diethyl and ethylfluorosilanes are prepared similarly:

The product of the hydrolysis of diethyldiethoxysilane are mixced with salfuric

acid, and then, with stirring, armonium fluoride (or calcium fluoride) is gradually

added to the mixture. The mixture is allowed to stand, the upper layer is then

separated, and the diethyldifluorosilane is separated from it by fractional distil-

lation.

Ethyltrifluorosilane is prepared fror. the hydrolysis product of ethyltrichloro-

silane, sulfuric acid, and calcium fluoride. Dimethlethylfluorosilane is prepared

by the action of 50 g of armonium chloride on a mixture of h2 g of tetramethyldi-

et1yldisiloxanes and 1WC ml of sulfuric acid at a temperature not higher than 150C.

The a.-morium fluoride is introduced over a period of J1,5 inutes, after which the

Liixture is pcured onto ice, washed, dried, and rectified; the yield of direthyl-

ethiflucrosilane i3 75,', and its bciling point is 19.8 0 C (72 rzi). "ethyAdirojyl-
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fluorosilane is 60 f yield, and a number of other alkylfluorosilanes, have been pre-

pared by this method (Bibl.67).

Preparation of Alkyl-(Aryl)-Fluorosilanes by the Fluorination of Alkyl-(Aryl)-Chloro-
silanes

The reaction is conducted by the action, on alkyl-(aryl)-chlorosilanes, of

fluorinating agents: fluorides of tin, zinc, lead HF, and most often, the most active

reagent of all, antimony trifluoride, which is usually used in the presence of anti-

mony pentachloride. The principal product of the reaction is a compound in which the

chlorine has been completely replaced by fluorine, since the initial temperature at

which the replacement of the first chlorine atom, takes place, as a rule, is higher

than the temperature of replacement of the following chlorine atoms.

It is also possible to separate intermediate reaction products, whose yield is

increased when larger amounts of antimony pentachloride are used.

Fluoriration of Alklchlorosilanes (Bibl.67, 68. 69). In a glass flask, pro-

vided with a stirrer, and which serves as the retort for a rectification column, the

alkylchlorosilanes and fluorinating agents are placed. The reaction is conducted

under reduced pressure in order completely to remove the fluorides formed in the form

of gases. The reaction products, after passing through the rectification column,

where the unreacted alkylchlorosilanes are separated and returned to the still for

the fluorination, are condensed by cooling with solid carbon dioxide or liquid nitro-

,en•

1. Fluorination of methyltrichlorosilane proceeds well under the action of

atimony trifluoride in the presence of antimony pentachloride at 150C. The reac-

tion product is meth:,ltrifluorosilane with a small admixture of methyldifluorosilane.

If the fluorination is conducted by passing methyltrichlorosilane vapor over calcium

fluoride at 2C00 C, all three products of fluorination are formed in equivalent

amounts, but in insignificant yield.

2. The fluorination of dimethyldichlorosilanes by antimony trifluoride in the
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presence of antimony pentachloride yields dimethydifluorosilane mixed with an insig-

nificant amount of dimethylfluorochlorosilane.

As we have stated, methyldichlorosilane is very difficult to separate from

traces of dimethyldichlorosilane. The separation of these products may be effected

by fluorination of the mixture under residual pressure of 50 mm. In this case the

dimethyltrichlorosilane is completely fluorinated, while the methyltrichlorosilane

remains unchanged.

3. The fluorination of trimethylchlorosilane may be conducted either with the

pure starting material or in a mixture with SiCl4 (5L-57 0 C fraction), since SiCl A is

not fluorinated by antimony trifluoride or by zinc fluoride. The fluorination of the

methylchlorosilane may be accomplished by the action of zinc fluoride dried 24 hours

a* lO°C. The mixture is heated at the boiling point, and the fluorides formed are

removed through the rectification column and condensed on cooling with solid carbon

dioxide.

4. The fluorination of methyldichlorosilane may be accomplished by the action of

a mixture of antimony trifluoride and antimony pentachloride at room temperature; in

this case, together with methyldifluorosilane in 35% yield, a considerable amount of

methlfluorochlorosilane (in 15% yield), an intermediate fluorination product, is

also formed.

5. The fluorination of methyldichlorosilane by the aid of antimony trifluoride

(in the absence of antimony pentachloride) (Bibl.69) proceeds at a temperature of

about 20DC, under atmospheric pressure. The average yield of the fluorination pro-

ducts was about 505, and they consisted of about 7C of methyldifluorosilane and 3C%

of methylfluorochlorosilane. Thus the Si-H bond is preserved on fluorination. The

fluorination products were condensed in a bulb cooled by liquid nitrogen, and were

then fractionated on a low-temperature column. A solution of solid carbon dioxide

and acetone was used as the cooling agent during rectification.

6. Fluorination of ethyltrichlorosilane (215 g) by the action of antimony
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trifluoride in the presence of antimony pentachloride at 40PC under residual pressure

of 225 mm leads to the production of a mixture consisting of 70 g of ethyltrifluoro-

silane, 8 g of ethyldichlorofluorosilane, and 15 g of ethylchlorodifluorosilane.

7. On fluorination of propyltrichlorosilane by antimony trifluoride in the pres-

ence of antimony pentachloride under a pressure of 460-480 mm, propyltrifluorosilane

is formed in 80! yield; at a residual pressure of 200 m, traces of the intermediate

fluorination products are also formed. The products are separated by rectification

at 500 mm; propyltrifluorosilane in vacuo boils at 15-160C, propylchlorodifluoro-

silane at 55-570C, and propyldichlorofluorosilanes at 88-90oC. The yield of inter-

mediate products of fluorination is increased when a diluent (tetrachloroethylene)

is used.

It has been noted that propyltrifluorosilane, like an aryltrifluorosilane, is

usually converted into a glass like mass on freezing (crystals are obtained with

great difficulty).

8. Fluorination of isopropltrichlorosilane by antimony trifluoride at 200C and

a residual pressure of 100-300 mmn, leads to the formation of 70-75% of isopropyltri-

fluorosilane, 8-10% of isopropyldifluorochlorosilane, and 17-20% of isopropylfluoro-

dichlorosilane.

9. Fluorination of butyltrichlorosilane by antimony trifluoride in the presence

of antimony pentachloride at 70-1250 C and a residual pressure of 175-425 rnm, yields

33-40% of butyltrifluorosilane, 1-4% of butyldifluorochlorosilane, and 5-10% of

butylfluorodichlorosilane.

The low yields of the intermediate fluorination products are noted. The authors

explain this by the fact that the replacement of each chlorine atom by a fluorine

atom takes place at a definite temperature, below which this reaction does not pro-

ceed. This temperature decreases with the increasing number of fluorine atoms in

the molecule. Thus, if the reaction temperature is higher, for instance, then the

temperature of formation of propyldichlorofluorosilane, then the process of
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fluorination will continue.

Preparation of Phenlfluorosilanes by the Fluorination of Phenylchlorosilanes.

le A mixture consisting of 4.6 mol of phenyltrichlorosilane, 2.4 moles of anti-

mony trifluoride, and 1 ml of antimony pentachloride is heated 6.5 hours at 60-800C

and residual pressure 6-7 am, yielding 1.75 mols of phenyltAfluorosilane, 0 44 mol

of phenyldifluorochlorosilane, and 0.41 mel of phenylfluorodichlorosilane.

2. On heating 2.53 mole of diphenyldichlorosilane and 4.03 mols of lead tetra-

fluoride at 1.45-16&'C (7 mn), a mixture of diphenyldifluorosilane and diphenyl-

fluorochlorosilane is formed.

Under the action of zinc fluoride on the corresponding organochlorosilanes, the

following compounds were prepared: ethyltrifluorosilane, phenyltrifluorosilane,

dimethyldichlorosilane, diethyldifluorosilane, diphenyldifluorosilane, triethylfluoro-

silane, and triphenylfluorosilane (Bibl.70, 71, 72).

Fluorination may also be accomplished under the action of dry HF. Dibutyldi-

chlorosilane reacts with HF at O°C, and on subsequent slow warning of the mixture to

room temperature over a period of 10 hours. The excess of HF is precipitated by

sodium fluoride, and the reaction product is then filtered and rectified. The yield

of dibutyldifluorosilane is 70%. Mono-, di-, and triallylfluorosilanes, as well as

phenylfluorosilanes, may be similarly prepared.

The action of HF on compounds of the type RSiCl 4.. takes place rapidly, even

without the use of catalysts. The formation of neither hydrocarbons nor tetrafluoro-

silane was observed. Abbydrous HF was placed in a copper boiler cooled with ice, and

the Lkylchlorosilane was added to it. The reaction mixture was then warmed to room

temperature over a period of 8-10 hours, the excess of HF was removed by NaF, and the

precipitate was washed wawy with bensene. In this way the following compounds were

Prepared (C6H5 )2SiF2 ; C5HllSiF3 ; (C5H3. )2SiF2; (CSHll) 3 SiF; C4H9SiF3 ; (C4H9 )3SiF;

CH3SiF3 (cH3 )2 sW2 ; (c4 s9 )3 i1 . c

The activity of these compounds varied with the number of fluorine atoms in the
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molecule (Bibl.73, 74, 75, 76, 77).

These products are insoluble in water, and their hydrolysis proceeds on the

phase separation interface. The products are soluble in petroleum ether, benzene,

toluene, chlorinated hydrocarbons, ether and ethyl acetate. They are soluble in

acetone, but apparently enter into reaction with it, since the solution on standing

first takes on a pale yellow color, which passes on further standing into a dark red.

It is possible that under the action of butylfluorochlorosilanes, acetone is dehydra-

ted, and mesityl oxide, or phorone, is formed from it. This reaction has not been

investigated.

On the reaction with alcohols, each of the halides behaves differently, accord-

ing to the nature of the halide and the alcohol. With methyl alcohol, for instance,

all three halides react, trifluorosilane, dichlorofluorosilane, and difluorochloro-

silane. In butanol, on the contrary, butyltrifluorosilane is esterified very slowly.

Iron, steel, copper, and platinum do not react with butyltrifluorosilane and mixed

butylfluorochlorosilanes at ordinary temperatures. Butyltrifluorosilane is toxic,

and the inhalation of small amounts of it causes violent headache and a dazed condi-

tion. The mixed halides do not possess this property, but they are still lacrimators.

Prenaration of Alkyl-(Arl)-Iluorosilanes by Fluorination of Alkoxy-and Aminosilanes

Alkl-(aryl)-fluorosilanes are also prepared by fluorination of organosilicon

compounds containing the Si-O, Si-Cl or Si-N bond, by means of HF.

The synthesis of organofluorosilanes from organoalkoxysilanes and organochloro-

silanes by the action of an aqueous solution of HF at O°C has been described.

We present a typical example of the synthesis of a dialkyldifluorosilane.

Preparation of Dipromyldifluorosilane by Fluorination of Dipropyldiethoxysilane

(Bibl.186). In a 1250 cm flask provided with a stirrer, and cooled in an ice bath

at O°C, 100 g (2.4 mols) of 48% HF and 52 g (0.258 tools) of dipropyldiethoxysilane

are placed. The mixture is stirred 3 hours and then the upper organic layer is
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removed. Fractionation of the organic layer yields 37.0 g (0.243 mole) of dipropyl-

difluorosilane, in 97.5% yield.

Alkyl-(aryl)-fluorosilanes are formed by the action of HF on aminosilanes

(Bibl.50). The aminosilanes are prepared by the action of amnonia on alkylchloro-

silanes. The reaction with trialkylaminosilanes proceeds most easily.

Preparation of Triethyifluorosilanes by Fluorination of Triethrlaminosilane. To

60 mol of HF, cooled by ices 12 g of triethylaminosilane are added over a period of

5 min. After standing for 10 minutes, the upper layer is removed, dried over sodium

sulfate, and distilled, yielding 89% of triethyifluorosilane. Chloroethyldiethyl-

fluorosilane in 82% yield can be similarly prepared from chloroethyldiethylamino-

silane.

Preparation of Alkvl-(Ary1)-Bromosilanes

The synthesis of alkyl-(aryl)-bromosilanes by means of organometallic compounds

from the corresponding tetrahalosilanes has not been described in the literature and

is not of practical interest. They are prepared by the reaction of alkyl bromides

with a copper-silicon contact mass, under the action of HBr on alkylaminosilanes, or

by the reaction of tetrabromosilane with diasomethane.

When an alkyl bromide or aryl bromide reacts with a copper-silicon contact mass

(Bibl.28), a mixture of the corresponding alkyl-(aryl)-bromosilanes is formed.

From the products of the reaction between methyl bromide and a 20% copper-

silicon contact mass at 275°C, trimethylbromosilane and methyltribromosilane can be

separated by rectification. The main products of the reaction at a temperature up

to 280P is probably dimethyldibromosilane, since on the hydrolysis of the mixture

obtained on the reaction, a liquid polymethylviloxane, coagulating only after heat-

ing for a day at 200Cc, is formed.

Bromobenzene reacts with an oxidized 50% copper-silicon alloy at 43CPC to form

diphenyldibromosilane.
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In recent years, A.V.Topchiyev and his associates have conducted studies on the

synthesis of various alkyl-(aryl)-halosilanes. Under the action of methyl bromide

on metallic silicon in the presence of copper at 3850 C. dimethyldibromosilane,

methyltribromosilane, and traces of trimethylbromosilane have been obtained (Bibl.78).

The reaction of bromobenzene and silicon proceeds readily in the presence of

copper; at 410, A2CPC, phenyltribromosilane, diphenyldibromosilane, and triphenyl-

bromosilane are formed (Bibl.136).

A convenient method of preparing alkylbromosilanes is based on the reactions

between HBr and aminosilanes (Bibl.66).

The aminosilanes are prepared by treating alkiychlorosilanes with amuonia.

Preparation of TriethyibrQoMsilane from Triethylaminouilane. When dry Hr is

passed to saturation through a solution of triethylaminosilane in 4 parts by volume

of ether, triethylbromosilane is obtained in yield 70% of theoretical. Chloroethyl-

diethylbromosilane may be prepared under similar conditions. The yield of the pro-

duct in 20%.

A purer product is obtained by the following method. To 300 an of 48% HBr,

under ice cooling, 200 ml of concentrated sulfuric acid is added, followed by 41 g

of triethylaminosilane. After standing for 20 minutes under stirring, the organic

(upper) layer is removed and dried; and the triethylbromosilane is distilled under

reduced pressure; boiling point 78-790C (&5 m). The yield is 33.5 g, or 55%.

Chloroethyldiethylbromosilane is prepared under similar conditions in yield of 81%.

A general method of preparing di- and trialkyl-(aryl)-bromosilanes is the

replacement of the phenyl group in tetra-substituted silanes by bromine, under the

action of elenertary bromines

R35- .I1 -I -t- hr2  3 R:bIiSiBi -t (41 Br
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When a mixture of tetraphenylsilane (Ribl.79) and bromine is heated 8-10 hours

at 150PC in a sealed tube, triphenylbromosilane, diphenyldibromosilane, and bromo-

benzene are formed. Trimethylbromosilane may be prepared by heating an equimolecular

mixture of trimethylphenylsilane and bromine on a water bath for 1 hour.

Bromoalkylbromosilanes containing a bromine atom in the a-position, may be pre-

pared by the reaction of tetrabromosilane with diazo compounds (Bibl.58). The reac-

tion proceeds better than with SiCl, and the principal products formed are di- and

trialkylbromosilanes:

siBr, +.2CILN. -- 30 (CI Br),Si rg + 2N2

SiBr4 + 3(I I\ -- (CH.Br)3SiBr - 3N.

Preparation of Alkyl-(Aryl)-Iodosilanes (Bibl.57)

The synthesis of alkyliodosilanes may be accomplished either by cleavage of the

organic radical from tetra-substituted silanes under the action of iodine in the

presence of aluminum iodides, or by the action of aluminum triodide on an al1cyl-

chlorosilane or alkylsilane containing the Si-H bond.

The cleavage of the phenyl radical is easiest under the action of iodine:

((.oli (I&NO 10 + J.- - - 0( IlIS'0SIJ + ( '.11.1

Even in the absence of a catalyst, the reaction proceeds on heating of the mix-

ture by 2 hours (yield 56,).

The use of aluminum iodide (or of aluminum that subsequently reacts with iodine)

sharply accelerates the process of cleavage of the Si-C bond by elementary iodine.

Thus, for example, the above reaction with trimethylphenylsilane takes place quant-

itatively in 20 min. Aluminum iodide does not react in the absence of iodine, even

on prolonged boiling.

The rate of cleavage of the aliphatic radicals is considerably slower than that

of the phenyl radical. The cleavage of methyl is easier than that of the others,
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that of ethyl goes about twice as slowly, and that of propyl and isopropyl still more

slowly.

Preparation of Alkyliodosilanes by Iodination of Alkylsilanes. In a flask are

placed 1.o g of tetraethylsilane and 0.2 g of aluminum powder, and a stream of dry

nitrogen is passed through it. The mixture is heated to the boiling point, after

which 25.4 g of iodine is added gradually over a period of 1.5 hours, and the ethyl

iodide formed during the reaction is distilled off. The reaction product is recti-

fied, yielding 65% of pure triethyliodosilane, boiling point 190.50 C (744 m). The

yield of the unpurified product is 90%. To prepare diethyldiiodosilane, the charge

of iodine is increased to 50.9 g and the time of heating to 9 hours. The yield of

unpurified product is 70%.

When 42 g of triethyliodosilane reacts with 22 g of iodine and 1.5 g of aluminu

iodide for 2.5 hours, 40 g of diethyliodosilane, in 71% yield, is formed. A certain

amount of butane is formed in all reactions.

When dimethyldiethylsilane reacts with iodine in the presence of aluminum iodide

methyldiethyliodosilane and dimethyliodosilane are formed:

Ai,

,r -- (:. ISJ -+- ((] li)ISi(C2 1 .!

the number of mols of methyl iodide formed being twice the number of mols of ethyl

iodide. When methyltriethylsilane reacts with iodine, this ratio amounts to 2 : 3;

thus, taking account of the ratio between the number of radicals in the original

compounds, it must be recognised that the rate of cleavage of the methyl radicals is

twice the rate of cleavage of ethyl radicals. On the cleavage of dinethylisopropyl

silane, the ratio between the number of mole of methyl iodide and propyl iodide is

4 : 1, and, on the cleavage of n-propyldimethylsilane, is 2 : 1. When phenyltri-

methylsilane reacts with iodine, only iodobenzene and trimethyliodosilane are formed.

In some cases, the reaction products are rather hard to separate by rectifica-
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tion. To investigate its composition, it is most convenient to fluorinate the mix-

ture, and then to rectify the alklfluorosilanes formed. Sometimes it is more con-

venient to hydrolyze the product and then to fluorinate the siloxane so formed by the

action of HF in the presence of sulfuric acid.

The iodination of the alkilfluorosilanes may be accomplished either by the action

of iodine in the presence of aliminum iodide at the boiling point of the mixture, or

by the action of aluminum iodide alone:

3RaSii + AIJs - 3R3SiJ + All'3

Preparation of Alkliodosilanes b Iodination of Alklfluorosilanes. On heating

14 g of triethylfluorosilane and 0.4 g of aluminum with 13 g of iodinep 18 g of tri-

ethyliodosilane is formed. Boiling point 190-1910C. On 1.5 hours heating of 10 g

of tripropylfluorosilane with 7 g of iodinev 7.5 g of tripropyliodosilane, boiling

point 2350C# is similarly obtained.

On adding 10 g of triethyfluorosilane to 9.5 g of aluminum, the mixture heats

up strongly. After the mixture is heated for 1 hour, its rectification may yield

10 g (56%) of triethyliodosilane (the yield of the unpurified product is alaost the

theoretical). Tripropyliodosilane is 7C% yield, metbyldipropyliodosilane in 25%

yields and diethylpropyldiiodouilane in 33% yield are similarly prepa-ed.

Lithium iodide does not react with triethyIfluorosilane. Under the action of

iodine on triethylailane, the hydrogen is easily replaced by iodine:

1C:i). SiII + J2  - • H.1 + (CIf,)nSiJ

After heating 23 g of triethbylsilane and 48 g of iodine for half an hour, the

excess of iodine is removed by adding magnesium shavings. The yield of triethyl-

iodosilane is 85% of theoretical.

The synthesis of alkyliodosilanes is also accomplished by the reaction:
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RSiCI3 + 6N11C.A - I(NI-IC~tI6), +~ 3CsHNI I.. H.I
RSO(I IC.IFI)3 + f'i IJ I RSiJ 3 + 3CI 1,NI 1. -11J

Dimethyldiodosilane, mthyltriiodosilane, propyltriiodosilane, butyltriiodo-

silane and aumltriiodosilane have been prepared by this method (Bibl.208)o

By heating equimolecular quantities of a mixture of methyltrichiorosilane and

methyltriiodosilane 20 hours at 30(PC, mthyldichloroiodosilane, mthylchlorodiiodo-

silane and dimethylehloroiodosilane were obtained. Heating diethyldichlorosilane

with diethyliiodosilane for 10 hours at 40CPC yielded diethylchloroiodosilane.

In metathesis (without the use of catalysts), the alkcyl groups are not exchanged

but in the presence of aluminum trichloride the replacement of alkcyl groups by halo-

gens does take place (Bibl.87).

Physical Pro~erties of Alkyl-(Arri)-Halosilans.

The overwhelming majority of alkyl-(azyl )-halosilanes are colorless liquids with

a sharp odor. Only isolated representatives, mainly the higher trialcyl and triaryl-

halosilanes are solid crystalline substances under ordinary conditions.

The sharp odor of alkylba losilanes is due to the liberation of hydrogen halide

owing to the hydrolytic processes that take place on contact with the moisture of the

air. In compounds which are distinguished by hydrolytic stability (for instance in

trialkylfluorosilanes),, the odor of hydrogen halides is considerably fainter, or even

disappears entirely, and thus it is possible to distinguish the faint and usually

ethereal odor of the compound itself.* Even when the hydrolysis of the products pro-

ceeds readily,, the intrinsic odor of the alitylhalosilane is mixed with the odor of

hydrogen halide. Sometims this odor is sharp, thus, for instance, the mthylchloro-

silanes have the sharpest and most unpleasant, odor, which is even sharper than that

of SiCl 4 .

The mthylfluorosilanes do not fume in moist air, but they still hydrolyze
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rapidly, and therefore possess the odor of HF.

The mixed fluorosilanes have an unpleasant odor.

The density of the alkyl-(aryl)-halosilanes is usually somewhat higher than

unity, but it varies sharply according to the kind and number of the halogen atoms,

and also according to the molecular weight of the organic radical: with increasing

percentage of the organic part of the molecule (with increasing molecular weight and

increasing number of organic radicals), the density decreases, sometimes going down

to 0.9. The arylhalosilanes are usually distinguished by a considerably higher den-

sity than the alkylhalosilanes, which is evidence of the compactness of their mole-

cular structure. The bromosilanes and iodosilanes have a considerably higher density

than chlorosilanes (going up to 2, and even higher in isolated cases).

The density is one of the most important indexes for evaluating the purity of

an alkylhalosilane. Thus, for instance, one of the methods of checking, in the sep-

aration of methyltrichlorosilane from dimethyltrichlorosilane by rectification, may

be the determination of the density of intermediate fractions. From the value of

the density the composition of the binary mixture can be rather precisely established

since the density of the chlorosilanes differs substantially (1.2691 for methyltri-

chlorosilane and 1.0663 for dimethyldichlorosilane at 250 C), and the density of mix-

tures is an additive quantity (Bibl.68).

The boiling point of alkyl-(aryl)-halosilanes varies within very wide limits,

and, like the hydrocarbons, may be calculated by the following empirical formula

(Bibl.53):

t#P *. 21, 141 N 54.3

where N represents the sum of values selected by calculation for each atom or organic

radical included in the composition of the molecule of alkyl-(aryl)-halosilane.

Table 53 gives a number of such values (the so-called "boiling point numbers"), by

which the boiling points of the lower organochlorosilanes can be roughly calculated.
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Such compounds may have any combination of the lower radicals (CH3 , C2 H5 , C3 H7 , and

C6H5 ), and also of alkyl-(aryl)-halosilanes containing the Si-H bond, of tetra-sub-

stituted silanes and of halosilanes.

The upper part of Table 53 gives the "boiling point numberst for chlorine and

bromine (from left to right in tri-, di-, and monoalkylhalosilanes, and in tetrahalo-

silanes; the last column gives the boiling point numbers for the trialkylhalosilanes

that do not contain hydrogen atoms attached to the silicon. The lower part of

Table 53 gives the "boiling point numbers" for the radicals of the mono-, di-, tri-,

and tetra-substituted silanes.

Table 53

Atom and Group Indices of the Boiling Point of Organosilicon Compounds

The Boiling Point Numbers of Si - 4.20; H - 0.60

(X a Cl, Br; R - CH3 , CAP5, C3 , and C6 5)

S- I - six, six, R. six

(. 5,)5 .1.17 3,59 1'3 13 4,51
1r 7.27 6.47 6,o8 PAR8 6.58

1, 3,43 :1,17 3,02 2,74

(cI1h 6,8:4 6, 17 5.:91 5.,89(.11I- 9,47 $.97 8,33 7, .Kv
c'! 1, ?4'8", ! 18.76 1,.41 17,73

We now present an example of the determination of a boiling point by the aid of

the Table. Let us assume that we need to find the boiling point of methylchloro-

silane, CH3 SiH2Cl. For silicon the boiling point number is 4.20, for hydrogen 0.60,

for chlorine in compounds of the type SiCl, 5.05, for the methyl radical in

>SiCH3 , 3.3. The sum of the boiling point numbers is 13.88.
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dil. " 234014 v f38 - 543 ?4

According to the literature data, methylchlorosilane boils at 80 C.

As a rule the deviation of the values of the boiling point from the calculated

value do not exceed 2%, but in occasional cases they reach 4-50C. Thus this formula

allows the boiling point to be roughly calculated for certain alkyl and arylchloro-

silanes that are not described in the literature.

For all alkyl-(aryl)-chlorosilanes, the boiling points increase with the number

of radicals bound to the silicon atom. The methylchlorosilanes are an exception:

methyltrichlorosilane boils at 66.1 0 C, dimethyldichlorosilane at 70.10C, trimethyl-

chlorosilane at 5.6°C, and tetramethylsilane at 2600.

Most alkyl-(aryl)-chlorosilanes and fluorosilanes distill without decomposition

under atmospheric pressure, even under the conditions of prolonged rectification

(tens of hours). It is advisable to distill the bromosilanes, and more particularly

the iodosilanes, under reduced pressure, since they have considerably less thermal

stability.

The melting point of the lower alkyl and arylchlorosilanes, as a rule, range

from -5oP to -loooC.

The alkyl and arylchlorosilanes are readily soluble in organic solvents: aro-

matic hydrocarbons, halogen derivatives, ethers, etc (Bibl.81. 82).

There are statements that about 0.3% of the trimethylchlorosilane in a cylclo-

hexane solution is in the form of the dimer (Bibl.83). Dimethyldichlorosilane forms

a very unstable addition compound with ethyl ether (the maximum of the curve showing

the relation between the variation of the dipole moment and the concentration cor-

responds to a 4-5% dimethyldichlorosilane content). The other methylchlorosilanes

form no complexes with ethyl ether.

The measurement of the electron scattering of the vapors, and the spectra of

the combination scattering of the methylchlorosilanes (Bibi.8L) shows that the Si-Cl
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distance in various methylchlorosilanes is almost the same and amounts to 1.99 2 for

dimethyldichlorosilanes, 2.M I for methyltrichlorosilane, 2.03 X for chlorotri-

fluorosilanes, and 2. 1 for SiCl. For trimethylchlorosilane, this value is some-

what higher and amounts to 2.09 2.
0

The Si-C distance for dimethyldichlorosilane is 1.83 A, for methltrichloro-

0 0 0
silane 1.94 A, for trimethylchlorosilane 1.89 A, for tetramethylsilane 1.93 A, and

0

for hexamethyldisilane 1.90 A. The Cl-Si-Cl angle in dimethyldichlorosilane is

109.5 0 C. The CH3 -Si-Cl angle in trimethylchlorosilane is from 106 to 1120 C.

The quantities of the methylchlorosilanes that form inflammable mixtures with

air has been established (Bibl.85). Methyltrichlorosilane has the following limits

of imflamubility: lower, 7.6% of volume; upper, 2C% by volume; dimethyJdichloro-

silane, 3.4% and 20%F respectively; trmethylchlo.osilane, 2.0% and 6.2% and methyl-

dichlorosilane, 3.4% and 34.4%.

Certain physical and chemical properties of propyldichlorofluorosilanes, propyl-

chlorodifluorosilane, and propyltrifluorosilane has been investigated. The vapor

pressure curve of these compounds obeys the Arrhenius equation: the logarithm of the

vapor pressure (in millimeters) is proportional to a quantity that is the reciprocal

of the absolute temperature plus the logarithm of the absolute temperature.

All the alkylfluorosilanes are colorless liquids with a pungent, irritant odor.

Propyltrifluorosilane has a lacrimatory action. These compounds do not fume in the

air, and they do not dissolve in water; they are slowly hydrolyzed by it, forming a

gelatinours precipitate. Under the action of aqueous solutions of caustic alkali on

them, hydrolysis proceeds considerably faster; as a result of hydrolysis water sol-

uble products are formed. The products are soluble in ether and tatrachloroethylene.

They do not react at the boiling point with nichrome and mercury. Glass wetted by

an alkyltrifluorosilane becomes water-repellant. Water in tubes treated with propyl-

trifluorosilane has a horizontal meniscus. Table 54 gives the physical properties

of the most important representatives of the organotrichlorosilanes. Table 55 gives
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the properties of the dialkyl-(aryl)-dichlorosilanes and the trialkyl-(aryl)-chloro-

sijanes.

Table 56 gives the principal properties of the alkyl-(aryl)-bromosil anes and the

alkcl-(aryl)-iodosilanes.

Table 57 gives the properties of the alkyl-(arl)-fluorosilanes, and Table 58

the properties of the alkyl-(aryl)-fluorochlorosilanes.

Table 59 gives the properties of the alkylhalosilanes containing the Si-H bond.

The values of the dipole moments of certain alkyl- and arylhalosilane has been

deternned, it has been shown that in absolute values, the quantities are close to

the org ic compounds of similar structure (Bibl.86) (of. Table 60).

Table 61 gives the boiling points of azootropic mixtures of chlorosilanes with

other organic and organosilicon compounds.

Table 62 gives certain additional information on the properties of the methyl-

and ethylbchlorosilanes.
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Table 54

Physical Properties of AJlyl-(Aryl)-Trichlorosillfles

a) dI e

Methyltrichiorosilame
CHs(,[, -65, - 6,29

Ethyltrichiorosilane 7.781
Vinyltrichiorosilane C1HsSiCl, 97-100 - - 38,196
Propyltrichlorosilane CH,'-CHSiCls 92 1,264 - 39

I CoHiSiCls 123-125 - - 195
Alyltrichiorosilane 122-124 1,211 - 70.123

9utyltrichlorosilane C C-KIC (734 nw
CSC-HSCS 117.5 - - 39

lsbilrclr-C.HASCIs 147-151 - - 20,195,
sl e 196

Tertiiobinyltri- (Ci~CHHC 145-146 - - 20.21
chooilae(CH),s~iCIs 130 - 20.21

92tisCH=CItCi (740 mm) -

3-Butylenetri- Mom
chiorosilanre C H,-'CHCHSCHSiCls 4m5,)9

(40mmw
1'ayltrichlorosilane (;4 IIIaSiCI3 166- 1 7 - ,40 52

Iao itrichioro- (CI)C CICiiI, (729 mm) 5
s IIn e (C IiHS(1 63-164 1,.066 1,445 5

107
Isobexyltrichioro- (120--%l

saere (CI1,),HC(CHg)&SiCI, 186-187 - .4631 52

Ilexyl trichiorosilanre iHiI (728rM) - I - 9
(4~ss127 - 19t7

Octyltri'chlorosilane cIsuicI, (38 mm.) 1,4480 8,q
(28 mm)
1231-2321- 84

Isootyltichlro-(731 wo)
silan (A1er2ie((11)Cscs 2 1,4510 84

2,3-Tetranethylbutyl- (727 mu,)i
~trichlorosiai1ee (CI 13)aCC(CH3ICI-IISiCI$ 207-,-,w4, 1,4478 19

2,ic -rs one ~ ci,': I(CI I,)CH,% 1,I 219-220 1, I46E7 18
IDecyltrichlorosilane 1' l,I. 183 -197

EOdecyl trichloro- 142'esio;I, 1 20) 147
sil ane (:I M ",

Tridecyl trichioro- (IM on),
silane .131 127StAlII 1,59-162 -- I -

chiorosil ane (52. . - 19

Ifegadecyltri- rC,H2Si(.I, 194-1% - 14
c loosiane(7. 5,,.M

Otecfr-C1813ACIIh I &>-I197 M 1

rPhen 1 itrichioro- CgH,SiCI, 195-2w.19

p-iltichloro-.1 13C1H.SiCI, 2I1 e- 220i - Mo
1 e1ri cI.hloro-12-3WI.40s~( Imm)

a) Name; b) Formula; c) Boiling points* OC; d) Specific gravity; e) Refractive
index; f) Bibliography
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d C e)

p-F~hjcype ~ (A 156 (' I I'SiCI.1I 137-138 1,361002.2

tric roslane(13 mm)
'len;yltrichloro- (:*111c I.,Si:I., 216 1. 28:34 49.8

sil one 94 (96 m
1140-1421 I 49.89

at-%1orobnzy1 tri- -41 ICI Ici I: 2430 21.22

cfliorosi ane 162

Cyrjohiexyltrichloro- 728s12.2

at-Nahthytrichloro- '1 USC. 6-7 3f' - 195
sil ane(22 muml

Table 5 5

Physical Properties of Dialkcyl-(Diaryl)-Dichlorosilane and Triallcyl-(triaryl)-
Chlorosilanes

A)b) C) c); 1 e

rimethyldichioro. IfA .1 I;Si(.I.,Il I I W63 1 .402 6,24.115
silane 1 06371

Dinethyldichloro.. 12 ~ .2'1 11 .0-7041 1 .0419 26 Hm
silane 12 7 1,ill i

Eiethyldichloro-.(II~C )S(.. WII)Il4
sil1ane

Divinyl dichioro- ?43 mm

31 a~w 175. 1%79.

iPropyldichloro- I (CI I,)2[ 1I1,S.t71e 20,21
SI lane 411 ss,

c4I =:PI f1 YS*, diI.'- 20.21

fliobutyldi- /1 \(11
chlorosi Iane I ISC 711 1,1)01 .4,1i7 12

cyclnenti C1I,-CH,

ch rosI an4.s(I 30hI2-3I05 40I
223-2251- I

~ ,I ; 1 ~~S .243 194
Eibenzydjchloro. (I OU 0m)

Sil ane 172-173 60f

(5u m)

cOooil~an 2mh
I9- -1-1 : 20,21

a) Name; b) Formula; C) Specific Gravity; d) Boiling Point; e) Refractive index;
f) Bibliography
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A) C) d)~ e)

Methylvinyldi- CH*MCHIz CH)SOC2 93 I 0185 . !at

chiorosi lane cI1(12 .

Mettyletbyld (1l(ClI)s(I

Me(:li1~i CI .(C&1 Iq)SICI2 1 47.5-- 21.22.51
(744 am)

chiorosi ae 82.5

,qylex. ~di-(AACI IsiC192

Metlyo. i II~C~ 1 )i 1(X)-- I 10 I21.22.52
chlroslme(20mm

M ci I~(;,tld1cysic:I 2(X)---210 1.1876 . 21,22.52

NjYx19 exC(I I3(C.'I 1,I)II 204 j - f21.2252
U11fforoftie(745 .m)I

Etkilpropildi- c. I I5((: I,)iI 152 -- 154 1 .0414U, ~4

Ethy1I' bu (..,I I&gIc (C I ICI I...ISiCI.. f 69 1.024 I 1%.

Ethvlphetqldi- I , (28~
chloroxi one (II$Ii4 2:V2 1 I .159 1 117.172.I1!Or

E2 lbenz155- 156

si(.A 169 2J

Propylpheziyldi- (lI am)
chlorosil me (i 7 (1 5 S(.~140-144 21 .22!

Pheuiylbenzyldi-(447'm
chlorosilane (.01I10(II:1.)i: 245 -218

%henyl tolyldi- (EIm)
chiorosilane (" I.-. i :C I i~ I)sif A.. 31 ?4 21 .22

Phenylcyclohexyl- I(I( 2.~2 1  12
dichlorosil me IsIA. (2)-2i2

124 . 1202
(0.5 Mm)1-

meavqde I '.!I I-(CI I:'iCI Ij(CI I W~I* (l - 21.22

Trimethyichiorosil 7 e (Ui~) 3 i 1 57,5 0,84

(27-)19
Triqjhylchloro- it ,I I.S;lC 144, 0,8925 I9

(735 w^)

a) Name; b) Formula; c) Boiling point; d) Specific gravity; a) Refractive index;
f) Bibliography
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a) b) dj e

(CSH7),SicI 202 1,454) - 21 .2k

!x L aY chn ro. (C,H,),Sirl 365 - - t 20.21.2-1
378 - - 40

Trip~enylchloro. 260-300 - 20.21.21
silene(150 am)

M.P. - - 20.21.2
88-899

(tH.HiSC 300-S80 - 218
Trinzychloro. -(loom")9

(r.s~H4g~~lM. P. 203-

tmphy1ty1- (734 onm)
lmm (CHl3),CHg=CCcHgSiCI 112 -. 34.21m

Dimejhylally1. 113 0.922
roa a r-l(CH$q~~l 180-195 - - 52.5W

CI-1,t.H,)$ICI(45mm)

CHg),.HSwe 124-126 - - 52..V

DW~hyI 14 -16 -O r o P r p y e' -(74 2 m m )
Et1~~di(ph~y1.. :,H(C. Hs),SICI 206-208 - - 218.206

Ettyh1dipn D (50mWO)
clrsle240 - - I205

(115 am)
246 - - 220

(;00 me)
Ethildi(fiezYD). Clis.(;j.115 Hs)SiCI 246 - 20

Proy diJphenyl)-.CICH)SC 174-176 - - 2

J~cc~~~yJ- C.H,)C.*SCI 188-192 - 2 02
tPy,cnloro. - (0. 5m"P mec r-190 - 202

(2mno;-

45-48 _

thlCH3(CjHW.HsSiCI 124-126 - 224
P :M fooprhke(30mam)

EthX I- (f -y). C,(CH,)C4 HSiCI 250-260 - - 215
phea~hlor..178-182 - - 205

rH,(CK,)(CH,C.Hs)-siCI 174 21Ethyl (50 m",)b6ygOr-)195 
- 205

Ethyl.(ianbut). ,HjCH)CH1(C.HgCH,- 200 - 2114
benzylch orosilane C.SiC (I00m4 21

Tri-Idiactly1methylvCHUtC..Sr MP

a) Name; b) Formu~a; c) Boiling point; d) Specific gravity; e) Refractive index;
f ) Bibliography
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Table 56

Physical Properties of Alkyl-(Aryl)-Bromosilanes and Alkyl-(Aryl)-Iodosilane

Methyltribromosilane CH$SiBrs 133,5 - 12.7
Propyltribromosilane CI~~,13- 28,7

Dimethyldibromosilane (75 mm)3-287
Metliylethyldibromo- CH(CH)SiB, 1131I - - 28,78

Diphe"Tdibromosil ane C~(2&S~g 18011 87

Trmtybooiae(1
2mmm) - 36

Triehyibrmosi 80e 1,148 (25-) - 147
Triethylbromosil ane (H)Sr80 1,189 (301) 28

(C,H.,SiBr 162 1,177 1,4561 66
78-79 1,1 766 (300) 1,.6705 66
(45 wim)
66,5 - 102

Tripropylbromosilane (24 onm)

Triallylbromosilane 213 i 15(1.
151

Trijobutylbromo- (C3H&)3jSiBr N"I 66

TrIlsamybromo-
31l one (1aI-CIJS 24.)22

Tr, henylbromo- ((CHs)2CHCI 1,CHjSiBr 27F-28U 221

h~Iy~riiodo- (COHA)3SiBr M. P. 119 -78,207

Prooyltriiodo- CII3SiJ* 229 2,946 208

il ane (33i7 SiJ1  268 2,55220
3ytriiodosil ae (ISi 3 284 2,400 2 08

Ayltriiodosil ane 29 i1 0
rimethyldiiodo- IitJi29 2,1
FlIpi1nethlioo (CIi ,),SiJ 2  170 2,203 206

sil a (CH.),S!J,, 220-221 -209
85

(15 MM)

Diisq1 ropyldiiodD- I(CH 3)tCHItSiQg 252-254 -2081

Trimethytiodosilane C 3 ~i10,--20
Triethyliodosilane (t~~. 9

Tripropyliodosilane (CH,)3.SiJ 2:35 208

n oe134-136 - 208

Mstyjiehyioo- Cl1s(C3H,)tSiJ 200-12o4 208

Meth idipropyliodo- CSCH)SJ 2024 - 0
aehli V op1 CHaI(CH,),CHJSiJ 2w0 ~l204

a) Name; b) Formula; c) Boiling point; d) Specific gravity; .) Refractive index;.

f) Bibliography
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Ta~ble 57

Physical Properties of Alkyl- (aryl)-Fluorosilane

a) b) C) d) e) )
C C d04 n25

Methyl tri fluorosil ane(IS[,-28 -0- 672

Ethyl trifluorosil ane (:2H6Sil', 1-118.3 -4,2 - 5
-3.0 66

I (754mam)6,7

Propyltrifluorosilane (;:,H7SiF., 24,9 -i-67,71)

Isopfopyltrifl uoro- IcH )2 iSiF:, 1127. 6 57 67,76.

'lutyltrifluorosilI ane j Si '66 524 I00

Amyltrifluorosilane (6ilF -- 77 0.9923 72
1-Mth3exlri )--54 -6.i

2fMhuihrJosiH.(U) (2-4 omm)

rbdiefyltrifluoro- yIaii.- 101-111 0.9376~ 67
(3-4 muse (230)

Phenyltrifluorosilane CiI&SiU' - 1$ .5' 0 1,212 70,72

C ieylir- C( 11 ISIF -7.7 F:,. 106 2 1,2 38W 7it"6
usil a-ne2

silan7. ((C I :1672

Diisopfopyldifluoro- 10",)(I~i' 7 j7f(

Pibutyldifluorosilane i~;):154' U,W048f 72

" )1 72
Ciphenyldi fluorosil ane I..2SI 2*7 .5 1

2.7 I. Iit17 7
103-. -W,.8'

Met .I.~t 0IIhSi'2142,9-143 IM 17(1.
si ane(767 msm)

66 7o.7!
150) my")

Trimthyifluorosilane j;I.jS[-74.3 16.4 I ,- 71

Triethyifluorosilane o:1sI19-- -II 0,8354 1,3915 142
(745 mm) 0,8354 I ,3101 222

Tripropyifluorosilane ((::?I ,):,s I F 175 0.834 1,4118 211'
(745 am)

174 10,83:39 1,4107'1 67
Triisopropylfluoro- I((;H)(:II..SiI 169 -, 1 4200 67,fi?

sil ane (742 mea) (i4.5 ),167.ii,,

Trianyl fluorosil ane (C4 1 19,Si 1 224 10,8372 1,.42-50 72.
Tributyl fluorosil ane (745 mm) 21,"

((,1267 0,8389 1,4,305 72.
(745 meal 211'

a) Name; b) Formula; 0) Melting point; d) Boiling point; e) Specific gravity;

f) Refractive index; g) Bibliography
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b) C) d) e) f 1 q
CC d4 OD

Triphenyifluorosilane 1(CH&)IsSiF 64 205 - -615

I C4II5C~iI)sSiF 79 236 - 65
Tribenzyl fluorosil ine (7,5 mm)

ci13 CI),iI - I 130. 2 - 1, 3942 67, Ik%

Mtbyldipropyl fluoro-I (19,0-)
C11,aI(CHa)PcijtSil: 124. r - 1 .395867.

Mflh~l~o~ro~l- I(211

Table 58

Physical Properties of Al.kyl- (Aryl )-Fluorochlorosilanes

b1 b)

'5ethyldi fluorochiorosil onel 211ah~(II
Methyl fluorodichiorosil one IIiI(. Jf21

Ethyldifluorochlorosilane (I'aSil .:i ISubt. 27.2 1 .111: 5
(7-11 wm') I

Ethyl fluorodichlorosi Iane C:j I5si.I*(J 62.2 1, ii1 5

Propyldifluorochloroilne iII(l(752 m) 70i

(745 m)
Propyl fluorodichiorosil ane (,, ITOC. 8)(-89 j71)
Iaoprppyldifluorochloro- 1745 mm)

alaShe U(;IJ)0 Is il:! :1 1mm 76

Isopropylfluorodichloro- ( 1;1 cIsilvI2  76

gil ane

Ilutyl di fluorochiorosi lane CIlt

Nltyl fluorodichl orosil ale (:,I ISIIrc L. 71

Phenyldifluorochlorosiltrne (j ,IISilI .. 6 I.21HM 7u,

Peyfluorodichlrorosil ane (41 1 SiI:(11- 83-86 1.2.71 7

1 IN)am) 171.72

ripheny fluorc...oro.sn (C* I ):Si(IC 123 12.5 7o
(5, 5 00) 71.72

a) Name; b) Formula; c) Melting point; d) Boiling point; e) Specific gravity;
f) Refractive index; g) Bibliography
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able 59

Physical Pr'operties of Alkylhalosilanes Containing Hydrogen Attached to the
Silicon Atom

b) d) feh I q.

NlethYldifluorosilanie CKSiHFt -- 110*0,5 -37.t 6 -.. 1

Mthylfluorochlorosiiaie (113sjik~cI -120*u,51 1, 2:t1 1 .54 - 67-64
(20)

Methyichlorosilane CHSll134 
21-- 2i.
213

Mehldcioojiae CHISi I U . -wj;, .,5 40,4+0.1 11105 214

Ethyldichlorosilane 74.4iIl,- 1 -

(767 mm)14

Ally~dichlor.)ailane (.sIISiI - 17 , ,ow :311

Phenyldichlorasjlane 6.~il(I 5-j65,;1 -1,524d 18
98 - - 24

Benzyldichlorosjl ane (13mn

48
jp-Tolyldichlorosil ane(2m)8

P-21orojeny1 di- (H,,#IISHI,15411.l
Or1sla1 (KIdSMII.. 1 (15-j 1 i 1 41..w

Dodecylchloroailane .(20 mm)

4:121J.,s I InI1  1 F36- - 15"4 -
Tetradecyichloroaji ene

;:,4Hz,sil If i 142-1465 - I
Octadecylchlorosjl ane 2m

C1 01,SH:I 146. 2..147,51 1I.6140 t?4

Dietbylchloroijane 9(I)~34l'4.2 -

Itiphenylchlorosilane ;(:,I Is)2SiHC.I 140-145 Ike
(7m)

Dibenzylchlorosjlane !(,I(IQ25g)iHCI 3A 155-16)) jI,0863i2.i7341I ,
(6mm) (20 )

146-1484 Ii

a) N~ame; b) Formula; c) Mlting point; d) Boiling point; e) Specific gravity;
f) Refractive index; g) Bibliography
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Table 60
Dipole Moments of Alkyl-(Aryl)-Halosilaneu

b) C) d) e)

Tiethyichorosilane
Di~h~dc~roie (CH&)SiCIs 2.39 (CHs)sCC12  1 .99 8(i

Ethyltrichlorosilane C2H 1SiCI, 2,04 Cl-13CCk ,6 8h

Triphenyichiorosilane (CeHs,)SiCI 2.14 -- 217

Diphenyldichiorosilane (C.H&)sSiCIj 2,56 (CsH) 2CC1 2  2,31) 217

Phenyltrichlorosilane CIHjSiCI. 2,41 GdCIIeC: 2,04 217

Triethylfluorosilane (GH&)3Sir: 1.72 (:,1I,(CI la)2cI 1,92 217

ritydif ooi1ae (CH&)SiF-. 2,23 -- 217

Iitylilursiae (CGH&,sil: 1,84 ISOCI12 . .7i7 217
Triphenyifluorosilane (4sH&)tSiF' 2,57 217
Eiphenyldifluorosilane rHSiF: 2,77 (4 115t1. 2.56 217
Phenyltrifluorosilane S,.* ClI.12h 1.87 217
Gilorosil ane SCI 11 , C115 1
Ijichiorosilane SiHn, 0. (31 tHIA,5 217
Trichlorosil me SiC I. IdI 21

a) Name; b) Formula; c) Dipole moment, 10-18 JSU; d) Formula of corresponding or-
ganic compounds; .) Dipole moment, 10-1~ U; f) Bibliography

Table 61

Boiling Point. of Azeotropic Mixtures of Chlorosilaneu with Certain Compounds
(Bibl.34# 35)

C.Mp~neeI * ~ -Component A ,.

Si,(CH 3 )3Si(.I 54 ,J
SiCI4 CH3CN 49,0'

SE~ig CH,CCN 66 .
ISiC

Table 62
Physical Properties of Methyl and Ethylehlorosilane

) )c) d) 0)

Methyltrichiorosilane clH1SICl I3  46 ~ J $~'494

Diytv dih~r~ CI1) 1 iC2 I 4t _41 - 48 76 122 185 39:7
s ane (74UOmm)

Ethyl trichlorosi Iane CHSI 99-101 14 8I 14,8 26 44 1241

fliethyldichlorosiltne 1CH)SiI 30-131 2m$ 2 2j 4 7,4 13-
(740 mm)

a) Name; b) Formula; c) Boiling point; d) Flash point; e) Fire point; f) Vapor
pressure (urm Hg) of pure products at temperatures, OC
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Chemical Properties of Alkyl-(Aryl)-Halosilanes

teactions Connected with the Replacement of a Falogen Atom Bound to a Silicon Atom

The halogen atoms in alkyl-(aryl)-halosilanes maintain the same chemical charact-

er as in the tetrahalosilanes (which, as pointed out above, are typical inorganic

acid chlorides). The organic radicals screen the bond between the halogen atom and

the silicon atom, and therefore the activity of the halogen atom is more or less low-

ered. In the lower alkylhalosilanes (for instance in the methylchlorosilanes) this

influence is only faint, and as a whole, the compound maintains the pronounced

character of an acid chlorides it is instantaneously hydrolyzed by water, it reacts

actively with hydroxyl-containing compounds etc. In alkylhalosilanes containing

high-molecular radicals, and in particular radicals with a branched structure, the

weakening in the mobility and activity of the halogen atom attached to the silicon

atom is expressed considerably more strongly. Thus, for instance, tert-butyltri-

chlorosilane reacts only weakly with water.

The most important reaction in the chqMistry of organosilicon compounds is the

reaction of hydrolysis of alkyl-(aryl)-halosilanes, which proceeds in the first

instant in the same direction as the reaction of hydrolysis of tetrahalosilanes:

I
--Si N-IIII -. -Si -Oh +H.X

The hydrolysis of alkyl-(aryl)-halosilanes, the processes of condensation

accompanying hydrolysis, the structure and properties of the reaction products are

discussed in detail below (cf. py. 529 et seq.).

The reaction between alkyl-(aryl)-halosilanes with hydroxyl-containing organic

compounds may proceed by the two schemes described for the tetrahalosilanes: by the

scheme of hydrolysis

I / /
--Si \ 41R I- -",--Il XC- (1)

by the scheme of esterification
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•SI-I-X i- S) -- .. . -0 1- *-f IX (2)

While the tetrahalosilanes react with equal ease by the first and second pat-

terns, in the case of the alkylhalosilanes it is far easier to conduct the process of

esterification.

The Reaction of Esterification

The reaction between alkyl-(aryl)-chlorosilanes with alcohol takes place accord-

ing to the pattern:

k TSi(t4.. .I il?'OH RXSi(OR'IIT "-(4-x)|i(:I

The basic factors determining the process of the reaction between alkyl-(aryl)-chloro-

silanes and alcohols is the size of the alcohol radical, and also the size and number

of organic radicals attached to the silicon atom.

The activity of the alkylchlorosilanes in the reaction of esterification is con-

siderably less than that of SiClI. Thus, for example, even when methyltrichloro-

silane reacts with absolute ethanol, the thermal effect and the velocity of the pro-

cess are considerably lower than for the corresponding reaction with SiCl. Ethyl-

trichlorosilane reacts still more slowly, and for the esterification, for instance,

of diphenyldichlorosilane, it must be heated for 6-8 hours (Bibl.87). In the case

that the radical of the alkyl-(aryl)-chlorosilane or alcohol radical R' is a suf-

ficiently long or branched hydrocarbon chain or ring, the velocity and intensity of

the esterification reaction are very small. For instance (Bibl.88), diphenyldi-

chlorosilane reacts with phenyl only at 2000C. When heated for 8 hours a mixture is

formed containing not only a substituted ester, but an arylhalo ester:

(C4H6)SiCI + C$HgOH ---- (CH&),SICI(OCiII) + HCI

(CIH*)SiCI(OCsH.) + CjHGCH - -0 (C4Hg)*Si(OCIH,), + HCI
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The esterification of alkyichiorosilanes by the lower alcohols, like the reac-

tion of eaterification of SiCl 4" always proceeds with the formation of a certain

quantity of polymeric hydrolysis products (owing to the cleavage of water from the

reaction between the HCl and the alcohol). For instance, in the esterification of

diethyldichlorosilane, the following side reactions take place together with the main

reactions (Bibl.89):

HCI + C2HaOH 4 CHgCI + I y~.)
DCAH)tSiCI, + HO, - -4 (CH,),SICIOSICI(CH,), + 211(;

(c,1I ,),SiCIO)SiCI(C,9H,)-. + 2rHI,Oi- . - (Cgjt)Si-O--Si-(C*H)_ + 21 iC1
I I

ocel 1, OCsHg

If the esterification is conducted by the action of an alcoholate (instead of an

alcohol), the formation of polymeric products of hydrolysis is theoretically impos-

sible, but the yield of substituted eaters is low. Thus, for instance (Bibl.90) when

a mixture of 3 mols of sodium ethylate and 1 mol of ethyltrichlorosilane is boiled,,

ethyltriethoxysilane in I4C% yield is formed. The reaction with sodium methylate is

of practical importance, and proceeds with somewhat better yields. Bthyltrichloro-

silane and sodium methylate give ethyltrimethoxysilane in 5C% yield,, while diethyl-

dichlorosilane gives diethyldimethoxysilane in 70% yield.

The Reaction of Acyiation

The replacement of a chlorine atom in tetrahalosilanes by an acid radical RCOO-

may be accomplished by reacting the halosilane with an organic acid or its salt, In

the case of alkyl.-(aryl )-chlorosilanest it is more convenient to conduct this reac-

tion with the salt of the organic acid, for instance with sodium or silver acetate

(Bibl.90):

RSiCI4-x + (4-x)CfICOONa --- RSI(OCOClI 1)4 -, + 14-x)Na(I1

Method of Pregaring Alkylacetoxysilane. In a flask provided with a stirrer,

sodium acetate in 4-5 parts by volume of diluent (benzene,, petroleum ether) is placed,
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and then a solution of alkylchlorosilane in benzene or petroleum ether (1 : 1) is

added with stirring at the boiling point. The sodium acetate is taken in double the

theoretical quantity (for the reaction presented above). The reaction product is

separated by filtration and rectified.

With the lower alkylchlorosilanes, this reaction proceeds very vigorously. The

alkylehorosilanes with a long carbon chain (more than 8 carbon atoms) react in a

solvent at 60-120°C in 10-20 hours (Bibl.92).

The reaction products are readily hydrolyzed by water, forming polyorganosilox-

anes or hydroxysilanes. The latter are best prepared by hydrolysis by means of a

sodium carbonate solution:

2(C,H 5)Si--OCOCfI, +Na*COs + H*O --- 2(CrH,)Si(OH) + 20IlaCOONa + (A),

The practical importance of compounds of the type RxSi(COORI ),..x is that, on

their hydrolysis, in contrast to the hydrolysis of the alylchlorosilanes, such chem.-

ically active by-products as HC are not formed, while the hydrolysis of such com-

pounds proceeds at a far higher velocity than the hydrolysis of the substituted esters.

The use of such prclucts is recommended for making various materials that cannot be

put in contact with HC water-repellant for instance textiles, paper, etc.

There is a description of the reaction between triethylchlorosilane and the so-

dium derivative of acetoacetic ester:

OI --- CI-4 (;(x H, + (C2FI5)*SiCI ----- CH,-(.-CHCOOC2H, + Na( :

ONa (OSi(CI )3

The reaction product is hydrolyzed on treatment with lC( HC1, forming hexaethyl-

disiloxane, ethanol, carbon dioxide, and acetone.

:'action with Ammonia and INitrogen-Containin Compounds

The reaction between alkyl-(aryl)-halosilanes and anmonia may lead to the form-
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ation of the initial substitution products, amines:

I I
-Si--Cl + 2Nf, - Si-NI 12 + NI -14CI1 1

and to the condensation products of those amines:

I i I
2-Si-Nt - Si-NH-Si- -f- NI I:

Amines may undergo condensation on heating, forming polysilanimines, as the hydrcxy-

silanes will form polysiloxanes.In this way the tendency to polymeric compounds is

inherent not only in oxygen-containing organosilicon compounds, but also in such

compounds containing nitrogen (also in those containing sulfur). But both nitrogen

and sulfur-containing polymers differ from the nolyorganosiloxanes in their insta-

bility to the action of moisture, and are readily hydrolyzed to polyorganosiloxanes.

7% the reaction of trialkyl-(aryl)-chlorosilanes with armonia, trialkylamino-

silanes are usually formed:

R,SiCi + Nil, - R.SiNfli, + NH4Cl

The preparation of trinethylaminosilane (Bibl.66) is described on page 623.

Tho reaction between trimethyichlorosilane and ammonia (Bibl.93), in contrast

to that of other trialkylchlorosilanes, leads to the formation only of hexamethyl-

a.minodisilane:

2(CH,),SiCI + 3N, ...... CH,)gSiNHSi(CI 1,), + 2NHCI

Preparation of 11examethlaminodisilane. To 900 ml of liquid ammonia placed in

a Dewar vessel, 269 g of trimethylchlorosilane is added, with stirring, over a period

of 3 hours 15 minutes; the excess of ammonia is gradually driven off by heating,

after which the hexamethylaminodisilane is isolated by rectification. Its boiling

point is 125.7-126.20 C (758 n). Yield 99 g, or 1,5% of theoretical.

Even when the reaction is conducted at a temperature of -70°C, trimethylamino-
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silane is not formed.

Under the action of ammonia on dimethyldichlorosilane (Bibl.94), dimethyldi-

aminosilane is formed at the initial instant:

(CH,)ISiCI, + 4NH, ---. (CH)jSi(NH,)g + 2Nf 1II

and is then condensed, forming cyclic polyorganoaminosilanes; in this case the reac-

tion products consist mainly of cyclo-2,4,6-triimino-1.3,5-hexamethyltrisilane and

cyclo-2, 4, 6,8-tetraimino-l,3, 5, 7-octamethyltetrasilane:

H.,C:\ C.Hs I Ic(A :.,

/ t \ o
H-N6 2 N-H H-N 8 2 N-I

li~cCI 5  4,CK HC\ I ; o~/il3

H~/ / \H. HC/ \ 6 4 / \CH.
/ H-N 5 N--II

N
I'I Si

Preparation of Cyclio Aminosilanes. A solution of 903 g of dimiethyldichloro-

silane in 3 kg of benzene in placed in a raznd-bottomed flask provided with a stirrer.

Ammonia is passed in for 4 hours over the surface of the liquid, with stirring, at a

temperature not over 30°C. The amoniu chloride is then filtered off, and the fil-

trate is again treated with amonia at the boiling point for 2 hours, Fractionation

of the reaction products yieldst cyclo-2,4,6-triinm-1,3,5-hewametbltrisilane,

boiling point l8S0C (763 =e), and cyclo-2,4,6,-tetraiuino-l3.5.7-octethyltetra-

silane, boiling point 2250C (765 =-), melting point 970C.

The reaction between alkylchlorosilanes and monia (Bibl.93, 95) leads to the

formation of the respective alkl-(arylamino)-silanes:

fUI)SiCJi + 2RNH. --- ((A)S)iNHR -- RNH,.II(.'I

The process is conducted by pouting the trimethylchlorosilane into an excess

of the amine in ether solution. The yield of trimetlylmethylaminosilane from ethyl-

amine and trimethylchlorosilane is 38%. The yield of tri ebyletbylaminosilane
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under similar conditions does not exceed 25%. In case the silicon is bound to methyl

radicals, it is relatively easy to replace the three hydrogen atoms attached to the

nitrogen, forming hexamethylmethyliminodisilane:

(CI I,,SiNIICI..1 + (CH,)sSiCI --- [(CH.,)3Sij-NCI I+ "4'- 11(

Compounds with other radicals attached to the silicon atom react according to

this pattern only on heating.

On the reaction of alkyl-(aryl)-chlorosilanes with silver isocyanate, the cor-

responding isocyanates are formed (Bibl.96).

RS,( 4 _x + (4-x)AgNCO - R Si(N(O))4._ I (4-x)Aj.t

Alkyl-(aryl)-isothiocyanatosilanes are prepared similarly.

Reactions with Metallic Sodium

Silicon tetrachloride, as already stated, is stable to the action of metallic

sodium even at very high temperatures. Alkyl-(aryl)-chlorosilanes prove to be more

active in reaction with sodium. When alkyl-(aryl)-chlorosilanes are heated with

sodium at IIO-10OC, condensation takes place:

i I I I
'-S (I - 2N;i '.I--Si- --z i--.S, +t2\,a(.1

I I

The products of the reaction may either be derivatives of disilane or polyalkyl-

(aryl)-silanes of relatively high molecular weight.

Preparation of Hexaalkyl-(Aryl)-Disilane (Bibl.97). When a mixture of 3 g of

triphenylchlorosilane dissolved in 150-200 ml of xylene is boiled with 2-3 g of

sodium for 2 hours in an atmosphere of nitrogen, hexaphenyldisilane is formed. It

is a crystalline substance of melting point 3540 C.

By a similar reaction,hexaethyldisilane is formed from triethylbromosilane. By

the reaction between phenylethylbromochlorosilane and sodium, diphenyldiethyldi-
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propyldisilane is formed. This is a very stable compound which does not decompose

even under the action of hot 5% alkali.

An example of the formation of a polymer containing several Si-Si bonds is the

preparation of the so-called "tetrane" (Bibl.98).

1((:, 1 s) 2Si ( I .., +- 8N; I 'W'SI I sS i4 +- 81 a( :

The reaction proceeds under the action of sodium on a toluene solution of di-

phenyltrichlorosilane at the boiling point, with vigorous stirring of the mixture.

The reaction is exothermic, and after it begins no further heating of the mixture is

required. From a whole series of reaction products (which are probably polymer homo-

logs) two octaphenyltetrasilanes have been isolated and studied, one of them being

stable and apparently having a cyclic structure. The structure of the second, unsat-

urated compound, cannot be considered to have been definitively established.

Under the action of water, in presence of pyridine, on the unsaturated compound,

hydrogen is given off (Bibl.99):

I ll)#Sjt4- + , 81111 - - 4Hi -+- "4((C Iis)'.-% (Oft1.2

The cyclic octaphenyltetrasilane is relatively stable in the air; oxidation

was observed under the influence of atmospheric oxygen in boiling toluene or when

heated to lO0C for a prolonged period. It also breaks down in benzene solution on

distillation; the solution in biphenyl is more stable. Oxygen compounds, such as

bensyl alcohol, acetopherone, or amyl nitrite, break it down (it is possible that a

transfer of oxygen takes place).

According to Kipping, octaphenyltetrasilane has the following structure:

C41 ll, ( flIs C$I11., '4;,1.

-Si -- - -
H5 C6 I I.. IfjC It. (;:1t., crllls  I1

The iodine derivative )f octaphenyltetrasilane reacts with a Grignard reagent accord-
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ing to the equation:

(CeH 6 )8SJ4 J'. + C2.11 6 M.Br . ((al I,)0S14 ((21IIb)J + g4gJBr

(crystals of melting point 253-2540C). The oxide of octaphenyltetrasilane,

(C6 15) 8Si 4O, is obtained as a by product. Octaphenyldiiodotetrasilane loses all its

iodine on contact with sodium.

When diphenyldichlorosilane or di-p-tolydichlorosilane reacts with KOH, two

products are formed, one insoluble and the other soluble in benzene (Bibl.lO0). The

soluble compound obtained from diphenyldichlorosilane, had a molecular weight of

about 3900, while that prepared from di-p-tolydichlorosilane had L150. The molecular

weight of the insoluble product prepared from di-p-tolydichlorosilane, was 3450.

On the reaction of sodium with dibenzyldichlorosilane in a toluene medium, in

a nitrogen atmosphere, followed by addition of KOH, a small quantity of hexabenzyl-

disiloxane and tetrabenzylsilane were formed. The principal product of the reaction

was a heavy oil, which on analysis was found to be the oxide of octabenzyltetrasilane

which was apparently formed on account of the admixture of sodium peroxide in the

sodium.

(C.HCHjs)iCI. + 2Na (4-- • ICH2Si(Na)C.. -- C.IHCHNa

(CH#CHj)SiCI2 + 2CCIINa .... 2Na :1 + (CaH&CHI) 4S

(CeHsQIjjSiCIl -- (C1ICI.Na . - Na(I r (ClICl,)SaCI

2(C.HsCH)9iCI + Na2O - " 2NaCI + j((',HC[) 3SjSi 1 O

Under the action of metallic sodium on dimethyldichlorosilane, high-molecular

polydimethylsilane may be obtained:

x(CII,)2SiCI -j- 2xNa - >- I(C-I),SiJ, t- 2xNaCI

Preparation of Polvdimeth-vsilane (Bibl.lO1). A mixture of 450 g of metallic

sodium, 700 g of dimethyldichlorosilane, and I liter of benzene, is placed in a

3-liter autoclave. The reaction begins only after the temperature has been brought
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up to the melting point of sodium (980C), and continues with great exothermic effect

(spontaneous rise of temperature to 7000C and of pressure to 16 atm). To complete

the reaction, the autoclave is heated at 1150C for 10 hours, after which it is opened

and the reaction mass mixture is filtered and distilled. The residue on the filter

is blue, probably owing to the presence of the organosilicon radical R2 SiONa. When

the precipitate is washed with water, a white powder is separated, whose elementary

analysis corresponds to the formula [ (CH3 )2Si]. According to ebullioscopic determ-

ination of the molecular weight, x - 55. X-ray study of the polymer indicates the

presence of crystalline structural cells.

The filtrate after the separation of the precipitate is distilled under reduced

pressure; from the distillate boiling up to 170°C (2 am), cyclodidecamethyihexasilane

may be isolated. After recrystallization from a water-methanol mixture, the product

begins to melt at 740 C and may be sublimed at 1000C. The distillation residue in the

retort is of the consistency of grease.

The polymers so obtained are rather stable, and remain unhydrolyzed, not only

under the action of water, but even under the action of moist piperidine, which

usually causes quantitative cleavage of the Si-Si bond. The quantitative decomposi-

tion of the polymers, with liberation of 1 mol of hydrogen for each Si-Si bond, takes

place only under the action of hot alkali.

In all the above described reactions between organochlorosilanes and metallic

sodium, the process of formation of the Si-Si bond proceeds obviously by analogy to

the corresponding reaction of organic haloderivatives:

-- S! \, I iSI-- -Si-Si-- I

Triethylbromosilane reacts with sodiumtriphenvlgermanium with the formation of

an unstable compound (crystals, melting point 93.5 0C), which in turn reacts with
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metallic lithium, forming triethyllithiumsilane (Bibl.192):

J(: 1,50)sSiBr +((,I 1):,j~ v.N >N:,Br -- (Cg|) 3Si- -Ge((CII,)s
1(C. l 3S--Gi(C~ b -- 21.: > (C,! 1!)Si-L i + (C.H)IGeLi

When the mixture so obtained is treated with an alcoholic solution of ammonium

bromide, triethylsilane is formed:

(C2HI', .SiIi - N l 4Br > (C2H,)sSiH ... NH3 - LiBr

Reactions of Hydrogenation

Patent data (Bibl.103) indicate the possibility of the replacement of a chlorine

atom in an alkylchlorosilane by hydrogen, by passing a mixture of the alkylchloro-

silane vapor and hydrogen through tablets of silicon containing aluminum chloride

at 310-3150 C.

Reaction with Sulfuric Acid (Bibl.lOh)

When 9.8 g of concentrated sulfuric acid is poured into 23.8 g of trimethyl-

chlorosilane with cooling and stirring, the following reaction takes place:

(CI 1'3 S icI I I:..% ), > (CI1)ISiO .":11 I + I 1

((:1 Ij 3Si( ) .S031 I .- ((-'I 11)Si(I - (Ci I:,),SiOS)(_S'i(CI 13). -1 I [CI

Trimethylsilane sulfate consists of crystals that fume in air and have a melting

point of 45-16 0 C and a boiling point of 87-890 C (h m).

Reactions with Oxides of Metals

When alkyl-(aryl)-chlorosilanes react with metallic oxides (Bibl.105). poly-

organosiloxanes may be obtained, for instance:

:I(C.I,),SiC. ; 31I1O ---. > I(Ci i) 2 SiOJ, + 3HR,.I.,
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Dimethyldichlorosilane, on reaction with metallic oxides, yields a mixture of

various polydimethylsiloxanes.

Alkylchlorosilanes may react with polyalkylsiloxanes (Bibl.969 106), and in this

case the siloxane bond of the latter is broken according to the reaction:

RtsiCI, + O/ Si(R 2)-  CI-Si(Rj)-.

" + Si(R ) +R 2 i()

Reaction with Sodium Trimethylsilanolate

As a result of the reaction of sodium trimethylsilanolate with alkylhalosilanes

(according to the type of the Williamson reaction), polyorganosiloxanes are formed

(BiblolT):

RxS iCl4_, - (4-x)(CH.,).Si0Nn .. R ij(CH.j)-j'014_. .- (4-x)Nd"I

In this way, the following compounds have been synthesized:

diethyldi- (trimethylsiloxy)-silane (C2H5 )2 Si [OSi (CH3) 3 ] 2 -(I),

ethyltri(-trmethylsiloxy)-silane C2H5Si[OSi(CH3 )3]3 - (I) and

tetra-(trimethylsiloxy)-silane Si[OSi(CH3)3]4 - (III).

Product III may also be prepared by cobydrolysis of Si(OC2H5) and (CH3)3Si0C 2H5

in an alkaline medium, and also by the reaction of trimethylbydroxysilane and tetra-

ethoxysilane in the presence of metallic sodium:

Na
4(CI I)Si(OH) -- (C.H&O)4Si . Si[Osi(CH'),h -7- 4C2iiOI

Pre2aration of Tetra-(Trimethylsilogy)-Silane. To a 1C% solution of trimethyl-

silanol (1.2 mol) in benzene, 1.3 mol of metallic sodium is gradually added. After

completion of the reaction (heating is required at the end of the process) the solu-

tion of trimethylsilanolate is decanted with the excess of metallic sodium, and

SiC14 is added to the solution gradually. with cooling and vigorous stirring.

After 40 hours of boiling, the reaction products are washed with water to re-
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move the sodium chloride, and the organic layers, after drying over potassium carbon-

ate, is fractionated.

When this reaction is conducted in ether, low yields of the product are observed#

owing to the low boiling point of the solvent.

A mixture of 0.2 mol of tetraethoxysilane, 1 mol of trimethyluilanol, and 0.2 g

of sodium, is boiled under a reflux condenser for 22 hours, and is then fractionated.

The yield of the product III is 18%.

Properties of Products I, II, III

I II III
Boiling Point, O (733 mu) 187 206 220

Refractive Index n 0  1.4005 1.3944 1.3895

Specific Gravity

0 0.8751 0.8756 0.8854

20 0.8399 0.8582 0.8677

60 0.8035 0.8209 0.8298

Viscosity, Centipoises, at °C

0 2.C 0 2.723 4.235

20 1.441 1,896 2.868

60 0.841 1.067 1.503

Yield, % of Theoretical 52 44 38

A reaction similar to the above proceeds readily without use of catalysts when

the reaction mixture is heated in a steel bomb lined with copper.

When 725 g of dimethyldichlorosilane and 702 g of the hydrolysis product of

dimethyldichlorosilane, containing an admixture of 2.5% of methyltrichlorosilane, is

heated 5"hourm in a bomb at 380-00°C,, a mixture of the following percentage composi-

tion is formed:

(CH,),SiOI. 0.2 CI(CH.)SiOSi(CH,)Ci . .. 2.J2
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I(CHOdS1014  ... . I :ItRCH02)1SI,(CH1),(:I 1
(U 1:1)2SiCI! . 13 CII(CH,,)tSiO1.-iSi(CH,,)PC 26

In a glass bomb the process proceeds loe intensely, arnd conversion under similar

conditions is only We%

When dry HU1 or HBr is used as a catalyst, the reaction may be conducted at room

temperature.

Reaction of Thermal Rearrangement of Alkyl-(Aryl)-Chlorosilanes

One of the most interesting and characteristic reactions of the alkyichioro-

silanes is thermal rearrangement. In contrast to the reactions described above, the

Si-C bonds are broken in thermal rearrangement, and cleavage of the hydrocarbon rad-

icals from some silicon atoms, with their addition to others, takes place:

2R*SiCl. RSiCIg + R3,Si( I
2RSiC~a SiC1, + RSicI:

The process is completely reversible, and by studying the equilibrium concentrations,

the equilibrium constants for the reactions of rearrangement (disproportionation)

may be easily determined.

The phenomenon of disproportionation of hydrocarbon radicals attached to the

silicon atom was first observed by Ladenburg, who prepared uiall1 amounts of diethyl-

diphenylsilane and tetraethylsilane by reacting diethylzinc with phenltrichloro-

silane at 1750C.

Dolgov and Voltnov (Bibl.109) observed rearrangement on heating organochloro-

silanes 24-48 hours in a hydrogen atmosphere at 300C.C under 100 atm pressure. They

also noted that, under these conditions, the cleavage of the Si-C bond and the form-

ation of disilane and the hydrocarbon is observed. The rearrangement of alkyl

groups in tetraalkylsilanes has also been observed by other authors (Bibl.1lO),, who

have reported that an equilibrium mixture containing all 5 possible tetraalkylsilanes
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is formed when approximately equimolecular quantities of tetraethylsilane and tetra-

propylsilane are boiled 5 hours at 175-18PC in the presence of 2.5 mol-% of AIC0 3 .

Processes leading to the thermal rearrangement of chlorobromosilanes and chloroiodo-

silanes at 60dPC without a catalyst are also known. In the presence of aluminum

chlorlde, partial rearrangement may be accomplished on heating halosilanes 7 hours at

1400C. The replacement of the hydrogen by chlorine has been observed in synthesis

of chlorosilanes from silanes and dichorosilanes.

When various methylchlorosilanes are heated at 450°C in an autoclave in the

presence of inorganic chlorides as catalysts, there is an exchange reaction of the

hydrocarbon radical attached to the silicon atom (Bibl.Ul).

The process may be conducted in a sealed autoclave at temperatures from 250 to

4500C and pressures ranging respectively from 30 to 100 atm (a load of about 2.3 mols

to the liter of reaction volume of the autoclave). Aluminum chloride, in an amount

of about 2%, is the best catalyst, but at a temperature about 40CPC, the reaction

also proceeds well even without a catalyst.

When trimethylchlorosilane is heated 15 hours at 3000C under a pressure of 54

atm in the presence of 2.3% o: aluminum chloride, a mixture containing 7.8% of tetra-

methylsilane, 76o4% of trimethylchlorosilane, and 9.1% of dimethyldichlorosilane is

formed. Considering that the equilibrium is attained under the conditions of the

reaction, the equilibrium constant for the reaction

2(CH8)jSi(-, ;: (C!1g).Si + (CHs)gSICI,

may be calculated for the temperature of 300C:

(0,764)2
K3o 0, .,91 ,825

With increasing temperature, the equilibrium is somewhat shifted to the right

(K3 5 00 - 74.3; K4200 - 54.9). At 450%C, in& the absence of a catalyst, equilibrium
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is reached after 7 hours (at 108 atm). In the equilibrium state, the reaction mix-

ture contains 7.L% of tetramethylsilane, 75.7% of trimethylchlorosilane, and 11. of

dimethyldichlorosilane (K - 66).

W'hen dimethyldichlorosilane is heated 7 hours at 3O0C under pressure of 17 atm

in the presence of 2% of aluminum chloride, a mixture containing 7.6% of trimethyl-

chlorosilane and 12, of methyltrichlorosilane is formed. Equilibrium is obviously

not reached, since from an equimolecular mixture of trimethylchlorosilane and methyl-

trichlorosilane under similar conditions a mixture containing 15% of trimethylchloro-

silane and 21% of methyltrichlorosilane is obtained. When thermal rearrangement of

either dimethyldichlorosilane or a mixture of methyltrichlorosilane and trimethyl-

chlorosilane in various ratios is run at 350PC, equilibrium can be reached, and the

reaction constant:

2(CH3)jSiCI2 I (CH),SOC + CI-IXSiCI3

amounts to K3 5 00C - 39.9 (with very insignificant deviation in the individual exper-

iments). Neither SiC1L nor tetramethylsilan are detected in the reaction products.

On the thermal rearrangement of methyldichlorosilane by the reaction

2CHOSiCI, I (CH,)gSiCI, + SiCI.

equilibrium cannot be attained. At h5O°C under 64 atm pressure for 7 hours, in the

presence of 2.1% of aluminum chloride, a mixture is formed, containing only 3.1% of

dimethyldichlorosilane, together with 94% of methyltrichlorosilane and traces of

SiCI 4 , while, under similar conditions, an equimolecular mixture of dimethyldichloro-

silane and SiCl 4 yields 31% of dimethyldichlorosilane, 24.3% of methyltrichlorosilane

and 41.9% of SiC1. When aluminum chloride is used, it has also not been possible

to reach equilibrium: at 4500C under pressure of 100 atm, methyltrichlorosilane,

with 1.7% of aluminum chloride, gives 2.8% of dimethyldichlorosilane, 66% of methyl-

trichlorosilane, and 11.4% of SiCI 4, while an equimolecular mixture of dimethylchloro-
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silane and SiCl4 under these conditions gives 9.8% of dimethyldichlorosilane, 50% of

methyltrichlorosilane, and 20.h% of silicon tetrachloride. The low reaction velocity

is obviously due to the considerable value of the reactivation energy.

A mixture of 2 mols of SiCl 4 and 1 mol of trimethylchlorosilane at 37500, in

the presence of 1.8% of aluminum chloride, shows practically no change in its compo-

sition; a mixture of methyltrichlorosilane and dimethyldichlorosilane likewise almost

fails to react. From a mixture of equimolecular quantities of tetramethysilane and

SiClh, when heated 13 hours at 290-32500, in the presence of 2% of aluminum chloride,

5,% of trimethylchlorosilane and 3% of dimethyldichlorosilane is obtained, while no

methyltrichlorosilane is formed.

When methylchlorosilane is heated to 3250 C (83 atm) in the presence of 2% of

aluminum chloride, the following are formed: 0.6% of gaseous products (HCl, methane,

chlorosilane), 1.2' of dichlorosilane, 7.2% of trichlorosilane, 30.7% of methyldi-

chiorosilane, 29.5% of methyltrichlorosilane, and 17.5% of dimethyldich.orosilane.

In all cases where the process of thermal rearrangement is conducted at 3750C

or higher, methane appears in the reaction product, as well as high-boiling chloro-

I I I
silanes containing the -Si-C-Si group. The formation of such compounds is due to

I II
the following irreversible side reactions, into which the methylchlorosilanes may

inter:

2C I 3SiCl1 - (11,+ (- ( i IS S(i 12S
2(C1-1,). $iCI -, 3- CH, f.- ((l C ls)t.i-CI I--S1(CI 1,30J.1

The equilibrium constants of the reaction of disproportionation of methylchloro-

silanes have been determined (Bibl.112).

Method of Determination and Apparatus. Weighed amounts of chlorosilanes and

the catalysts (aluminum chloride) are placed in a bomb. This bomb is connected by

means of two cocks with an intermediate receiver, and then with bulbs for taking
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samples. After the bomb has been charged, the cocks are closed, the air is pumped

out of the intermediate receiver, and the bomb is heated 15-20 hours. During the

process of heating, samples are taken and analyzed on the mass spectrometer, which

has previously been calibrated for various mixtures of methylchlorosilanes.

If, to save space, the substances and their concentrations are denoted by the

following symbols:

SiCI 4 = Q
CHaSiCls - T (CHS)SiCI M

ICHS)2SiCls = D 1C01) 4Si S

then the equilibrium constant for the system VDT at 35CPC under pressure of IL7.3

kg/cm2 is:

D)2
A -

The thermodynamic characteristics of the reactions in the systems SIND and ?WT

are as follows:

System System

Equilibrium Constant

at 35CPC 74.3 39.3

at !,280C 514.9 29.8

Thermal Effect of Reaction, kcal -3.6 -3.6

Free Energ,, kcal 5.1, -h.7

Etropy, in Entropy Units 2.8 1.6

In the system DTQ the velocity of reaction is very low. Thus, for instance,

pure CH3 SiCl 3 (T) at 420°C in the presence of 5 g of aluminum chloride after 20 hours

was orLly P " rearranged. The composition of the mixture after 20 hours was as follows

D - h,, T = 92' and Q -'s.
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At the same time, a mixture of equivalent quantities of D and Q under these

bame conditions showed only 10% of T after 20 hours, and consisted of 45% each of D

and Q. This slow pace of the reaction probably depends on its high energy of activa-

tion.

The kinetics of the reaction have been studied mainly on the system !T. To

determine whether the reaction is of homogeneous or heterogeneous character, 11 g of

fine steel wire, coiled into a lump and having a surface of R00 cm2 for each gram of

the reacting substances, was placed in a reaction bomb. Since, in spite of the ten-

fold increase in the surface area, the velocity of the reaction remained practically

the same, it may be concluded that the reaction is of homogeneous character.

It must also be noted that at a temperature of 350°C, the methylchlorosilanes

can exist only in the form of gases, since their critical temperatures lie below the

temperature of the experiment. The critical temperature of aluminum chloride is

357°C. Thus the greater part of the aluminum chloride should also consist of gas.

It has been found that the time required for the reaction to pass from 25% to

50% of completion amounts to 1/3 of the time necessary to reach the equilibrium state.
1

If we denote this per3.od by t1 / 3 , we may note that the function 1  prac-tl/3 [AIC 3]

tically does not change with the concentration of aluminum chloride, and is constant

under the given conditions.

In turn, the relation between t 1 / 3 and (AICI 3 ) is expressed by a straight line.

Since the expression -- is proportional to the rate of reaction, the rate of
t1/3

reaction is proportional to the quantity of aluminum chloride.

The value of t1 / 3 does not depend on the initial concentration of the reagents,

for a constant concentration of alumimm chloride. The disproportionation reaction

is a first-order reaction.

It is interesting to note the following experiment.

In a bomb, 53.4 g of dimethldichlorosilane was placed. The apparatus was

heated to 350PC, and the pressure in it amounted to 48 atm. Then 460 g of aluminum
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chloride was added to the bomb and it was again heated to 350°C. The pressure in the

apparatus was 48S.1 atm, while the theoretically calculated increase of pressure due

to the aluminum chloride should have been not 0.4 atm, but 5.4 atm. This experiment

speaks for the view that the aluminum chloride almost completely forms complex com-

pounds with the methylchlorosilanes.

The most probable mechanism for the disproportionation reaction is as follows:

(CHI)SiCI, + AICI3 --- (C.H3) 2SiCiJ.A I:, (1)
(CI 13).SiCI2 + (CHs).SiCI2. AIC.q - (C I8)SSiCI + CII3Si(.1 . AICI (2)
(H8SiCIs.AICI8+ (CH,)2SiCI. *-- CIISiC], + (CHI),SiCI2.AICI 3  (3)

Reaction (1) proceeds many times faster than reactions (2) and (3). Reaction

(3), in turn, is faster than reaction (2).

The following data is presented on the rate of reaction (2) in the forward and

reverse direction:

Rate of Rate of
Forward Reverse
Reaction Reaction

at 350&C 4.l'l0- 5  2.8.10-4

at 3750 C 7.3"10 5  &.93"i0-4

The value of K is expressed by the ratio between the velocity of the fortmrd

reaction and the velocity of the reverse reaction:
A -__V

Values of the Reaction Constants

at 350°C at 3750C

Constant of Reaction (2) O.146 0.11,7

Constant of Reaction (3) 0.171 0.171

On the basis of these data the value of the activation energy of reaction (2)
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can be approximately calculated. It is about 22 kcal.

The mechanism of the process is probably as follows: the aluminum chloride adds

to a chlorine atom of dimethyldichlorosilane, thus weakening the Si-Cl bond. The

further course of the process is connected with the dissociation of the complexes so

formed into a positive dialkylchlorosilane ion and tetrachloroaluminate ion, as is

nostulated in the Friedel-Crafts reactions:

(( :11I3,_S . A[I(,'], -,- I (CJI l),Si( :11+  + IA 1(-14 1

It must be assumed that the rearrangement takes place owing to the weakening of

-,,e Si-C and Si-Cl bonds as a result of the addition of the aluminum chloride to the

molecule of the corresnonding methylc'lorosilane.

The most varied alkyl- and arlchlorosilanes may enter into the reaction of

thermal rearrangement. Thus, for example, when 1.38 mol of diphenyldichlorosilane

is heated with 1.25 mol of SiCl1 in a copper-lined steel autoclave at 350C, under a

pressure of 32 atm, in the presence of 0.8% aluminum chloride, for / hours, 1 mol of

phenyltrichlorosilane is formed and, in addition, 0.7 ml of benzene.

1.87 mol of phenyltrichlorosilane and 1.9 mol of trimethylchlorosilane, heated

in the presence of 0.8' of aluminum chloride at 3250 C for h hours, yield 0.33 tool of

phenylmethyldichlorosilane.

Since it is impossible to separate phenyltrichlorosilane from phenylmethyldi-

chlorosilane by rectification, owing to the proximity of the boiling points, 2000C

and 204oC, the composition of the mixture is determined by esterification of the

chlorides by ethanol, followed by fluorination and separation of the phenylmethyldi-

fluorosilane by rectification.

A mixture of 1 tool of phenltrichlorosilane and 2.01 mols of trimethyldichloro-

silane, heated L hours in the presence of 2% of aluminum chloride at 350C, under

57 atm pressure, yields 0.18 ml of phenylmethyldichlorosilane.

Heating a mixture of 1.54 mol cf etriyldichlorosilane and 1.53 =1i of dimethyl-
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dichlorosilane in the presence of 2% aluminum chloride at 3750 C for 5 hours gives

0.2 mol of dimethylethyldichlorosilane. The product may be separated from the reac-

tion mixture by esterification of the mixture with absolute ethanol, followed by

rectification. A mixture of equimolecular quantities of diphenyldichlorosilane and

SiCl , at 35cC, either in the presence of aluminum chloride or in its absence,

yields a certain amount of phenyltrichlorosilane,.but this compound is formed not as

a result of a disproportionation reaction, but by the reaction of diphenyldichloro-

silane with HCl:

((,If 15)2SiCi-4- 1 ICI - C fHSiCI., + (.H

since benzene is always formed in amounts roughly equivalent to the phenyltrichloro-

silane.

Method of Conducting the Disproportionation Reaction of Alkyl-(Arl)-Chloro-

silanes. 1. In a copper lined 1.30 liter autoclave, 386 g (1.52 ool) of diphenyldi-

chlorosilane and 258 g (1.51 mol) of SiC1!, (40% by weight) are placed. The tempera-

ture of the mixture is slowly raised over a 3 hour period of 3500C (35 atm), and the

mixture is held at 1 hour at this temperature. The temperature is then raised to

3750C, and after holding the mixture 2 hours at this temperature, the autoclave is

cooled. Rectification of 515 g of liquid reaction mass yields 187 g of SiC 14, which

amounts to 91% of the quantity taken in the reaction, as well as about h g of ben-

zene and 7.t g of phenyltrichlorosilane, of the boiling point 194-2C2°C.

2. In an autoclave not lined with copper 1.3 liter in capacity 350 g (1.38 Mol)

of diphenyldichlorosilane, 213 g (1.25 mol) of SiC 14, and 4 g of anhydrous aluminum

chloride are placed, and the mixture is heated 4 hours at 35CPC and 32 atm pressure.

The liquid reaction mixture is then distilled, yielding 213.2 g (1.01 aol) of phenyl-

trichlorosilane, boiling point 197-200C, and 54.2 g (0.7 ool) of benzene.

3. In a 3.4 liter autoclave, 396 g or 1.87 ool of phenyltrichlorosilane, 207 g

or 1.90 mol of trimethylchlorosilane, and 5.0 g or 0.037 tol of anhydrous aluminum
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chloride are placed. After heating 4 hours at 3250 C, trimethylchlorosilane, di-

methyldichlorosilane, methyltrichlorosilane, and benzene are distilled from the

liquid reaction mass up to 175 0 C. Fractionation of the residue over sodium chloride

yields 102 g of liquid of the boiling point 190-2050 C, containing 40.6% of chlorine.

Methylphenyldichlorosilane was detected in the product and was separated by convert-

ing into methylphenyldiethoxysilane (51 g), boiling point 221.5-223°C. A similar

product was prepared from methyldichlorosilane and anhydrous ethanol. It passed

over at 221.5 0 C, while phenyltriethoxysilane boils at 235-2370 C. The 51 g of

methylphenyldiethoxysilane was then treated with anhydrous HF. The methyldifluoro-

silane so formed was extracted with pentane and fractionated, yielding 23.2 g of a

product with the boiling point 141.2-1l.7C. The boiling point of methylphenyldi-

fluorosilane is 142-142.5 0 C. The fluorine-ion content by analysis (titration in the

presence of calcium chloride) was 23.8% and 23.5%. The theoretical content would be

24.04%.

4. In a 1.3 liter autoclave, 212,5 g or 1.00 mol of phenyltrichlorosilane,

259 g, or 2.01 tol of dimethyltrichlorosilane, and 10 g of aluminum chloride are

placed. The autoclave is heated 14 hours at 35CPC (57 atm). The reaction mixture is

treated as in the preceding case, yielding about 29 g or 0.18 aol of methylphenyldi-

fluorosilane, with the boiling point 1 4 1-Ih20 C.

5. In a 3 liter autoclave, 198.5 g, or 1.54 mol, of dimethyldichlorosilane,

249.1 g or 1.53 ool of ethyltrichlorosilane, (boiling point lO0C), and 10 g of

aluminum chloride are placed. After heating 5 hours at 3750 C, the mixture is treat-

ed as indicated in paragraph "c", yielding 130 g of a mixture of ethylchlorosilane

and methylethyldichlorosilane, boiling point 100.5C. The mixture, containing

57.7-57.8% of chlorine, was treated with absolute ethanol, yielding 32.8 g of

methylethyldiethoxysilane. The principal fraction (14.3 g), boiling at 14CPC, has

a refraction index nD - 1.3590.
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Reaction with Aluminum Chloride

The cleavage of the organic radicals in alkyl-(aryl)-chlorosilanes may take

place under the action of aluminum chloride. Diphenyldichlorosilane and ethyl brom-

ide in the presence of aluminum chloride, actively react, even at room temperature,

by the reaction:

#( 1 1)Si(CL .+A- 1 0, -C - (II IBr = ( 1|lsC I+ - (61 I.SiC -AICI.Br
I \l:ji', \11A.: + ( ,.Br = (:t 'jI1( f:, S ;l - A it lBr

In the absence of ethyl bromide, diphenyldichlorosilane reacts with aluminum

chloride when heated to 7CPC:

(C.Iis)*SiCI1-j A1CI&IsA1:C12 -+1CISiC,
(:,1i,sW(I, +AICI, == Cj I,A 10.1 +SiU 1,

A Few Specific Reactions of Alkyl-(Aryl)-Fluorosilanes and Todosilanes

The alkyl-(aryl)-fluorosilanes (Bibl.65), are somewhat less active chemically

than the alkyl-(aryl)-chlorosilanes, and enter with greater difficulty into most

chemical reactions. Thus, for instance, the process of hydrolysis of alkylfluoro-

silane takes place with considerably less intensity. The reaction of hydrolysis of

alkyl-(aryl )-fluorosilanes:

RXS"4_= -j- (4--x)lI.() R Si(OI I .+(4-)HF

is reversible, and proceeds to completion only when a considerable excess of water

is used. While alkyltrifluorosilanes, like the chlorosilanes, fume in air, the

dialkyldifluorosilanes are already more stable. They do not fume in air, and are

only slowly hydrolyzed under the action of water (for instance the hydrolysis of

diethyldifluorosilane with an excess of water is completed only after 12 hours).

The trialkylfluorosilane, except for trimethylfluorosilane, do not react with cold
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water, while the higher trialkylfluorosilanes do not react even with aqueous alkali.

The sharp increase in the stability of the alkylfluorosilanes with tncreasing number

of hydrocarbon radicals is obviously connected not only with the steric factor, but

also with the electronic structure of the molecule.

The alkylfluorosilanes are distinguished by exceptional thermal stability. Di-

butyldifluorosilane is stable on heating in a sealed tube at 3000 C, while the decom-

position temperature of trimethylfluorosilane is over 6000C.

The reaction of esterification of alkylfluorosilanes takes place with consider-

ably more difficulty than that of the corresponding alkylchlorosilanes. Thus, for

example, the reaction between butylfluorosilanes and methanol can be carried to com-

pletion, but with butanol even butyltrifluorosilane reacts slowly and incompletely,

and in the initial stage simply dissolves without evolving HF.

The reaction between alkylfluorosilanes and sodium alcoholate proceeds somewhat

better. In this case, diisopropyldifluorosilane gives diisopropyldiethoxysilane in

45% yield.

The alkylflurosilanes have an irritant effect on the organism; propyltrifluoro-

silane, and particularly n-butyltrifluorosilane, are powerful poisons.

In contrast to hydrogen fluoride, the alkyltrifluorosilanes do not form complex

compounds with sodium fluoride, and therefore when alkylfluorosilanes contaminated

with HF are passed through tablets of sodium fluoride, a product free from traces

of HF may be obtained.

The iodo-derivatives are distinguished from all other alkylhalosilanes by their

minimum stability (Bibl.67). The products obtained on rectification in the form of

colorless liquids rapidly acquire a dark color in the light, owing to the liberation

of small amounts of iodine. The addition of glass wool accelerates the process of

decomposition and leads imediately to a considerable darkening of the product.

The alkyliodosilanes, like the alkylchlorosilanes, are hydrolyzed very readily

by the action of water, forming hydroxides of the silanes and polysiloxanes. The
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reaction with an alcohol leads to the formation of substituted esters. When a mix-

ture of ethyl alcohol and piperidine is added to isopropyldiiodosilane, diisopropyl-

diethor-silane in 53% yield is obtained. Ja recall that under the action of ethyl

alcohol on silicon tetraiodide, only ethyl iodide and silica gel is formed.

The iodine atom can be easily replaced by an organic radical under the action of

an organomagnesium compound. Under the action of silver cyanide, alkylcyanosilanes

are formed:

((:.If )13Si-4l+ \(,N - (C, I ).Si( • A

It has not been possible to conduct the analogous reaction with tripropylchloro-

silane.

'!aloalkyl- (Haloarrl )-Iialosilanes

Methods of Preparation

Under the action of halogens on organosilicon compounds, two reactions may occur.

1. Cleavage of the alkyl or aryl radical and its replacement by a halogen, such

as, for example, in the bromination of tetraphenylsilane (Bibl.113):

((41 16)Si + Rr. * ((4'1 1):,SiHr (- (,I IRr

or on the halogenation of a trialkylhalosilane (Bibl.ll8):

.\IK)3SiX + X -' (AIK)ISX ' AIKX'

The velocity of this reaction increases in the series X a Br < Cl < F < I.

2. Halogenation of alkyl and aryl radicals of the organosilicon compound, as,

for instance, in the chlorination of triethylphenylsilane (Bibl.lU4):
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This direction of the reaction is of very great importance. In practice, the

two reactions often take place simultaneously. The dominant direction of the reac-

tion depends on the conditions under which the process is conducted and on the pres-

ence of catalysts.

As shown by Yakubovich and Ginzburg (Bibl.193), the chlorination of the aromatic

nuclei of phenylchlorosilanes is facilitated in the presence of the usual chlorina-

tion catalysts (metallic iron, iodine, phosphorus pentachloride, antimony trichloride

aluminum chloride), and under ultraviolet irradiation.

It has been found that on the chlorination of phenylchlorosilanes in the pres-

ence of such catalysts as compounds of aluminum, of iron, or of antimony, the chlor-

ination is accompanied by a process involving the cleavage of the reaction product-

at the Si-C bond. When aluminum chloride is used as a catalyst, this cleavage

already takes place at the initial stage of chlorination, at temperatures of the

order of 50-7CPC; in the presence of ferric chloride it takes place only under deep

chlorination and at a higher temperature (iO-150), and at that, only to very insig-

nificant degree. In the presence of antimony trichloride, the chlorination proceeds

smoothly and goes to completion without signs of cleavage even of the products of

deep chlorination.

The cleavage products of phenyltrichlorosilane and of its chlorine derivatives,

on chlorination in the presence of aluminum chloride or of ferric chloride, are

chlorophenylchlorosilanes, SiCl 4 . and chlorine derivatives of bensene of various

degrees of substitution.

The cleavage of the reaction products at the Si-C bond takes place even more in

the chlorination of diphenylchlorosilane than on the chlorination of phenyltrichloro-

silane. Thus. when aluminum chloride or ferrous chloride is used as a catalyst, the

cleavage of the reaction product takes place already at the temperature of 30C, at

the very beginning of chlorination. In the presence of antimony trichloride, this

process is observed on deeper chlorination, and at higher temperatures.
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The chlorination of diphenyldichlorosilane in the presence of iron or antimony

compounds, at temperatures of 70-1200C, leads to the formation of a complex mixture

of chlorine derivatives of diphenyldichlorosilanes and of phenyltrichlorosilanes and

of chlorine derivatives of benzene of various degrees of substitution.

According to data of Rochow (Bibl.115), the chlorination of diphenyldichloro-

silane under these conditions leads to the formation only of chlorine derivatives of

diphenyldichlorosilane which is not in agreement with the data of other investigators.

The chlorination of phenylchlorosilane in the presence of iodine and phosphorus

pentachloride takes place at a temperature of llO-lhOPC without cleavage of the

chlorination product, but these catalysts only weakly catalyze the chlorination pro-

cess. Iodine and phosphorus pentachloride may be used to prepare monochloro-deriva-

tives of phenyltrichlorosilane and triphenyldichlorosilane.

Chlorination at 100C and over, without catalysts, or chlorination under ultra-

violet irradication of the reaction mixture at 700C, does not lead to the cleavage

of the Si-C bond in phenyltrichlorosilane and diphenyldichlorosilane.

The cleavage of the Si-C bond in the presence of catalysts increases with the

chlorination tempe:ature; it may be minimized by conducting the chlorination under

milder conditions (for instance at a temperature of 20-300C in a medium of carbon

tetrachloride or some other solvent inert with respect to chlorine). The cleavage

of phenyltrichlorosilane and of diphenyltrichlorosilane in the presence of the chlor-

ides of iron, aluminum, or antimony, increases as the chlorine atoms accumulate in

the phenyl nuclei of these compounds. The process of cleavage may lead to formation

of SiCI 4, on the one hand, and of organoetallic compounds, on the other.

The formation of organometallic compounds is confirmed by the separation of

chlorophenylantimony dichloride from the reaction products.

On the basis of these data, the process of cleavage of phenylchlorosilanes on

their chlorination in the presence of aluminum chloride, ferric chloride, or anti-

mony trichloride, may be represented by the following general formula:
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Consequently, the principal cause of the cleavage of phenylchlorosilanes on their

chlorination in the presence of ferric chloride, aluminum chloride, or of antimony

trichloride, is the formation of organic compounds of these metals, which are then

immediately broken down under the action of chlorine; thus regenerating MecI 39 which

then leads to further cleavage of the phenylchlorosilanes.

The chlorination of phenylchlorosilane in the presence of aluminum chloride is

very intense, and proceeds with great liberation of heat, leading to the resinifica-

tion of the reaction product.

In the presence of antimony trichloride, the side process of cleavage of the

phenyltrichlorosilanes and the products of its chlorination is observed to a consid-

erably lesser degree than in the presence of aluminum chloride, even at elevated

temperatures. For this reason, chlorination in the presence of antimony trichloride

makes it possible to prepare polychloro-derivatives of phenlchlorosilanes in rather

good yield, up to 9C, in the chlorination of phenyltrichlorosilane, and up to 65%

in the case of the chlorination of diphenyldichlorosilane. In this way, chlorine

derivatives of phenyltrichlorosilane, from the monochloro- to the di- and trichloro-

pheryltrichlorosilane has been prepared. The preparation of the chlorine derivatives

of diphenyldichlorosilane of a higher degree of chlorination involves great difficult-

ies, in view of the fact that the cleavage of the -Si-C- bond increases markedly with

the temperature. Such constituents in the nucleus as the -SiC13 group and the

1iC12 group, by their nature, should orient the chlorine into the meta-position,

that is, hinder the course of the substitution reactions in the benzene ring. This

is in fact confirmed by the fact that the reaction of chlorination of phenyltri-
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chlorosilane (in the meta-position) proceeds only poorly, and that this substance is

chlorinated only with difficulty in the absence of catalysts.

The chlorination of phenyltrichlorosilanes in the presence of the usual

catalysts proceeds readily, and the orientation is modified in this case, that is,

the -SiCl3 group proves to be a para- and ortho-orienting substituent.

The chlorination of arylchlorosilanes is most easily accomplished under the

action of elementary chlorine at a temperature of 70-120C in the presence of

catalysts: antimcny trichloride, or of ferric chloride (in an amount equal to 0.5M% of

the weight of the arylchlorosilanes), or of antimony pentachloride (0.1%). Thus, on

the chlorination of diphenyldichlorosilane (Bibl.116) in the presence of 0.1% of

antimony pentachloride at 70-8CPC, the process proceeds with the liberation of a

considerable amount of heat. The principal reaction product is di-(trichloronhenyl)-

dichlorosilane:

(CGI 1A)SiCI 2 + 6Ci.-(CIC6) 2SiCi2 + 61 1CI

7y further chlorination at 1200C, di(per.tachlorophenla)-dichlorosilane may be

obtaine :

(CIsCIl I. ),Si . " I(J=( ,("I, ) SCl, -t- 41 I

The reaction of chlorination of benzyltrichlorosilane- may be accomplished b, sulfur-

yl chloride in the presence of benzoyl peroxide.

Cn the action of halogens on tetraalklylsilanes, without heatin- (chlorine) or

with slight heating (bromine), tetraalkylsilanes containin7 a halogen atom in the

radical are obtained. Usually in this case mixtures of haloalkylsilanes are formed.

This was shown by Friedel and Crafts (Bibl.137) who obtained a mixture of mono- and

dichloro-derivatives of tetraethylsilanes by the chlorination of tetraethylsilane.

They established by this example that organosilicon compounds may be chlorinated

without breaking the Si-C bond.
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As shown by Ushakov and Itenber- (Bibl.117) the chlorination of (C2 H5 )1LSi pro-

ceeds more readily in the presence of 1-2% of phosphorus pentachloride. Under these

conditions, two monochlorides are formed, the a- and P-chloroethyldiethylsilanes.

The velocity of these reactions is also appreciably increased under ultraviolet

irradiation (Bibl.ll8). On the photochemical chlorination of methylchlorosilanes,

a mixture of chloromethylchlorosilanes of various degrees of chlorination is formed.

(Bibl.ll9). The vapor-phase chlorination of dimethyldichlorosilanes by chlorine has

been accomplished, yielding mainly chloromethylmethyldichlorosilane (Bibl.120).

It has been found that on the chlorination of alkylsilanes by elementary chlor-

ine, the halogen enters for the most part at an already halogenated carbon atom, and

when methyl radicals are present, trichloromethylsilanes are mainly formed.

A study of the products of the chlorination of trimethylchlorosilane and di-

methyJldichlorosilane has established that the chloromethyl group is more readily

chlorinated than an unsubstituted methyl group (Bibl.121).

Sulfuryl chloride, in the presence of benzoyl peroxide, is an excellent chlor-

inating agent in alkyltrichlorosilanes (Bibl.122). When it is used, process con-

ditions may be selected so as to obtain, for instance, on the chlorination of ethyl-

trichlorosilane, almost exclusively a-chloroethyltrichlorosilane in 90% yield, while

when this reaction is conducted under ordinary conditions, P-chloroethyltrichloro-

silane is the principal product. It is interesting to note that the methyl group of

methyltrichlorosilane is not chlorinated by sulfuryl chloride.

When sulfuryl chloride is used to chlorinate alkylchlorosilanes with longer

aliphatic radicals, such as, for instance, propyltrichlorosilane, a mixture of a,

9, Y -derivatives is obtained, and it has been found that the replacement of the

hydrogen atom by a chlorine atom at the a-carbon atom takes place with somewhat

greater difficulty than at the e-carbon atom; the hydrogen atom at the a-carbon is

replaced by chlorine with still greater difficulty, owing to the proximity (Bibl.123)

of the -SiCl 3 group. The proportions of the compounds formed are a:P:y -1:3.5:3.1.
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On the chlorination of trialkylchlorosilane by sulfuryl chloride in the presence

of benzoyl peroxide, their monochloro-derivatives may be obtained in good yield:

thus, on the chlorination of (C2 H5 )3 SiCl a mixture containing a- and 0 -chloro-

ethyldiethylchlorosilanes is obtained (Bibl.124).

The chlorination of the alkylchlorosilanes by the action of sulfuryl chloride

in the presence of benzoyl peroxide is more convenient than with chlorine, since the

process can be more easily controlled. We present a few techniques of conducting the

chlorination reaction by various methods (Bibl.125).

Chlorination of Alkylchlorosilanes by Chlorine. 1. In a reaction flask provided

with a reflux condenser, a mixer, and a tube for introducing chlorine under the liq-

uid layer, 130 g (0.87 tol) of methltrichlorosilane is placed (Bibl.126). The con-

denser is cooled by brine and is connected with the atmosphere through a trap chilled

by a mixture of solid carbon dioxide and acetone. The reaction flask is irradiated

by a 460 watt sun-lamp placed at a distance of half a meter. The chlorine enters

from a cylinder through a drier under the layer of methylchlorosilane, and the HC1 is

removed through the reflux condenser and the trap. The process of chlorination is

conducted at the boiling point of the mixture, which gradually rises from 660 C to

150oC. Rectification of the mixture yields 121 g of trichloromethyltrichlorosilane,

with the boiling point 155-1560 C (740 ar), in white waxy crystals with the melting

point 114-ll60C. The yield is 55% of the theoretical.

2. In the apparatus of N.I.Kursanov, -100 g# or 8.5 mols, of dimethyldichloro-

silane are heated to boiling (70°C). When the dimethrldichlorosilane vapor has filled

the upper globe of the apparatus, chlorine is supplied at a rate such that the temp-

erature in the globe does not rise above nlO°C. The bubbler is closed by a copper

mesh, and the globe of the apparatus is irradiated by a mercury lamp. The reaction

is completed at the boiling point of the products in the lower part of the apparatus,

(124 0 C). The yield is 61% of chloromethylmethyld.chlorosilane.

Under similar conditions (Bibl.127) a mixture of the following composition was
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obtained:

Yield Boiling Point

Dimethyldichlorosilane 25.9 70.10

Methylchloromethyldichlorosilane 25.7 121.30

Di-(chloromethyl )-dichlorosilane 107.2-107.80 (225 ra m)

Methyl-(dichloromethyl)-dichlorosilane 32.5 100.50 (150ram)

Methyl-(trichloromethyl)-dichlorosilane 6.4 1090 (151mm)

3. Into 1085 g of trimettylchlorosilane, under ultraviolet irradiation, dried

chlorine is passed until the weight increase of the reaction mixture reaches 366 g.

Rectification of the reaction product in a column with 20 theoretical plates, yields

the following substances:

Yield Boiling,

Trimethylchlorosilane (unreacted) 18.9

Diethylchloromthlchlorosilane 15•5 115-115.5

Dimethyldichloromethylchlorouilane 20.7 149.1-149.9

Hethyl-bis (chloromethyl)chlorosilane 7.65 171.1-172.8

High-Boiling Products 7.35

Such a composition of the mixture argues for the view that the chloromethyl group at

the silicon atom is chlorinated more easily than the methyl group. On chlorination

of trimethylchlorosilane and dimethyldichlorosilane, flashes are often observed,

which is particularly the case on rapid feeding of the chlorine and ultraviolet

irradiation,

Chlorination of Alkylchlorosilanes by Sulfuryl Chloride. 1. A solution of 100 g

of trimethylchlorosilane (Bibl.128)0 124 g of sulfuryl chloride# and 0.5 g of

benzoyl peroxide in 200 ml of chorobenzene is heated 3 hours under a reflux con-

F-TS-9191/V 509



denser. The reaction product is dimethylchloromethylchlorosilane (CH3 )2 (CH2 CI)SiCl,

in 38% yield. If sulfuryl chloride, in the same proportions, is introduced into a

heated mixture of trimethylchlorosilane, chlorobenzenes and benzoyl peroxide, then

the yield will amount to 52%, and an insignificant amount of dimethyldichlorosilane

will be formed as a by product.

2. A mixture of 1300 g of ethyltrichlorosilane and 1070 g of sulfuryl chloride

(Bibl.129), is boiled in the presence of benzoyl peroxide, forming a mixture of the

following product: ethyltrichlorosilane, 40 g, boiling point l00C (760 M);

d-chloroethyltrichlorosilane, 216 gs boiling point 1380C (734 m); and O-chloro-

ethyltrichlorosilane, 550 g, boiling point 1520C (734 nm). In the absence of an

organic peroxide, sulfuryl chloride does not chlorinate ethyltrichlorosilane.

3. A mixture of 411 g (2.7 ool) of triethylchlorosilane, 297 g (2.2.tools) of

sulfuryl chloride, and 1 g of benzoyl peroxide (Bibl.79), is heated h hours under a

reflux condenser. The reaction product contains: triethylchlorosilane, 183 g;

a-chloroethyldiethylchlorosilane, 99.5 g, boiling point 111OC (110); and 72.5 g of

S-chloroethyldiethylchlorosilane, ClCH2CH2 (C2H5 )2SiCl, boiling point 1320C (100 rm).

The total yield of monochloro-derivatives amounts to 60C.

4e Heating of a mixture of 671 g of propyltrichlorosilane (Bibl.130), 546 g of

sulfuryl chloride, and 1 g of bensoyl peroxide, under a reflux condenser for 12 hours

yields: a-chloropropyltrichlorosilane, 78 g; 0-chloropropyltrichlorosilane, 273 g;

y-chloropropyltrichlorosilane, 2W2 g (molar ratio 1 : 3.5 : 3.1).

5. Heating of a mixture of 48 g of tert-butyltrichlorosilane (Bibl.120), 36 g

of sulfuryl chloride, and 0.5 g of benzoyl peroxide yields 22.6 g of chlorobutyltri-

chlorosilane (yield 4C%). The product consists of crystals with a melting point of

46-470C and a boiling point of 18DC (739 nm). It has a lacrimatory action.

6. A mixture of 125 g of benzyltrichlorosilane, 51 g of sulfuryl chloride and

1 g of benzoyl peroxide, heated 10 hours, yields 13 g of a-chlorobenzyltrichloro-

silane (Bibl.128), with boiling point 243 0 C (735 mml and 1620C (75 nun). Yield 90%.
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On chlorination of triethyifluorosilane by sulfur chloride in the presence of

benzoyl peroxide, a-chioroethyldiethylfluorosilane and -chloroethyldiethylfluoro-

silane are obtained. Cn titration of these compounds against alkali, all the chlorine

atoms in the a-position are unaffected, while those in the P-position are almost

completely hydrolyzed (98').

Unsaturated haloalkylhalosilanes can be easily prepared by reacting halo-hydro-

carbons of the acetylene series with silanes containing a hydrogen attached to the

silicon.

The synthesis of a, P -dichlorovinyltrichlorosilane has been accomplished by

the reaction between trichlorosilane and dichloroacetylene (Bible131):

HSiCIs + CCI E CCI ---- * CIHC-OCISiCl

The authors state that this reaction is accelerated in the presence of a per-

oxide, on ultraviolet irradiation of the mixture, or on heating it to high tempera-

tures (close to the decomposition temperature of dichloroacetylene).

Preparation of a . O-Dichlorovinyltrichlorosilane from Trichlorosilane and

Dichloroacetylene. The reaction between trichlorosilane and dichloroacetylene was

conducted in a round-bottomed 250-m flask filled to the neck with tablets of chem-

ically pure caustic soda. The flask was submerged in an oil bath heated to 260PC,

and the air was removed from the flask by slow passage of a stream of nitrogen.

After about 90 minutes, dropwise introduction of 20 ml of trichloroethylene was com-

menced from a dropping funnel through a tube running to the bottom of the reaction

flask. The dichloroacetylene so formed, contaminated by trichloroethylene and a

certain amount of water, was collected in a Claisen flask, submerged in a cooling

mixture of ice and salt. To remove the water entering the dichloroacetylene, 3 ml

of trichlorosilane was added to it, and then the dichloroacetylene was distilled

from the Claisen flask into a Carius tube (with an elongated neck) submerged in a

cooling mixture. In order to secure complete distillation of the dichloroacetylene,
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the water bath on which it was distilled was gradually warmed to 750C. After comple-

tion of the distillation, the receiver was closed to prevent the dichloroacetylene

from coming in contact with air,and was removed from the distillation flask. In

taking the apparatus apart there is always a certain danger that the residues of the

dichloroacetylene may explode, and therefore, after removing the admixtures, the dis-

tillation of flask should be dried in a stream of inert gas (preferably nitrogen).

To the dichloroacetylene collected in the carius tube (together with a certain

amount of contaminations, it weighs 7 g), 10 ml of trichlorosilane, containing 0.7 ml

of a 30% of acetyl peroxide in dimethyl phthalate, is added. The tube is sealed and

is then heated 65 hours in a furnace at 70°C. In some cases the tubes explode on

heating, and they must therefore be placed in protective shells.

Distillation of the contents of the tube yields 4.7 g (28%) of a, -dichloro-

vinyltrichlorosilane; boiling point 87-92oC (55 am); refractive index n5 0 .1.988.

In working with dichloroacetylene, greaz caution must be used, since it often

explodes, not only in the presence of air, butp even in a sealed tube.

a, 0-dichlorovinyltrichlorosilane may also be prepared by the reaction between

tetrachloroethane and trichlorosilane:

HCCI,,-, + HIsCl -- ,cI + HIa = CCI-MOa

Preparation of a. P-Dichlorovinyltrichlorosilane by the Reaction Between

Tetrachlgroethane and Trichlorosilane. A mixture of 26.5 g of tetrachloroethane and

26.C g of trichlorosilane is passed through a tubular furnace at 5OCPC over a period

of 95 minutes. The condensate is a dark mobile liquid weighing 35.5 g. Distillation

of the condensate from a Claisen flask gives 3.3 g of a, 0-dichlorovinyltrichloro-

silane, boiling point 157-167oc, n59 . 1.1928. The yield is 15% of theoretical.

Trichloroethylene, like dichloroacetylene, reacts with trichlorosilane to form

dichlorovinyltrichlorosilane. The reaction in this case probably proceeds in two

stages:
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CHCI'-OClg .-- HaI + oclcIcl (1)
cOc=M + HSICIS -- CICH=CCISiCJ, (2)

It is interesting to note that when dichlorovinyltrichlorosilane is titrated

with alkali, the chlorine atom in the 0-position does not undergo cleavage. Obvious-

ly the presence of the double bond reduces the mobility of the chlorine atom in the

p-position.

PreRAration of a. O-Dichlorovinyltrichlorosilane by the Reaction Between

Dichloroacetylene and Trichlorosilane. In a tube furnace for elementary analysis, a

glass tube with an inside diameter of 9 mm, provided at one end with a dropping

funnel for introducing the micture, and at the other end with a condenser and a con-

densate collector, is placed. The collector, to improve the cooling, placed in a

mixture of ice and salt. The tube is filled with an inert filler for better heat

trans.Cer. A mixture of 35 - of dichloroacetylene and 25 g of trichlorosilane, both

of which must first be distilled, is passed over a period of 3 hours through the

tube. The temperature durin- the reaction is held at the level of 90°C.

The 50.3 g of condensate collected had an amber color. Distillation of the con-

densate in a columr showed it to contain 34 g of a, 0-dichlorovinyltrichlorosilane,

boiling point 157-1680C, and 5.3 of unreacted trichlorosilane.

The hydrogen chloride liberated during the process of synthesis and absorbed in

a trap filled with alkali, is titrated and is found to amount to 7.0 g instead of the

theoretical 6.5 g.

The a, 0-dichlorovinyltrichlorosilane is able to add still another molecule of

trichlorosilane; in so doing, hexachloro-l,2-dichloroethylenedisilane is formed:

CICH-(XOJSiCi + HSCI* - I IjCHCI--CHCSiCI1

Preparation of Hexa-Chloro-l.2-Dichloroethylenedisilane. A mixture of 13 g of

trichlorosilane, 6.3 g of dichlorovinyltrichlorosilane, and 0.2 g of benzoyl peroxide
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is heated in a sealed tube at 70-800C for 65 hours.

Fractionation of the mixture gives 3.9 g (AW) of hexachloro-l,2-dichloro-

ethylenedisilane; boiling point 98-1030C ( rm); refractive index 20 1.5158.

This compound is interesting because it contains a chlorine atom in the -position

with respect to one silicon atom, and a chlorine atom in the a-position with respect

to the other silicon atom. On titration with alkali it can be established that the

cleavage of seven chlorine atoms takes place from this product. The reaction with

alkali probably proceeds as follows:

CISICHCICHCISICIs + 7NaOH -- Si(OH)d + CHCI-CHS(OH) + 7WNCI

On reaction with methanol, only six chlorine atoms react:

CISICHCICHCISiClo + 6CH H ---- * (CHUO)*SiCHCICHClSi(CHO), + 6HCI

On hydrolysis of an ether solution of hexachloro-l,2-dichloroethylenedisilane,

products completely soluble in water are formed.

The chlorination of dichlorovinyltrichlorosilane yields tetrachloroethltri-

chlorosilane:

CHCICCISiCI, + CI CHClICCI SiCI,

Preparation of Tetrachloroethyltrichlorosilane. A mixture of 8.5 g of dichloro-

vinyltrichlorosilane and 10.0 g of chloroform is placed in a pyrex test tube and sub-

merged in ice. Dry chlorine is passed into the test tube until its gain in weight

is 1.2 g. The liquid takes on a yellow tin-e, and as soon as the test tube is taken

out of the ice and placed in the sunlight, an energetic reaction at once begins.

The test tube is again cooled and chlorine is passed in until l.1, g of chlorine has

been absorbed. The reaction is alain initiated by placing the test tube in sunlight.

This operation is once norc repeated, this time until the G.3 .- of chlorine has beer

nborbed arid 'rher thu test tube -3 jlaced ii . the suli-ht this time the reaction is

F-T3-9191/V 5i



no longer as energetic, and the solution does not change its color. After standing

three days at room temperature, the product loses its color (probably owing to the

substitution of chlorine for hydrogen in the chloroform). The chloroform is distill-

ed off and the colorless residue is distilled in vacuo from a Claise, zla;.' Th

principal fraction consists of tetrachloroethlItrichlorosilane; boiling 'uii t

104-100C (17 sm), refractive index r 2 l1 = 1.51iL9.

The titration of a, -ttrachloroethyltrichlorosilane rith alkali leads tc, Lhe

cleavage of four chlorine atoms in the form of sodium chloride, and of the or-anic

radical in the form of trichloroethylene:

CHCI2CCISiCI, + 4NaOH --- CHCI=CCI, + Si(OH) -t 4NaCI

Tetrabromonethyltrichlorosilane behaves similarly on hydrolysis in an alkaline medium.

By cautious hydrolysis of an ether solution of tetrachloroethyltrichlorosilane

by water, a viscous polymer of the composition (CHC12CC1 2 SiO 1 ,5). may be separated;

when heated to llOCC it gradually loses chlorine.

Under the action of alcohols on dichlorovinyltrichlorosilane, the corresponding

substituted esters are formed:

CHCImCCISiCI6 - 3CHsOH CHCI-CCSi(OCH,), + 3HCI

Physical Proverties

The haloalkylhalosilanes are liquids that can be distilled without decomposition.

The haloarylhalosilanes are also mostly liquids; pentachlorophenyltrichlorosilane

and dibromophenyldichlorosilane, which are separated in the crystalline form, are

exceptions.

Table 63 gives the physical properties of haloalkyl-(haloaryl)-halosilanes.
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Table 63

Physical Properties of Haloalkyl- (Haloaryl) )-Halo si]lanes

a)Ib) C) _) C)

Tricbjoromethyltrichloro- CCiSICI, 155-156 - - 119,120,
siee87-92 125,125

(55 mm) - 119.120.
M.P.

115- 116
(,(-Dichoovinyltri- C1CI--CCISICI, 163.5-164 1.56 1,4988 131

,,_h1 prosilane (750 mm) (250)
, 0c oroviny tri- CISCMCHSICII A6.5-163 154 1,4942 131

chi orosilane (750 m)(5
chloyrosietlri CH*CHCISiCI3  138 - - 122,129

(734 mmn)

( 3~a;orthlti~CHICICH2iaCl, 152 122.129
c rsi ane LI1BCCHMSI 18-1z0 - 15M -

E,Oflich1 oro-M e-di- (10 mm) (25)
brompfthyltriceioro- CjHC 4SiC, 104-106 - 1.5149 125.128.
Te 1 j ~oeth1 (17wn) (27-) 129

Ttrch oetl- ICICSCs 147-151 - 1.451 -
trchf CHACHCISiCIO 15712

Chlyroa±1ytri - (739 mm)
cfllorosi ane CH*CHCICHsiCIs 162 123

M_ lQ~oropfopy1 tri - 729 mm)

l-iorop ropyl tri - CHCC,(~iI~17 512
chiorosilane 165-166 123
Cfrpwlr- (721 mm

YCorosritrie (:1cHSiCI. 105 193
(15 mm)
8.5-46 - 1.3498 193

4-Qilorophenyl tri- 7mm
chlorosil ane LICH3SiCIj 11-102 - 1.4543 093

(7mm)
2, 3-Dichloro heny1 tri- BrCgHsSiCI 3  123 -- 223

chlo~rsi am (15ftw)
4-9 h _Vloita I(RrC.I 3OCH3)SiCI. 130-140 - ~ 223

C41i4CHCISiCla ( 243 lb12

1-'3romo-5-methm.xphenyl- (735 mm) -12

SiaeCCIHISiC, 112-I114 l,I.W 193
l.3S~fiuAfone I17-118 - 1- '93

tL Wx eCI6C4HSiCi., 125-126 1.65301 - 193

Tetuchlor (4 mm) 19

Te ,cLoypheny1 tri- cI*c~SiCI, 1 46-147 - - 9
PenCi (9 mm)

Pet''hro~opah~ytr-M.P. - - 119,120,
chiorosilane 5915 126

(ClCH)4SiCI2 100,5 - -- 127

fl-Q rmethyl)- 10m
dicoimsi a~ CH,(CI3CSiCIl0t 127

M thyichoromethyl - (~CISC, 151 men)

dihi Orosilane .9

a) Name; b) Formula; C) Boiling point; d) Specific gravity; e) Refractive

index; f) Bibliography
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b) c e)

Methyl- (a-(chloroethyl )- :'H,(CH 3CHCI)SiCI, 136 - - 123dichlorsil ane
ethyl- (chloroethyl)- CH3(CHCICHI)SiCI 2  157 - - 123
dlichlorosil ane .)
-(4- bromgphenyl - (BrCH6),SiCI1 239 - 215

dichiorosi ane (21 mm)
M.P. 60

Phenyl-(4-bromophenyl)- (4 H5 (BrC H4)SiCI, 199-200 1.5005 1 60921 224
dichlorosil ane (14Mm) (IM)

200 .. .. 216
Nmethyl chloroethyl- (4--

chlorosilane (CHs),rjCIiCI 115--11.5 1,0865 1.4360 125.127
imethvldichloro- (762 wm) 128
eh o ane (CH)iCHCIsSiCI 149.1-149.9 -- - 125,127,•ehldi- (choromethyl) - 128

lroane - CHs(CHtC1),SiCl 171,1-172,8 - 125.127[ie ylehloehyl- 128
ietyl e 149-150 0,9961 - 12

Vie h ?chorhy1 - I(CH&)ACH.CISII 1492
bromosi lane (CH,),.gHCISiBr 105-106 1.266 1.4784 128

(46 mm)
Eimethyltrichloro- iCH3,,)CC1,SiCI 172 -- 125.127
methylchlorosil ane I12

Cheiecal Properties

It was 2reviousl: ° assumed that a halo-en atom separated from the silicon atoml

eve.-. b. a si.;iC c;;,-en atom be,,avcs like an ordinary "a ! ihat.c halogen atos..". It

i .ai,; c,,, i-.'tance, that the halogen in (C2 !!') $-O 2T,C. is ca-ahle of bein:

7aicnLiid tc fIor.' an alcohol, and under the actiLn o' potassium acetate rna: be re-

,:Iaced b.- an acct1 -roup, et-. Zecent studies somewihat elaborate the question of

the mutual influence between the atoms of halo-ens and silicons. It has been found,

on more detailed study, that the influence of the silicon atom extends not only to a

halog-en atom in the a-position with respect to silicon, but also to one in the

P-position. This influence is manifested in the modification of the mobility of the

halogen atom. The strength of the Si-C bond according to the position of the chlor-

ine atom with respect to the silicon atom was investigated on the example of the

a-, 0- and y-chloropropyltrichlorosilanes. It was found that the mobility of the

a-halogen atom is approximately equal to its mobility ir the alkyl chlorides. Thus,

when a-chloropropyltrichlorosilane is boiled for 2 hours with a normal solution of
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alcoholic alkali (Bibl.80), almost complete cleavage of the chlorine atom in the

a-position takes place:

CHsCfI2CHCISiCI + 4NaOH ...... C-iCH=CHSi(OH)s -t- 4NaCI , Hj()

The a-halogen atom does not react with an alcoholic solution of AgN0 3 .

On treatment of a-chloroethyldiethylchlorosilane with weak aqueous alkali,

cleavage of the halogen does not occur, but c-chloroethyldiethylhydroxsilane is

formed instead:

(:i'1(;iJ(:I(C2Hs)2SiC -, NiOIH I aCCI(CH&)2SiOH + NaCI

Under the action of methylmagnesium bromide on i-chloroethyldiethylchlorosilane

cx-chloroethyldiethylmethylsilane is formed. A weak aqueous solution of alkali

easily hydrolyzes 0-chloroethylchlorosilano, with cleavage of the P-chloroethyl

group. ¥-chloropropyldiethylchlorosilane occupied an intermediate position, with

respect to resistance to hydrolysis, between the a- and P-chloroethyldiethylchloro-

silane.

It has also been found that the addition of a halogen atom to an aliphatic radi-

cal attached to a silicon atom in turn exerts an influence on the behavior of the

silicon atom and of the atoms attached to it. This is manifested particularly in the

fact that the a-haloalkyldialkylsilanols formed on the hydrolysis of a-chloroalkyl-

dialkylchlorosilanes are more difficultly converted into siloxanes (Bibl.124). This

influence of the halogen is more substantially expressed in the modification of the

stability of the Si-C bond against the action of alkali. On adding to the radical,

a halogen and certain other substituents, particularly electrophilic ones, make the

Si-C bond unstable not only to the hydrolytic action of an alkali, but even to the

Rtion of water. Such substituents include, besides halogen, the nitro and amino

t:rni>; c,.-rt.'ined in phenyl radicals (Bibl.132).

1e,, ,',e of the influence of a halogen in alkyl radical on the strength of
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the Si-C bond depend on its position with respect to the silicon atom. The intro-

duction of a halogen atom into an aliphatic radical in the p-position leads to a

sharp decrease in the stability of the Si-C bond. A halogen atom in the y-position

weakens the Si-C bond to a smaller extent, and a halogen atom in the a-position has

still less of an effect in modifying the stability of the Si-C bond.

A halogen has an appreciable influence on the strength of the Si-C bond in

a -haloalkylhalosilanes only in the a-halomethyl derivatives (Bibl.133).

Thus the chloromethyl derivative silanes, being stable against the action of

acids, undergo quantitative cleavage of a-chlorinated alkyl bonds under the action

of such reagents as a strong solution of alkali, NaCN solution, and even water (in

the case of trichloromethyltrichlorosilane), forming the corresponding hydrolysis

products. Thus the presence of a chlorine atom in the methyl radical weakens the

bond between the silicon and the organic radical. In this case, with increasing de-

gree of chlorination of the radical, and accordingly also with increasing electro-

Dositivity of the carbon atom, the tendency of compounds to such hydrolysis appreci-

ably increases. Thus, CI3 CSiCl 3 , on hydrolysis by water, is completely broken down

with formation of chloroform and silicic acid. The monochlorinated methyl groups

are more firmly attached to the silicon atom, but they likewise undergo cleavage,

with formation of methyl chloride (when the compounds are boiled with an alcoholic

solution of alkali).

The influence of a halogen atom in the alkyl group in the P-position with re-

spect to the silicon atom on the stability of the Si-C bond will be seen from the

following examples.

Titration of 0-chloroothyltrichlorosilane (Bibl.50) with an 0.5 N solution of

NaOH in 4,C% aqueous ethanol leads to the quantitative cleavage of the alkyl radical:

CICHtI3CHSiCI, + 4NaOH ---- * CH--CH, + Si(OH), + 4NaC

Under the action of an ether solution of methylmagnesium bromide on [-chloro-
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ethyltrichloxxosiane (Bibl.78), on heating 3 hours over a water bath, ethylene and

tetramethylsm-eme in 54% yield is formed:

CICHCHSiCI, + 4C1U&MgBr --- * CH2=CH2 + Si(CH,). + 4MgCIBr

When O.,JA:broethyltriethylsilane reacts with 7.6 mols of ethylmagnesium bromide

tetraethylsiztue in 5C% yield is formed.

A.D.PetT'has shown that 0-chloroethylalkylsilanes enter into reaction with

alkylmagnesiul halides without appreciable cleavage of the halogen (Bibl. 221).

Cautious Erolysis of 0-chloroethyltrichlorosilane by pouring an ether solu-

tion of it, pgjeeared from 100 g of the product and 300 ml of ether, onto a mixture of

200 g of ice rmd 500 g of water, with stirring, over the period of 1 hour, followed

by distilling0:off- the ether from the hydrolysis product, makes it possible to pre-

serve the O-Ciralkyl group at the silicon atom. The brittle polymer so obtained

is easily decqxuesed in the cold under the action of aqueous alkali:

(CIC2HjSiO1.)x -- xNaO-I=xCH + xNaCI + xH,O + (HOSiO 2 s)1

When 01t' ropropyltrichlorosilane reacts with 4C% aqueous-alcoholic alkali,

cleavage of pzop-Lene takes place (Bibl.22):

CHs C HCICH2SiCI. + 4NaOH --- CL ,CHCH, + Si(OH) 4 + 4NaCI

Under thoo lme conditions, 0-chloroethyldiethylchlorosilane and 0-chloroethyl-

fluorosilane (81b2I.130) split off ethylene:

CIjXHaC'HzSi(CH5) 2X + 2NaOH .... CHICH2 + NaCI + NaX + (C2H,)2SI(OH);

The reaco-n proceeds to 98% of completion.

A similarr roaaction with 1.25 N aqueous alkali proceeds to 87% of completion.

3-chloro0 etkWdiethylchlorosilane and 0-chloroethyldiethylfluorosilane react

with methylmaseeAum bromide as follows (Bibl.82):

F-TS-9191/V



CICHsCHsSi(CH6)jX -- 2CH3MgBr -- CHs-CH2 + (CsH3)tSi(CH,), + MgCIBr + MgHi \

The yield of diethyldimethylsilane is respectively 57.5% and 59%.

When 33 g of 0-chloroethyldiethylchlorosilane is added to a mixture of 150 g of

pentane and 5 g of aluminum chloride, over a period of 1 hour, the following reaction

takes place:

CIC 2H&SiCi(C 2HI)2 ..... (C2H&)2SiClg + CH,=CH2

Rectification of this mixture yields 21 g of diethyldichlorosilane. In the cor-

respondong reaction, 3-chloroethyldiethylfluorosilane forms not diethylfluorochloro-

silane, but diethyldichlorosilane in 71% yield.

CICH,CH 2-Si(C 2 1),F + AICI,-(C:Hs)gSiCI, + CHICH, + AICI2F

Tert-chlorobutyltrichlorosilane (Bibl.19) reacts with a 33% aqueous solution of KOH

to form isobutylene in 94% of theoretical yields

CHCI(CI,),C-SiC, + 4KOH = C1 12=C(CH 3), + Si(OH), + 4KCi

When tert-chlorobutyltrichlorosilane reacts with water, isobutylene is also

formed in 26% of theoretical yield:

The a, 0-polychlorosilanes react similarly with alkali:

CIgCHCCISiCI3 -,- 4NaO I = Si(OI 1), + CHCI=CCI. + 4NaCI.
CisSiCHCICI ICISiCl3 + 7NaOH = Si(Ol I)4 + CHCI=CHSi(OH)s + 7NaCI

It will be clear from this example how unstable is the bond between the silicon

atom and the aliphatic radical with a chlorine atom in the O-position with respect

to the silicon. The ease of cleavage of the radical is undoubtedly due to the fact

that the silicon atom is more electropositive than the carbon atom. The process of

cleavage of the radicals is related to the passage of electrons from the silicon atom,
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and, for example, for the case of aluminum chloride, this process probably takes

place according to the following mechanism:

*-Si-t 2CIi.Cl + AICI. -SiCHCH + AICI-

--Si-( -cI I ~ ) ( C71. - -Si +

Si+ AIC!I > -Si( I %1( 1:
I I

The transition of electrons is facilitated owing to the presence of such nucle-

ophilic groups as the hydroxy or amino groups. It is with this that the ease of

cleavage of the radical in the hydrolysis of the chloroalkylchorosilane is connected,

ac well as the ease of cleavage of the chloroalkylaminosilanes:

R R
I I

R-Si-CHsHsCI+X- XSi-R + (CH2CH2CI)-
I R
R R

I I(CHSCH2CQ) -- CHS-CH, t-CI-

R R

where X is a hydroxy or amino group. If there are no nucleophilic groups in the re-

action medium (for instance on the decomposition of tetra-substituted silanes witn a

chlorine atom in the 0-position), the process proceeds incomparably more slowly,

I
and the -Si-C bond proves to be more stable.I

Another interesting example is the reaction between 0-chloroethltrichlorosilane

and quinoline. Owing to the inability of a tertiary base to form a negative ion, the

I
-Si-C- bond is preserved, and as a result of the reaction, even at an elevated teamp-
I

erature, an alkylhalosilane with an unsaturated radical is formed:
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CICjH 4SiCI, + CH,N ---- o CH--CH-SiCI, + CH,N.IICI

Interesting observations were made in a comparison of the resistance of a and

0 -chloroethyltrichlorosilane to pyrolysis and to the action of quinoline (Bibl.134).

The portions of the chloroethyltrichlorosilane taken for the reaction was 110 g in

each case. The results of the study were as follows:

CH3 OHO iC3 CH2ClCH2SiCl 3

Reaction with Quinoline

Starting product, g 110 110

Yield of SiCl, g 7.3 1.7

Yield of CH2 - CHSiCl 3 , g 10.8 38

Residue of starting product, g 1,6 9

Pyrolysis at 610PC

Starting product, g 110 110

Yield of SiCl4, g 6.5 37

Yield of CH2 - CHSiC13, g 17.5 16

Residue of starting product, g 44.5 11

It is clear from these data that 0-chloroethyltrichlorosilane is a more reac-

tive compound than a-chloroethyltrichlorosilane.

Ethyltrichlorosilane and vinyltrichlorosilane under similar conditions are

stable; P, y-dichloropropyltrimethylsilane forms trimethylchlorosilane and allyl

chloride, while 0-bromopropyltrimethylsilane, at temperatures over 1O°C, forms

propylene and trimethylbromosilane.

The behavior of a, 0-dichloroethylene under the action of a high temperature

and of quinoline have also been studied in detail.

The results of this work are shown in the following diagram:
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The pyrolysis of a, (-dichloroethyltrichlorosilane leads to the formation of

hydrogen chloride, SiCI 4 , and a mixture of a- and 0-chlorovinytrichlorosilanes.

Vinylchoride is not formed on this reaction. The addition of bromine to a mixture

of chlorovinyltrichlorosilanes leads correspondingly to a mixture of dibromochloro-

ethyltrichlorosilanes.

It was shown earlier that if two atoms of a halogen (chlorine and bromine) are

in position 2 with respect to the silicon atom, then in the process of the halogena-

tion, the cleavage of the bromine takes place more readily than that of the chlorine.

When the mixture of dibromochloroethyltrichlorosilanes so obtained was treated with

bases, l,l-chlorobromoethylene was formed (and rapidly polymerized under the reaction

conditions), together with l-chloro-2-bromoethylene, which did not polymerize. Al-

though the above mentioned bromochoroethylenes were not liberated as individual

compounds, but was obtained in mixtures of other products, these data point precisely

to such a mechanism of the process.

In contrast to pyrolytic cleavage, the treatment of dichloroethyltrichlorosilane

with quiroline leads to the formation of SiCl 4 and 1-chlorovinyltrichlorosilane. The

isomeric product, that is, 2-chlorovirltrichlorosilane, was not detected, although

its formation was to be expected as well. The pyrolysis of 1-chlorovinyltrichloro-

silane led to the formation of SiC14  acetylene, and, to a certain extent, the start-

ing material remained unchanged. On the cleavage of the organic radical by the

action of aqueous alkali, vinl chloride was formed, which was identified in the

form of 1,l-chlorobromo-2-brcoethane. The position of the chlorine in 1-chloro-

vinyltrichlorosilane was determined by addition of bromine and treatment with alkali,

as a result of which a certain amount of 1-bromo-l-chloroethylene was obtained.

Pyrolysis of 1,l-chlorobromo-2-bromoethyltrichlorosilane gave a mall amount of

SiC1 4 , of the original compound, and of a halovinyltrichlorosilane of unknown struc-

ture°

Addition of chlorine to 1-chlorovinyltrichlorosilane gave 1,1,2-trichloroethyl-
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trichlorosilane. Its structure was demonstrated by cleavage of vinylidine chloride

under the action of alkali. Pyrolysis of 1,l,2-trichloroethyltrchlorosilane at

610°C led to the formation of SiCl 4 and of symmetrical dichloroethylene.

Pyrolysis of 1,,2-trichloroethylchlorosilane, in a medium of trichloroethylene

as diluent, led to the same results. Cleavage of HC1 by the aid of quinoline also

led to the formation of SiC1 and 1,1-vinlyidine chloride, identified in the form of

i, l-dichloro-I •2-dibromoethane.

1,2-dichloroethyltrichlorosilane may possibly also be an intermediate product

in the reaction between trichlorosilane and sym-dichoroethylene:

CICHmCHCI + HSICI. > CICHjCHCISiCI.

The heating of a mixture of cis- and trans-l,2-dichloroethylnes with trichloro-

silane led to the formation mainly of 2-chlorovinyltrichlorosilane, possibly with an

admixture of a small amount of 1-chlorovinltrichlorosilane. As a result of the

addition of bromine to the pyrolysis product of the compound so obtained, 1-bromo-

2,2-chlorobromoethyltrichlorosilane was formed, and broke down under the action of

alkali with the formation of 1-chloro-2-bromoethylene. When a mixture of vinylidine

chloride was reacted with trichlorosilane at a high temperature, 1- or 2-chloro-

vinyltrichlorosilane in very low yield was obtained. Compounds containing unsatu-

rated and saturated radicals attached to the silicon atom were obtained by the

action of the corresponding organomanesium compounds on allyl- or vinyltrichloro-

silane. Thus, phenylvinyldichorosilane, bensylvimyldichlorosilane, allyipheryldi-

chlorosilane, etc, were prepared (Bibl.60),

As already stated, the chlorine atom in the y-position also weakens the bond

between the alkyl radical and the silicon atom, but this influence is considerably

less pronounced than it is in the O-chloroalkylchlorosilanes. Thus, for instance,

the titration of y-chloropropyltrichlorosilane with 0.5 N alcoholic alkali leads to

the formation of a hydrolysis product that completely preserves the chloropropyl
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group, but heating with alkali leads to the cleavage of cyclopropane:

/CH2

CICHCHtCHSICI. + 4KOH..CH. Si(OH)4 + 4KCI

Hydrolysis of Y-Chloropropyltrichlorosilane. To a solution of 38 g of KOH in

100 ml of absolute ether, 2L.6 g of y-chloropropyltrichlorosilane is gradually added.

After the addition has been completed, the mixture is heated under a reflux condenser

a solution of 28 g of dry KOH in 150 ml of water is added to it, and the mixture is

again boiled. During the process of reaction, 910 ml (91%) of gaseous cyclopropane

is collected.

The unsaturated alkylchlorosilanes containing a chlorine atom in the P-position

are more stable compounds than the corresponding saturated compounds (Bibl.138); thus

, 0-dichlorovinyltrichlorosilane, on reacting with aqueous alkali in the cold, does

not split off the organic radical:

CI*C-CHSiCI3 + 3NaOH - - CIICCHSi(OH)a + 3NaCI

On reactions vith organomagnesium compounds, the Si-C bond likewise ruains

intact:

CIsC-CHSiCI + 3C+MigBr - -- ' CCI,.CHSi(aC,), + 3M9CIBr

Heating with alkali does cause cleavage of the Si-C bond:

CIsC-CHSiCI, + 3KOH + HsO -- CIC-CH, + Si(OH)a + 3KCI

Hydrolysis of Dichlorovirltrichlorosilane. To a solution of 300 g of caustic

potash in 700 ml of water, llk g of dichlorovinyltrichlorosilane is added, the mix-

ture is heated a few minutes, and the dichloroethylene is then distilled off with

steam. a, -dichlorovinyltrichlorosilane reacts similarly.

The process of cleavage proceeds by a mechanism similar to that described above
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for the saturated chloroallcylchlorouilanes; and the attachment of a nucleophilic

hydroxyl ion plays a substantial role here as vel.e

Dichlorovinyltrichlorosilane reacts with othylmagnesium bromide to form di-

chlorovinyltriethylsilane:

CICH=CCSiC 2 + 3C2H&MgBr -CHC=CCSi(C2H 8 ),j + 3MgCIBr

In this case as wel. the inertness of the chlorine atom at the double bond manifests

itself. It should be remembered that under the action of ethyluiagnesium bromide and

1-chloroethyldichlorosilane, cleavage of the molecule takes place, liberating ethyl-

en.:

C1CHs-CHvSaCI. + 4CH&MgBr Si(C1H,)4 + CH2..CF1, + 4MgCIBr

Chemical properties of the polychloromethylsiloxanes. To study the behavior of

the chlorinated polymethylsiloxanes, heptamethylchloromethlcyclotetrasiloxane,,

pentamethylchloromethyldisiloxane, and tetramethyl-l, 2, -bis-dichloromethyldisiloxmne

were prepared.

Preparation of Chlorinated Polyuiethylsiloxanes * Heptamthylchloromethylcyclo-

tetrasiloxane was prepared by direct chlorination of octamethylcyclotetrasiloxane by

chlorine under ultraviolet irradiation. Direct chlorination of hexamethyldiuiloxane

did -ot lead to a positive rest.t Instead of the expected product, pentamethyl-

chlorcmethldisiloxane, an equilibrium system was formed by the reaction:

(C[43)$SioSi((113) 3 + 2HCI H2 0 2(C11f')3SiC1

Pentamethylchlorothyldisilxmne was then prepared by cohydrolysis of dimethyl-

chloromethylchlorosilane with trimethylchlorosilanee

Tetramethyl-l,2-bis-(dichloromethyl )-disiloxane was obtained as a result of the

hydrolysis of dimethyldichloromethylchlorosilane. When these products were boiled

with water or with aqueous dioxane, they remained unchanged. If these products are
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boiled instead with a solution of caustic potash in butanol, hydrolysis does take

place, with cleavage of methyl chloride. A hydroxyl group takes the place of the

chloromethyl group, and this hydroxyl group under the reaction conditions, forms a

siloxane bond. When the cleavage reaction is conducted with certain precautions, it

is possible to liberate from heptamethylchloromethylcyclotetrasiloxane a substance

with a structure of two rings with four silicon atoms in each, connected by a silox-

ane bridge.

The second product formed under the action of aqueous alkali on heating, like-

wise splits off methyl chloride. The third product splits off methylene chloride

only when heated with an alcoholic solution of alkali. Experiments to determine the

relative rates of hydrolysis of the first and third products under the action of a

10% solution of caustic potash in a medium of butanol showed that the first product

is 885 hydrolyzed after 15 minutes, while the third product is 80% hydrolyzed. Even

such weak bases as an alcoholic solution of ammonia split off the chloromethyl

groups. For instance, pentamethylchloromethyldisiloxane, on standing with a weak

solution of ammonia, forms pentaniethyldihydroxjdisiloxane. Methylchloride is liber-

ated at the sam'e time. Or boiling pentamethlwchlororethyldisiloxane with an alco-

holic solution of sodium cyanide, an insoluble -el is formed.

The chlorine atoms in the organic radicals of the hexaalkyldisiloxanes may be

replaced by various functional groups. When metallic magnesium reacts with penta-

methylchloromethldisiloxane in an ether solution, organomagnesium compounds are

formed, which decompose on treatment with solid carbon dioxide to form the magnesium

salt of acetoxyrethylpentamethyldisiloxane, from which the free acid may be liberated

by acidifying the reaction mixture. The product is recrystallized from pentane to

purify it. The yield is 85% of theoretical (Bibl.134):

(CI1)3 ISOSi(C-.i.) 2 (1 2CI+Mg - (C-13) 3SiOSi(CH3),CHMgCI --
CO

(CI Ia)3SiOS(CH 3)fI-i2C (X) gCI ..... (CI' )SiOS(CIa)C CI2COO I I + MI I
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When pentamethylchloromethyldisiloxane is boiled with a small excess of potas-

sium acetate in an equal volume of glacial acetic acid, acetoxymethylpentamethyldi-

siloxane is formed (Bibl.135).

(CH3 )3SiOSi(CH3 )2CH.CI + CI I3 COOK ... KCI + (CH,)3SiOSi(CH$) 2CHjCOCH,

At the same time, as a result of rearrangement, hexamethyldisiloxane and sym-l,2-

acetox'methyltetramethyldisiloxane are formed. The yield of the main reaction pro-

duct is 5C%. When potassium acetate and 1,2-chloromethyltetramethyldisiloxane react

under similar conditions, 1,2-acetoxymethyltetramethyldisiloxane is formed in almost

quantitative yield.

Hydrolysis of Alkvl-(Aryl)-Chlorosilanes and Haloalkyl-(Haloarvl)-Chlorosilanes

Under the action of water on alkyl- or arylchlorosilanes, hydrolytic cleavage

of the chlorine atoms takes place, with formation of unstable intermediate products

of hydrolysis: trialkyl-(aryl)-silanols, dialkyl-(aryl)-silanediols, and alkyl-(aryl*

silanetriols; in the monomeric form, trialkylsilanols, dialkyl- and diarylsilane-

diols, phenylsilanetriols, and dichlorophenlsilanetriol are known.

RiSiCI + H12O -• RSiOtI + HCi I
RrSiCI2 + 2H0 .... RtSi(OH)t + 2HCI

!RSiCIs + 3HO - -> RSi(OH)s + 3HCI

In the presence of HCl, hydrolysis always leads to the formation of condensa-

tion products: in the first case, of disiloxane, in the second case, of linear or

cyclic polysiloxanes, and in the third case, of branched polysiloxanes (Bibl.133).

The velocity of hydrolysis of the alkylchlorosilanes is so high that the pro-

ducts of partial hydrolysis and condensation

R R R
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can be prepared only when special methods are used. The composition and properties

of the polymeric products formed as a result of hydrolysis depend to a considerable

degree on the reaction conditions, the acidity of the medium, the presence of a sol-

vent, its polarity, etc. Thus, for instance, on the hydrolysis of methyltrichloro-

silane by ice water or steam in the presence of a solvent, an infusible amorphous

substance of the empirical composition (RSiOl,5)n is formed. If the hydrolysis of

methyltrichlorosilane is conducted by gradually pouring it into an emulsion of water

and butanol, with good stirring, a viscous resinous substance soluble in organic

solvent is formed, and when heated for a short time at 1500C this substance loses

its fusibility and solubility in inorganic solvents. Such a difference in the prop-

erties of the products formed as a result of almost the same chemical processes may

be explained by the view that, on the introduction of the methylchlorosilane into

the water-alcohol emulsion, three processes, competing among themselves, take place

simultaneously in the system water-methyltrichlorosilanebutanol, and that the veloc-

ities of these reactions differ substantially from each other (Bibl.139):

CHSiCI. + 3H,() (I.Hi(OH), -t- 3HCI

-j CHSKO),,h,(i

CHsSiCls + 4HOH - CHsSi(OC4H)s + 3HI (2)
,:H,Si(OCH,), + 3HO ---- CHSi(OH)a + 3C4HoOH (

_ _________ (.CHSiojo,

While the velocities of the first two reactions are close together, the third

reaction proceeds considerably more slowly. As a result, this process proceeds

according to the following mechanism:

S /,OH
CHwSiCIs -- 2H&) + (:4HOH - CHsSi-OH + ;1(I

Lj

CHS -OH ~ H-Si- -o-si- -0--OH

OC4H_ CH$: OCHO- s-2 AQIH.

The number of butoxy groups in the polymer is determined by the ratio between
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the amounts of methyltrichlorosilane, water and butanol taken into the reaction. In

practice, their content in the polymer ranges from 0.1 to 0.3 to each sili on atom.

Their fundamental significance, however, consists in the fact that, by blocking some

of the points where hydroxyl groups can be formed, the butoxy groups hinder the pos-

sible growth of the molecule in the transverse direction.

Similar phenomena take place in the hydrolysis of methyltrichlorosilane by an

aqueous solution of alkali taken in excess (for instance, 4 mols per mol of ethyl-

trichlorosilane). In this reaction, the sodium atoms act as the blocking factors,

forming silanolate groups in the polymer, which prevent the growth of the molecules

in the transverse direction.

CHI CH, - CHI
HO-ii- _Si- -- O-Si-OH

N L- O Na _-2-  &

The influence of the polarity of the solvent on the process of hydrolysis of

alkylhalosilanes has been investigated only in the general form. On the hydrolysis

of alkyltrihalosilanes by water in the absence of active solvents, ether, dioxane,

or alcohols, infusible and insoluble polymeric products are formed in the shape of

amorphous precipitates. The presence of inert solvents, benzene, toluene, etc, has

no effect on the properties of the product obtained. Since the primary product of

hydrolysis, the alkylsilanetriols, are substances readily soluble in water, alcohols,

and ethers, the process of condensation of the monomeric molecules, in the absence

of active solvents, proceeds at high velocity in the aqueous phase, and the polymer

so formed is thrown down as a precipitate.

In the presence of active organic solvents, which dissolve both monomeric and

polymeric products, the condensation takes place in the organic layer, in a homo-

geneous medium, which excludes the possibility of precipitation. For practical

purposes, mixtures of active solvents, alcohols or ether, with inactive aromatic

hydrocarbons, are used in the hydrolysis of alkyltrihalosilanes. The properties of

the polymers also depends on the functionality of the system causing the condensation.
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The resins forred on the hyrdrolysis and condensation of alkyl- or aryltrichloro-

silanes are of the structure (P~bl.lLO, 141):

R R
- I I

O-Si -0-S i---
I I
0 C)
I I

The presence of oxV -en bridges between the chains is responsible for the form-

ation of infusible, insoluble polymers by even a brief thermal treatment.

'.ith increain- number of organic radicals per silicon atom, the capability of

the polymers to pass into the infusible and insoluble state is lessened: on conden-

sation of bifunctional molecules, only linear or cyclic polymers are formed. On the

hydrolysis and condensation of monofunctional molecules of the type R3SiCl, dimers

are formed, low-molecular compounds of the type R3SiCSia3. In themselves, these

products are not of great interest, but the reaction of cohydrolysis and cocondensa-

tion of bifunctional or trifunctional molecules with monofunctional ones make it

possible to obtain polymers with a different and predetermined chain length, depend-

ing on the molecular ratios of the component taken into the reaction. On cohydroly-

sis and cocondensation between phenyltrichlorosilane and a dialkyldichlorosilane,

resins are formed which have a higher elasticity than the resin formed on the hydroly-

sis and condensation of phenyltrichlorosilane alone. An investigation of the

structure of these resins shows that the number of cross-linking bonds between the

polymer chains in the former case is smaller than in the latter case. It is this

circumstance that leads to the increased elasticity of the resins. The structure of

the resins obtained by cohydrolysis and cocondensation may be schematically expressed

as follows:

R R'

I I
O R'

A special classification must be reserved for the resins whose molecular chains
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are built up of alternating siloxane and hydrocarbon units, as, for instance.

R R R
I I I0- Si-H.--Si-O- Si-CH --
I I
R R R

Such polymers have not yet been well studied, but their structure allows us to

expect them to combine the properties of organic and organopolysiloxane resins.

The velocity of the condensation reaction depends on the concentration of the

hydroxyl groups in the condensing system, on the temperature, and on the character

and number of the organic radicals attached to the silicon atom. Thus, for instance,

monomeric orthosilicic acid is known only at temperatures below -20C, while for the

complete conversion of orthosilicic acid to the condensed state, (SiO2)n, prolonged

heating at lOCPC is necessary. Similarly, the initial stage of condensation of

organosilicon monomers proceeds so rapidly that only C6H5Si (OH)3 and Cl 2 C6 H3 Si(HO) 3

are liberated from compounds of the type RSi(OH)3 (Bibl.19). As in the case of

orthosilicic acid, it is very difficult to remove the last hydroxyl groups from

polymers with a rather long chain, and the use of energetic dehydrating agents, such

as sulfuric acid, esters of boric acid, etc, is required for this purpose. Compounds

of the type R3 SiOH are considerably more stable and may be distilled under atmos-

pheric pressure without any signs of condensation.

The size of the organic radical attached to the silicon atom also exerts a sub-

stantial influence on the velocity of the process of hydrolysis and condensation.

As a rule, the velocity of the condensation reaction decreases with increasing mole-

cular weight of the organic radical. At the same time, owing to the enlargement of

the organic part, the heat resistance of the polymer is somewhat lowered. The poly-

phenylsiloxane resins are an exception to this rule, being distinguished by high

thermal stability and resistance to oxidation by the oxygen of the air at elevated

temperatures.
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Hydrolysis of Monofunctional Compounds

Monofunctional compounds of the type "3SiX, as stated above, have no independ-

ent practical importance for the preparation of organosilicon polymers, but are used

to form polymers of a definite structure and composition by their cocondensation

with di-, tri-, and tetra-functional compounds.

The trialkylhalosilanes are readily hydrolyzed by water, forming hexaalkyldi-

siloxanes. The trialkylfluorosilanes are considerably more stable, and are hydrolyz-

ed more slowly than other halo-derivatives (Bibl.lL2, 143). The first representative

of the class of hexaalkyldisiloxanes, hexamethyldisiloxane, is formed on hydrolysis

of trimethylchlorosilane in an acid medium (Bibl.144 , 145, 146):

2(CH,)$SiCI + HgO -* (CH.)sSiOSi(CH,), + 2HCI

Hexamethyldisiloxane is a liquid of boiling point 1000C, partially soluble in

water. The siloxane bond in the hexaalkyldisiloxanes is weakened in some degree by

the presence of three organic radicals attached to the silicon atom. The reverse

transition from hexamethyldisiloxane to such trimethylhalosilanes as (CH3 )3SiF and

(CH3 )3 SiCl may be accomplished by the action of anhydrous hydrogen halides in the

presence of concentrated sulfuric acid. Ammonium fluoride or chloride or the cor-

responding sodium salts, which liberate the hydrogen halide on reaction with sulfuric

acid, are usually used in practice for this purpose (Bibl.36, 137# 139).

Preparation of Trimethylfluorosilane from Hexamethyldisiloxane. To 196 g of

strong sulfuric acid 81 g of hexamethyldisiloxane is added with stirring and ice

cooling. Then the reaction mixture is slightly warmed on the water bath and 48.1 g

of aummonium chloride is gradually added. The trimethylfluorosilane liberated is

caught by ether (Bibl.146).

Preparation of Trimethylchlorosilane from Hexamethyldisiloxane. To a mixture

of 324 g of hwaethyldisiloxane and 1000 g of concentrated sulfuric acid, 321 g of

dry finely ground amonium chloride is gradually added over a period of 3 hours,
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at CPC. After all the NH4Cl has been added, the upper layer is removed as rapidly

as possible and fractionated. The yield of trimethylchlorosilane is 85% of the

theoretical.

HBr is a weaker halogenating agent, and in addition is slightly oxidized under

the action of concentrated sulfuric acid. It is therefore advisable to effect the

reverse transition from hexamethyldisiloxane to trimethylbromosilane under the action

of phosphorus tribromide instead (Bibl.147).

Preoaration of Trimethylbromosilane from Hexamethyldisiloxane. In a hermetic-

ally sealed vessel 163 g of hexamethyldisiloxane, 459 g of phosphorus tribromide,

and 1 g of ferric chloride are mixed. The mixture is allowed to stand for 20 hours,

and is then fractionated. The trimethylbromosilane passes over at 79.9 0 C (754 im).

The yield is 73% of theoretical.

Hexaethyldisiloxane is formed on hydrolysis of triethylhalosilanes (Bibl.148,

149), in the presence of the acid formed during the reaction:

2(qC I1),SiCI + H0 4 (CH&),SiOSi(CjH&), + 2HCI

Hexaethyldisiloxane is a mobile liquid, boiling point 2330C, insoluble in water,

which readily reacts with HC to form triethylchlorosilane:

(CsH6)3SiOSi(CHs), + HSO4 + 2NHCI - -) 2(C2H.).SiCI + (NH4)O + HO

Preparation of Triethylchlorosilane from Hexaethyldisiloxane, To 275 ml of cold

concentrated sulfuric acid, 265 g of hexaethyldisiloxane is added. Then 175 g of

amonium chloride is added over a period of 2 hours, with stirring, to the mixture

so obtained. The mixture is stirred for another hour; then the upper layer is sep-

arated from the sulfuric acid and fractionated. The triethylchlorosilane passes

over at l1 4 °C (735 mm). The yield is 86% of theoretical (Bibl.149).

The reaction of hydrolysis of trialkylhalosilanes takes place with the formation

of trialkylsilanols, at first, and then of hexaalkyldisiloxanes:
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2R3SiX Z 2RSiOHI 0 RSiOSiR,

Depending on the character of the organic radical, and also on reaction con-

ditions-the acidity of the medium, the temperature, the concentration of by products

,.he equilibrium may be shifted toward either side.

Triethylchlorosilanes, in contrast to trimethylchlorosilanes, is not hydrolyzed

,-,der the action of fuming HCl. On hydrolysis of trialkylhalosilanes in a neutral

or alkaline medium under proper conditions (low temperature, presence of a solvent),

an appreciable quantity of trialkylsilanols is formed, whose yield rises with in-

zreasing size of the organic radical attached to the silicon atom.

On the hydrolysis of trimethylchlorosilane by an aqueous solution of ammonia,

hexamethyldisiloxane is the principal product. Tripropylbromosilane (Bibl.150,151),

-ider these conditions forms a mixture of tripropylsilanol and hexapropyldisiloxane,

while the principal reaction products in the hydrolysis of tributylchlorosilane or

triisoamylbromosilane are the corresponding trialklsilanols (Bibl.152, 153).

Tricyclohexylchlorosilane, (C6 Hll) 3 SiCl, in contrast to the other trialkylchloro-

silanes, is not hydrolyzed by water or dilute HC1. Its hydrolysis may be accomplish-

d by the action of a boiling alcoholic solution of caustic potash. The only product

of the reaction will be tricyclohexylsilanol, and no disiloxane will be formed.

The low reactivity of tricyclohexylchlorosilane is probably due to steric hind-

rance due to the presence of three cyclohexl groups attached to a single silicon

atom (Bibl.15). Mixed trialkyl-(aryl)-halosilanes containing aromatic radicals, on

hydrolysis in an acid medium, form silanols, which spontaneously undergo condensation

on standing, and also under the action of dehydrating agents or of strong acids (HC

dissolved in glacial acetic acid, HNO3, P205, ZnCI2, CH3COC1 etc) (Bibl.155). The

velocity of hydrolysis of triarylhalosilanes depend on the concentration of hydroxyl

ions. The hydrolysis of triphenylfluorosilane by a 50% solution of water in acetone

proceeds in an alkaline medium approximately 106 times as fast as in an acid medium
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(Bibl.156). These data allow us to postulate that the process of hydrolysis of tri-

phenifluorosilane is connected with the formation of a complex containing a penta-

covalent silicon atom:

R  R

R RR

The siloxane bond in hexaaryldisiloxane is easily disrupted under the action of boil-

ing alcoholic solutions of caustic potash, forming triarylsilanolates, which on

acidification form silanols, which then undergo condensation of disiloxanes:

(Cd [ 5)sSiOSi((.IH)j + 2KOH .-... 2(CI-,)8SiOK - I-I.ou
2(CH.,),sSiOK + 2HCI . 2KCI -t- 2(CHI,),Si(II + (C.I{i)SiOSi(Ci, , -f-t,

Hexaalkyldisiloxanes are liquids, hexaaryldisiloxanes are crystalline substances

readily soluble in organic solvents. The hexaalkyldisiloxanes are stable at high

temperatures, and can be distilled under atmospheric pressure without decomposition.

They are also stable against the action of alkalies, but when heated with an aqueous

solution of NaOH under pressure, they are decomposed with the formation of methane

and sodium silicate.

kCII 3 )sSiUSi(CHs) .- 4NaOtI -f FIO 3- 2Na2SiOs + 6CH4

Preparation of Sodium Silicate. In 500 ml of a solution of NaOH, 0.5 mol of

hexamethyldisiloxane is dissolved. The solution so prepared is heated in an auto-

clave at 2000C. The yield of methane is 76% of theoretical.

When hexaalkyldisiloxanes are dissolved in concentrated sulfuric acid, the

siloxane bond is broken and an ester of sulfuric acid is formed: hexaalkylsulfonodi-

oxydisilane:

(CtHs)*SiOSi(CtH,), + HSO, ---.- HsO + (CHs)8Si0SOs6iCAH&)s
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Preparation of Hexaalkylsulfonodioxydisilane. A mixture of 99 g of hexaethyl-

disiloxane and 56 g of 20% oleum is stirred at room temperature for 30 minutes. Then

LO g of ammonium sulfate is added to the mixture, and it -1s again stirred at room

temperature for 2 hours. The hexaethylsulfonodioxysilane is extracted by pentane

from the reaction mass, the pentane is distilled off, and the residue is distilled

under reduced pressure. The hexaethylsulfonodioxysilane has a boiling point of

170°C (12 mm). It is partially decomposed on distillation (Bibl.lh2).

It was thought at first that this reaction leads at once to the formation of

neutral esters of sulfuric acid. Later investigations, however, showed that the

principal reaction product is trinethylsilane sulfate:

(CH).SiOSi(CF-.01 + 3H.SO4  . 2(CH,),SiUSOOH + H,0+ + (HSO4)-

Together with the trimethylsilane sulfate a small amount of hexamethylsulfono-

dioxydisilane is also formed, and is extracted by pentane from the reaction mass.

Owing to the removal of this substance by pentane, the equilibrium state is always

being shifted toward the side of its formation, and thus the trimethylsulfonosilane

gradually passes over into hexamethylsulfonodioxdisilane (Bibl.157).

Hexaalkyldisiloxanes containing functional groups in the organic radicals may

be prepared by hydrolysis of the corresponding trialkylchlorosilanes. On the co-

hydrolysis of dimethylchloromethylchlorosilane and trimethylchlorosilane, pentamethyl-

chloromethyldisiloxane is formed (Bibl.158):

CHx CH,

(CI-i,)- 1S1C + (CH)-,(H2,CISiCI -4 Hto - CH.,-i-O--i--CH, + 2HCl
I ICl-i, CHCI

Preparation of Pentamethylchloromethyldisiloxane. A mixture of 0.79 mol of

dimethylchloromethylchlorosilane and 0.79 mol of trimethylchlorosilane is gradually

added to 500 ml of water. The oil liberated is separated from the water layer,
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dried over anhydrous sodium carbonate, and fractionated. The pentamethyichioro-

methyldisiloxane passes over at 151.6-1518 0 .

In this reaction hexamethyldisiloxane and l,2-bis(chloromethyl)-tetramethyldi-

siloxane are simultaneously formed:

2(CH3)sSiCI + HNO -~(CHOAsiOSi(CHIsa + 2HC1
2(CH,)%CH,CISiCI + H20 -O (CHj)sCHaCISiOSiCH2C(CHs)s + 2HC1

l,2-bis-(chloromethyl)-tetramethyldisiloxane (Bibi, 160, 161J) distills at 201,-

20405 0C.

It is interesting to note that this comapound cannot be obtained by direct

chlorination of hexamethyldisiloxane, since tha "(01 liberated as a result of h

chlorination forms an equilibrium system withi the he.-axnetviyld:siloxaiue (ribU.25L&):

(CHa)sSiO6I(CHs)3 + 2HCI ±w H10 + 2(CH 3)3SICI

The chlorinated lerivlatives of c'!~ehY~zlozn eaiyn'trN ;~h1c ridec

whe heated wita an alcoholic sohtic cV akl..ei ~;eka aea

solutiorn of pctacsium cartcr-..Ltc in butanol, after' -l -4utes boln;w t te cor-

responding; chlorinated derivatives, ca-,se3 cleavac cf 0-9?C' oi; thei*r c!hlcron*-cth--

(CHs)*SIO~i(CHs)tCHtCI + Ht0 (CHs)$SiOSi(CH,)2OH + CH.CI
(C1iI.)2(CHC 3)S1OS1(CH,)2(CHCI,) + 2HO HO(CH#)tSiOSi(CHs)%OH + 2CHILu,

The h.-droxysiloxarnes so forned undergo con( ensa'ticn under tho conditions o"' the re-

action, thus forn. k.oseric proa~uctb.

Hydroliysis of Bifunctional Comrounds

In the hydrolysis of dialkyldichiorosilanes, the initial reaction products are

dialkylsilanediols.

The process of condensation of the initial hydrolysis products, into pol.ymeric
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compounds still remains incompletely studied.

According to my own researches, the hydrolysis and condensation of the alkyl-

substituted esters of orthosilicic acid, as well as of alkyl- and arylchlorosilanes

(Bibl.139) with insufficient water, in a neutral medium, proceeds along the type of

a reaction of stepwise condensation. In an excess of water, and in an acid medium,

however (as shown by recent investigations), the process of formation of polyorgano-

siloxanes may take place not only according to the pattern of the condensation re-

action, but also according to the pattern of polymerization reactions. This hypoth-

esis is based on the results of a study of the processes of formation of polydi-

methylsiloxane elastomers from dimethyldichlorosilane. In these studies, I, in col-

laboration ,ith h . ..okolov,succeeded, by mass-spectrometric analysis, in establish-

ing the existence of a substance (Bibl.lO) which is formed in considerable amounts

both on formation and degradation of the polymers, namely dimethylsiliconez

CH,\

Consequently, polyorganosiloxanes in acid media may be formed not only as a result

of stepwise condensation, but simultaneously as a result of the polymerization of

the alkylsilicone molecules that are formed. The predominance of one reaction or

the other in the preparation of polyorganosiloxanes depends on the reagents taken in

the reaction, and on the process conditions. The polymerization reaction probably

predominates with the dialkylsilanediols, while the reaction of polymerization into

rings and their condensation is probably dominant with the alkyl- and arylsilane-

triols.

Since the molecules of the diallkylsilanediols and dialkylsilicones have two re-

active centers, the process of condensation and polymerization may proceed in two

directions, with the formation of linear (I) or cyclic (II) polyaneric compounds
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R R

R R Si

I1-S-4)--Si -0- -S-H0 0
I I /

R R \S R
_ R/ \ ,/P

0
I II

The ease of formation of cyclic compounds on condensation of the products of the di-

alkyldichlorosilanes is a characteristic feature of these compounds. While in or-

ganic chemistry, the five- and six- membered carbon rings are the most stable, in a

number of organosilicon cyclic polymers, the eight- merbered ring is apparently the

most stable.

R/! \

R\I _ R

In the six-membered ring

R R

S)-O Si R

\Si-O/ \R

R R

there are apparently considerable stresses. This is confirmed by the fact that under

the same reaction conditions the yield of polydimethylsiloxanes with six-membered

rings is always lower than with eight-membered rings.

A large number of papers have been devoted to the formation of the carbon rings

(Bibl.162). The original researches in this field led to the erroneous assertion

that only five- and six-membered rin~s coui exist. Subsequent research showed the

possibility of obtaining rings with 15-20 carbon atoms in the ring.

Carothers and Hill (Bibl.163), studying the process of formation of cyclic poly-

esters from dicarboxylic acids and dihydric alcohols, came to the conclusion that the

introduction of an oxygen atom into a carbon ring is a means of reducing the stresses

in a cyclic compound.
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The experience that has accumulated in investigating the processes of formation

of the carbon ring can be utilized in studying the chemistry of the cyclic organo-

silicon compounds. It should at the same time be noted that the theory of stresses

is applicable only to planar rings, such as, for example, the ring of benzene or of

hexamethylcyclotrisiloxane. The data obtained by X-ray diffraction studies of the

polysiloxanes show that the sixteen-membered ring of the octamer [(CH3 )2SiO]8 is not

of planar structure (Bibl.164 ). It must be concluded from this that the geometrically

calculated value of the valence angle in the ring is not the only factor determining

the ease or difficulty of ring closure.

A paper by A.Ye.Favorskiy (Bibl.165) devoted to the reversibility of the pro-

cesses of isomerization, is very interesting. In this work the author considers the

process of formation of cyclic compounds from the point of view of chemical thermo-

dynamics. It is well known that the transition of less stressed rings into more

stressed rings is observed in practice, although this is in direct contradiction with

the theory of stress. From the thermodynamics of chemical reactions, however, it is

well known that every reversible chemical system, under certain conditions, for ex-

ample, under the introduction of energy from outside, may be converted into a system

with a large supply of free energy. Thus the possibility of the formation of more

highly stressed rings depends mainly or the conditions under which the reaction is

conducted (Bibl.166). S.S.Nametkin (Bibl.167) states that the processes of formation

on stressed rings usually takes place under the conditions of high temperatures, or

pressures, or under high vacuum or when powerful chemical reagents or catalysts are

used. Under these conditions, the stress in the ring as the factor controlling the

process is not of decisive significance. The above propositions are well confirmed

by the example of the cyclic organosilicon polymers. Thus, for instance, on the

hydrolysis of dimethyldichlorosilane in an acid medium the main reaction products

are cyclic polymers of the composition [(C H3 )2 SiOln (with values of n from 3 to 9),

while the yield of the cyclic tetramer is maxium, amounting to 42% of theoretical.

F-TS-9191/V 542



Under these conditions the cyclic trimer is formed in the quantity of 0.5%. In case

the cyclic polymers are formed *y thermal depolymerisation of linear polydimethyl-

siloxane, the opposite picture is observed in vacuo. In this reaction the yield of

the cyclic trimer is 44% while the yield of tetramer falls to 24%. On the hydrolysis

of diethyldichlorosilane in an acid medium, cyclic polymers are formed, consisting

mainly of tetramer. An alkaline medium during hydrolysis favors the formation of

linear polymers. This may be explained by the fact that on the condensation of di-

alkylsilanediols in a weakly alkaline medium, formation of an equilibrium system of

the type:

R R R R1 4 1
HO-Sj-O--j--OH + NaOH - NOO-Si---Si-OH - H.)

R
III

is possible. The hydroxysilanolate structure (III) has the possibility of growth

primarily in one direction, owing to the blocking of one of the two hydroxyl groups

by a sodium ion. For this reason the formation of cyclic compounds is hindered. But

the disruption of the siloxane bond under the conditions of weakly alkaline hydroly-

sis under the action of a dilute aqueous solution of caustic soda is impossible.

Nevertheless, in consequence of the reversibility of this reaction, a certain quantity

of cyclic compounds (about 2C%) is formed even on hydrolysis in the presence of an

alkali. Besides this, polymers containing hydroxyl groups are also present in the

products of hydrolysis of dialkyldichlorosilanes. This is confirmed by the fact that

a certain quantity of water is always liberated on the distillation of the polymers.

Its formation can be explained only by the further condensation of the dihydroxypoly-

dialkylsiloxanes:

2IIO~j 1 -0 -0S I0-4 OJO + 0&
20--1 i . .-- 5i- -Si--()H ,---i- -- Si- -- i-H +HO)

R R R +2
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The tendency of linear dihydroxylpolydialkylsiloxanes to undergo further condensation

is determined by the elementary groups in the polymer (x). In this case, the greater

the number x, the mualler the tendency of the polymer to further condensation.

If the process of condensation of dialkylsilanediols proceeds in a concentrated

medium, where the frequency of mutual collisions between molecules is higher than the

velocity of intramolecular ring closure, then the condensation is directed toward the

side of the formation of linear high-molecular polymers. In the case of condensation

in dilute solutions, where the possibility of the collision between the individual

molecules is reduced, the process of formation of cyclic polymers is dominant. How-

ever, the presence of active solvents, which also block some of the hydroxyl groups,

may direct the process of condensation toward the formation of linear compounds, for

example, according to the mectelnism:

C1
RSiCi, + CH,OH - R,SI/ + HCI

2RSi/C1 + HsO - -' (C6HoO)RtSiOSIR(OCaH,) -r 2HCI
\OC.H*

The further hydrolysis of tetraalkyldibutoxydisiloxane leads to the formation

mainly of linear polymers.

The partial hydrolysis of dialkyldichlorosilanes likewise leads to the formation

of polymers of the linear structure:

R R R

R Rc

The formation of dichloropolydialkylsiloxanes is favored by a homogenous medium dur-

ing hydrolysis, and by the slow introduction of water into the solution of the di-

alkyldichlorosilane. The primary products of the hydrolysis of the dialkyldichloro-

silane may be converted into high-polymer substances by means of subsequent heating.
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Under these conditions, the increase in polymer chains length takes place on account

of the condensation of the individual molecules at the hydroxyl end-groups:

R RI R R
Sl-0i- -1-i- -(*II + t)I-- -- (-)-Si- -O(H ..

HRH

0_ II -- -- Si-- -O-Li-OH + HIO

During the process of condensation, the concentration of hydroxyl groups continuously

falls. The rate of reaction also falls accordingly. The water liberated by the

condensation reaction likewise slows the course of the reaction.

To accelerate the process of condensation, it is usually conducted at tempera-

tures of 150-200PC, and a stream of inert gas is blown, at the same time, through the

reaction mass to facilitate the removal of the water formed. For this same reason,

most compounds able to bind the water set free during the condensation also encourage

the acceleration of the process of condensation of organosilicon polymers. Such

compounds are sulfuric acid, anhydrous halides of iron, antimony, or tin, sodium

sulfate, triethanolamine, and esters of boric acid. Benzoyl peroxide and other oxi-

dants (Bibl.190) react by another mechanism.

The acceleration of condensation under the action of catalysts is caused by

processes which may be divided into four main groups:

1. The condensation itself, leading to the formation of siloxane bonds between

two Si-OH groups. Dehydrating agents catalyze this process.

2. Heteropolycondensation, accompanied by cocondensation between a substance

with a considerable number of hydroxyl groups (H3P03 )V and the hydroxyl groups of

the organosilicon polymer by the reaction:

-Si-OH + H(OH), + HO-i- ii 2HO

F 1H
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3. Degradative condensation, taking place as a result of the cleavage of organ-

ic radicals and the formation of an additional siloxane bond under the action of oxi-

dants, such as benzoyl peroxide, oxygen, air at elevated temperatures, etc.

4. Rearrangement, accompanied by cleavage of the cyclic compounds and their

conversion into linear high-polymers (under the action of sulfuric and chloric acid*,

antimony pentachloride, alkali).

In practice, for the better conduct of the process of formation of the polymer

molecule, the two latter methods are most often used, blowing air through the polymer

or treating the hydrolysis product with alkaline or acids. When the polymeric pro-

ducts are treated with a stream of air at an elevated temperature, the partial cleav-

age of the organic radicals attached to the silicon atom is observed. This reaction

is specific for polymers with aliphatic and certain other radicals. As a result of

the reactions, an aldehyde is formed, according to the formula:

4 -1-0- + 502 4 + Q + 2H,0
-CH'R -H2 _I-

where R is a hydrocarbon radical or a hydrogen atom.

At the place of the cleaved organic radicals an additional silozane bond, join-

ing the linear molecules by a transverse bridge, appears. By blowing air through the

polymer, the low-molecular cyclic products may also be condensed. The structure of

the polymer formed in this case is expressed by the following formula:

R R

/Si- \ / )1i-oY Si -0--Si

\5i-t " " R R \0 S i'/

R R R R

* As in text-Translator.
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Cyclic low-polymer polyorganosiloxanes, in my opinion, are best of all converted

into linear polymers of higher molecular weight, by acting on the cyclic compounds

with dry or concentrated alkali and using dry HC or aqueous solutions of acids to

neutralize it. In this case the maxium weight of the polymer molecules is obtained.

For organosilicon polymers with aromatic groups, it is characteristic that when a

stream of moist air is blown through the polymer in the presence of catalytic quan-

tities of HCl, the cleavage of the phenyl groups and formation of benzene is observed:

C 1 ~li6 OH

,I Is(',Hi +i 1'

The cleavage of the aromatic group under the action of HC is accompanied by the

formation of an Si-Cl bond.

-Si--CHs + HCI -. SI-C + C.H.
/ /

The Si-Cl bond so formed is readily hydrolyzed by moist air:

-Si-CI + HO - -Si--OH + H(:I
/ /

The HC is continuously regenerated, and is thus the catalyst of the process.

The first representatives of the class of bifunctional compounds, dimethyldi-

chlorosilane, reacts energetically with water to form HC1 and polymeric cyclic and

linear products:

CH,!- CH,.- CH,
HO-Si- ()-- -- i--OH + 2tHCI

KHI)H, I" n ct +H
I , I -

i(CH ,S~iClr- .Ho+I CH. ii 2 C2,H,

.2. (CHs)tSiOjn -t- 2nHCI

Hydrolysis of Dimethyldichlorosilane in Water. To 12000 g of water, under vig-

orous stirring, 4250 g of dimethyldichlorosilane is gradually added. The temperature

F-TS-9191/V 547



of the mixture during the process of addition of the dimethyldichlorosilane is hold

within the limits of 15-2CPC. The oily upper layer is separated from the water layer

washed free of HC, and the low-boiling cyclic compounds are distilled off, at first

under atmospheric pressure (up to 1750 C), and then under the reduced pressure of

20 mm. The yield of the distilled fraction is 50.8% of the weight of the hydrolysis

product of dimethyldichlorosilane. This fraction is a mixture of the cyclic trimer,

tetramer, pentamer, and hexamer, whose yield, in % of theoretical, amounts to:

I(CH3)2SiO 0. . . . . 0,5% (I(C)SiO:, ..... 6,7%
(CIa)aSiOI ..... 42% ((CH)tSiOj ..... 1 .6%

The remaining 49.2% consists of the undistilled retort residue, from which small

amounts of cyclic heptamer, octamer, and nonamer may be separated. It is also pos-

sible that the retort residue, after the highest boiling cyclic compound the nonamer,

[(CH3 ) 2 Sioj 9 , has been distilled off, contain still higher-molecular cyclic compounds,

which cannot be separated even by fractional distillation under a high vacuum

(Bibl.180).

On hydrolysis of dimethyldichlorosilane in ether solution, under the conditions

of a strongly acid medium, the yields of low-molecular products Amount to 95-98% of

the weight of the hydrolysis product.

Hydrolysis of Dimethyldichlorosilane in Ether. In 400 ml of ether 250 g of di-

methyldichlorosilane is dissolved. The solution is slowly poured, with vigorous

stirring, into 400 ml of water. The temperature is held within the range 10-200C

during the entire process of hydrolysis. The maximum concentration of the HC lib-

erated is about 6 mols per liter (2C%), under the condition of the uniform distribu-

tion of the HMI between the water and the ether. The organic layer is separated and

washed with water until its reaction is neutral. The ether is then distilled off.

The product of the hydrolysis consists of 98% of cyclic compounds passing over in

vacuo (under 1 mm pressure and maximum temperature 20CPC), and containing 3 to 7
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silicon atoms in the chain.

On partial hydrolysis of dimethyldichlorosilane, dichloropolydimethylsiloxanes

are formed:

-0- -- Si-()- -

It is advisable to conduct this reaction in the presence of a solvent in which

water and dimethyldichlorosilane are equally soluble. Dioxane is a suitable solvent

for this purpose.

Hydrolysis of Dimethyldichlorosilane in Dioxane. In 2000 ml of ether 16.6 mols

of dimethyldichlorosilane is dissolved. A solution of 8.3 mls of water in 150 ml of

dioxane is slowly added to this solution, with vigorous stirring and under external

cooling. During the reaction, gaseous HC is evolved, which to some extent, entrains

the vapor of dimethyldichlorosilane and of the solvent. To prevent the volatiliza-

tion of the products, the reaction flask is connected with a reflux condenser cooled

with a solution of solid carbon dioxide in acetone (Bibl.168).

After the hydrolysis has been completed, the reaction mixture is fractionated.

The composition of the mixture of hydrolysis products, in %, is as follows:

Unreacted (CH3 )2 SiCl 2  22

Cl(CH3 )2 SioSi(CH3 )2Cl  28

c(cH3 )2 SiOSi(cH3 )2 oSi(cH3 )2C1 24

Cl(CH3 )2 Si [osi(Cu3 )2 12 osi(Cu3 )2Cl  15

cl(CH3 )2 Si [osi(CH3 )2 ] 3o si(CH3 )2Cl  6

CL(CH3 )2Si[OSi(CH3 )2 ]14 osi(CH3 )2Cl  3

Undistilled Residue 2

If the partial hydrolysis of dimethyldichlorosilane is conducted in the absence

of a solvent, the composition of the hydrolysis product is sharply different, and

the yield of linear dichloropolydimethylsiloxanes is considerably lower. At the same

F-TS-9191/V 549



time, the cyclic tetramer and pentamer, as well as a large amount of undistilled

residue, may be detected among the hydrolysis products. In this case, the composi-

tion of the mixture of reaction products, in %, is as follows:

Unreacted (CH3 )2SIC1 2  62

Cl(CH3 )2 SiOSi(CH3 )2C1 6

CI(CH3 )2SiOSi (CH3 )20Si(CH3 )2CI 2

[(CH3 )2SiO) It 11

((H3 )2 i 0 5  2

Cl(CH3 )2Si[OSi (CH3 )2 ]2OSi (CH3 )2 CI 1

Undistilled Residue 16

These data show the process of partial hydrolysis of dimethyldichlorosilane in

a homogenous medium to be stepwise in nature. In the first stage of the reaction,

dimethylchlorosilanol is formed, which reacts with a molecule of dimethyldichloro-

silane to form tetramethyldichlorodisiloxane:

(CI-I.3)..SiCI + I 111) b (Il :I,)2Si/ " C I  + HCI

\0CI (1
Ita)ls) iK\ 1 C / . . ( :Icc :lls 2+SjOSi (C-h,),,Cl + HI-I:

The formation primarily of tetramethyldichlorodisi.xane is easy to explain theoret-

ically by using the equation derived by us for the stepwise processes of hydrolysis

and condensation of alkyl-substituted esters of orthosilicic acid (Bibl.169)

(cf. page 270). In the case of partial hydrolysis of dimethyldimethylchlorosilane

with a molar ratio of 8.3 : 16.6 between water and dimethyldichlorosilane, the degree

of polymerization will be:

.4 16.6
n-M 166-8,3
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and, consequently, tetramethyldichlorodisiloxane should be the principal reaction

product. In heterogeneous hydrolysis, the process is not of stepwise nature, and as

a result of the reaction, together with a larger amount of unreacted dimethyldi-

chlorosilane, the mixture also contains up to 30% of completely hydrolyzed product.

The structure of hexadecamethylcyclooctasiloxane has been investigated by means

of X-ray analysis. This substance forms transparent crystals, with the elementary

cell of the crystal consisting of two molecules of C(CH3 ) 2 si0]8 . Such a molecule

has a symmetrical ring structure and is not planar. The crystals possess the piezo-

electric effect, but are optically inactive (Bibl.170, 174).

A number of empirical formulas are known for the cyclic polydimethylsiloxanes,

relating their physical properties with the number of silicon atoms in the ring.

Thus, for instance, the latent heat of vaporization (in. kcal per ol) is ex-

pressed by the equation:

H - 5.45 + 1,.35X 1

where x - number of silicon atoms in the ring.

The vapor pressure is expressed by the equation:

IgP= 7,07 19+(2)

P - pressure, mm Hg;

T - absolute temperature, °C;

x - number of silicon atoms in ring.

There is an empirical equation relating the viscosity of cyclic polydimethyl-

siloxanes with the molecular weight:

gi- 1,44+ 2741a (3)

where n - viscosity in centipoises at 380c;

x - number of silicon atoms in ring.

The relation of the viscosity to the temperature may be expressed by means of
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the Arrhenius equation in the following form:

E
,, -- (L4 )

where E = energy of activation of viscous flow.

Since the energy of activation of viscous flow is a linear function of the loga-

rithm of the number of silicon atoms in the polymer, and is expressed for cyclic poly-

dimethylsiloxane by the equation

E 0,984-3,96I~ x (5)

then, starting out from eqs. (3)1 (4), and (5), the general equation for the viscosity

of cyclic polydimethylsiloxanes over the range of temperatures from 38 to lO0PC may

be derived:

I .. 2, 13 4- -- 0,04-r Igx

The slight variation of the viscosity with the temperature is a confirmation of the

weak associative forces between the molecules of cyclic polydimethylsiloxanes, and

is of great practical importance, as well as considerable theoretical interest

(cf. Chapter X).

The linear and cyclic polydimethylsiloxanes are chemically stable substances.

The cyclic polymers (up to and including the hexamer) may be distilled under atmos-

pheric pressure without appreciable signs of decomposition.

When linear polydimethylsiloxanes are heated to temperatures of 200-2500C, the

liberation of water and the completion of the condensation process are observed, with

the formation of higher-polymer products:

CHs CH: CH, CHG CI CH,

2W) -O--Si- i--- HO-i-O -r HO,

("H I isI H i
_.. ('1 ,-_. 552
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The esters of boric acid, triethanolamine, antimony pentachloride, and sulfuric

acid are particularly effective accelerators of the process of polycondensation of

the hydrolysis products of dimethyldichlorosilane (Bibl.171).

The hydrolysis product of dimethyldichlorosilane is mixed with half the amount

of the ethyl ester of boric acid, and heated to 1900C. A solid polymer is formed in

10 minutes, while several hours are needed for the condensation, without a catalyst,

to a similar state. The reaction of polymerization proceeds according to the follow-

ing mechanism:

.. .. 2C,1iJOH + HOSi(CH,),IOSi(CHs) 2.. OSi(CH,) 2\ 0

HiOSi(CH,),IOSi(CH,1)21.,OSi(CI 13 i)2 - Cx H

The excess of the boric acid ester remains dissolved in the polymer and has no

effect on its final technological properties (Bibl.175).

When the hydrolysis products of dimethyldichlorosilane are treated with a stream

of air at an elevated temperature, together with condensation at the hydroxyl groups,

cleavage of the organic radicals also occurs, forming the corresponding alderhyde.

The number of oxidized methyl groups is small and depends on the rate of passage of

the gas, the temperature, the oxygen concentration, and the presence of foreign

substances. Thus, for example, analysis of a specimen (prepared by heating the pro-

duct of hydrolysis of dimethyldichlorosilane at 20CPC until it had been converted

into an elastic rubberlike product) showed (Bibl.177) it to contain 82.5/ of silicon

dioxide instead of the theoretical amount of 81.8%.

According to the analytical data, this polymer has the formula (CH3 )1.82 Si01.0

instead of the theoretical formula (CH3) si, and, consequently, the loss of methyl

groups amounts to about 0.18 CH3 per hundred silicon atoms (Bibl.172).

The literature also gives descriptions of studies devoted to the elucidation of

the relation of the number of methyl groups cleaved with the composition of the gas
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Fassed through and with the presence of foreign substances (Bibl.191). Through

weighed portions of polydimethylsiloxane polymer (25 g) at 2000C, streams of various

gases were passed for 168 hours at the rate of 20 ml/min. The formaldehyde and

formic acid formed were caught by titration with an alkali solution, and their con-

tent was determined by the bisulfite method, or by means of hydroxylamine hydro-

chloride. The starting polymer taken for the experiment had a viscosity of 72.4

centistokes. The change of viscosity of the polymer at the end of the process, and

the number of methyl groups undergoing cleavage was as follows:

Visco, ty after Number of CH3
Condensation, Groups Cleaved,

Gas in Centistokes Per 100 Silicon
Atom

Helium (Not over 0.1% of 02) 76.2 0.07

Nitrogen (0.5% of 02) 83.6 0.6

Air 107 1.26

Oxygen 120 1.92

The presence of certain metals affects the oxidation of organic radicals in

polydimethylsiloxanes. Of t e metals investigated, copper, selenium, and lead are

inhibitors of the process of oxidation. Tellurium, to a slight extent, accelerates

oxidation of the methyl groups in polydimethyls loxanes; silver, cadmium, zinc,

iron, steeland duralumin have no effect on the process of oxidation. The reaction

was conducted under the conditions described above, with the single difference that

turnings of the metal, 31 1 6 x 0.8 mm in size, were introduced into the polymer.

The original polymer was the same.

The change in the viscosity of the polymer, and the number of metal groups

cleaved per 100 silicon atoms during the process of oxidation of polymers in the

presence of certain elements, are given in Table 64.
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Table 64

Influence of Metals on Oxidation of Polydimethylsiloxanes

Copper Selenium Lead

Viscosity Number of Viscosity Number of Viscosity Number
?Ias of Polymer CH3 Groups of Polymer CH3 Groups of Polymer of CH3

Centistokes Cleaved Centistokes Per 100 Centistokes Groups
Per lOC Silicon Cleaved
Silicon Atoms Per 100
Atom Silicon

Atoms

Air 80.5 0.3 77.7 0.15 146 --

Oxygen 80.2 0.26 76.6 0.07 149 0.15

Cur attention is drawn by the data on the increase in the viscosity of the

polymer on oxidation in the presence of lead. At the same time, in the presence of

lead, a considerable loss in weight is observed, owing to the volatilization of the

lo,;-iLolecular products. Since the starting polymer does not contain low-molecular

impurities, their formation during the process of condensation must be attributed

to the influe :ce of the lead. The lead during the process of oxidation also undpr-

goes changes. The shining surface of the metal is gradually covered by a gray f.cm.

the liquid becomes turbid, and, toward the end of the oxidation, a precipitate

accumulates on the bottom of the reaction flask.

It is well known that lead oxide reacts with trimethylsilanol to form lead bis-

tririetlh'lsilanolate:

2((, :1,),Si)I I Pl,() " 120 + [(CH ,Si()O2Ph

Patnode and Schmidt postulate that the lead oxide might also disrupt the polysiloxane

chains according to the scheme:
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/C1 3 /CH,

H1 :H 3 H ( 1:' /)-Si-O-Si -0I I I H , C .
-Si-0-(.-Si ()-Si-0-Si--O +P I ) )Pb / \CH:, \CH

I I I i / Cl1 3  /CH.,
c' cI ( 1: c11:' c: . ()-Si--O --Si--O-

\el t.3 .\CH.,

The derivatives of lead, under the conditions of elevated temperatures, may

undergo rearrangement to form either linear or cyclic compounds. If a cyclic poly-

mer is formed, however, it will be removed from the system, since it is more volatile

than the linear polymers, and in this way the reaction will shift towards the side

of formation of cyclic compounds: at higher temperatures the rate of oxidation of

the radicals appreciably rises. In this case an insoluble three-dimensional poly-

mer will be formed and gelation will take place. Thus, for instance, at 225°C, the

gelation of the same starting polymer (of viscosity 72.4 centistokes) begins 21L

hours after air or oxygen has been passed through under the above conditions. On

the cold parts of the reaction flask a dense white precipitate of paraformaldehyde

is deposited. We present data on the oxidation on the methyl groups in the polydi-

methylsiloxanes and on the influence of metals on the process of oxidation at 2250C:

Time from Beginning Number of CHq Groups
of Condensation to Cleaved Per 100

Gas Instant of coagulation, Silicon Atoms
Hours

Air 21, 2.5

Oxygen 2, L 3.8

Air
in the Presence of Copper 72-96

Air
in the Presence of Selenium Does not coagulate

after 168 Hours

Air
in the Presence of Lead 96-120

It will be seen from these data that at a high temperature, in the presence of
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copper, selenium, or lead, the process of gelation is slowed.

In the presence of selenium, the losses due to volatilization during condensa-

tion amount to about 70, while the viscosity of the condensed polymer is lower than

that of the polymer in its original state. In the stripped volatile portion, hexa-

methylcyclotrisiloxane and octamethylcyclotetrasiloxane were found. The presence

of selenium in the polymer leads to the rearrangement of linear polymers into cyclic;

it is possible that the mechanism of the rearrangement in this case is the same as

in presence of lead. At a temperature of 25CPC, the oxidation proceeds still more

vigorously. The alderhyde liberated in gaseous form is energetically oxidized to

formic acid, or, at a high temperature, it is decomposed into CO and H2. When a

polymer is heated with its surface in contact with air, but without air being blown

through it, the process of oxidation is sharply retarded and depends largely on such

conditions as the relationship between the surface area of the polymer and its vol-

ume, the shape of the vessel, the temperature, etc.

On heating polymers not containing hydroxyl groups in sealed ampules for 168

hours at 250°C, practically no changes of their physical properties are observed.

These data speak for the exceptional thermal stability of the polydimethylsiloxanes.

When linear and cyclic polydimethylsiloxanes are heated with 3N solution of alkali,

the methyl groups are cleaved, and methane and sodium silicate are formed:

I (CF,),siol. + 2nNaOH ---- nNalSiOg + 2riCHj

The yield methane is 77% of theoretical.

Polydimethylsiloxane containing functional groups in the organic radicals may

be prepared by hydrolysis of the corresponding chloromethyldichlorosilanes. Thus,

for example, methylchloromethyldichlorosilane, (CH3 )(CH 2 Cl)SiCI 2 , is readily hydro-

lyzed by the action of water, forming oily polymeric products of the following

structure (Bibl.189): CII1cI CH2Cj (JH2CI

--T- /-55- -Si7-(
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On heating the polymer so obtained with solid caustic potash, the chloromethyl

groups are cleaved, forming methyl chloride:.

OK

[(Ci-I,)(CHsCI)SiOJ + nKOH L C... CHaiO_ n ,iCH,CI

The hydrolyzate of methyl(dichloromethyl)dichlorosilane, (CH3 )(CHCI2 )SiCl2, is like-

wise stable against acid hydrolysis, but easily cleaves its chloromethyl groups

under the :ic ,' of a 1,0' a-ueous solution of caustic potash:

CHCI, CHCI2  Ol OH1

Ha CHA CHs &j

Owing to the hydroxyl groups formed as a result of the cleavage of the chloro-

methyl groups, a polymer of the composition (CH3SiO1 .5)n is formed.

The chloromethyl groups are partically cleaved from methyltrichloromethyldi-

chlorosilane, (CH3 )(CC1 3 )SiCl 2 , even on hydrolysis in an acid medium. Under the

action of aqueous solutions of alkalies, the hydrolysis proceeds still more energet-

ically:

,1(Cl IC IISiCI) -t- i,5nElSO (CI ISij.5) . t- ,CHCI, + 21tHCI

The methylchloromethylsiloxanes may be prepared by the chlorination of siloxane.

On the chlorination of octamethylcyclotetrasiloxane at 50-6CPC under ultra-

violet irradiation, heptamethylchloromethylcyclotetrasiloxane is formed (Bibl.172).

C,. \ i S/ CH:
Cl/I z  I \ 'CH

() 0
CH\ I /CH,

/Si--O-Si/

CH, /  \CH2CI

This substance is a liquid, melting point -10C, boiling point 1270C (50 m), spe-
cific gravity d O 1 .Oh; refractive index n2 0 _ 1.1 158.
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The product does not decompose on boiling with water or with the mixture of

water and dioxane, but boiling with a 15% solution of caustic potash or potassium

carbonate in butanol for 15 minutes leads to the cleavage of the chloromethyl group

and the formation of a polymeric product of the following structure:

H oI "C .
HC() ( ) C) 0

HmC\I I/CH-I'\Si-- --:i_ _ _ i-O-Si/

HC / \CI I:,

HsC CH, HC Cl 6:

The degree of completion of the reaction, according to the CH3 Cl liberated, is

88%. Simultaneously with the cleavage of the chloromethyl groups, the rearrangement

of the polydimethylsiloxane structures under the action of alkali is observed.

With the object of studying the effect of sulfuric acid on polydimethylsiloxane;

the depression of the freezing point of solutions of polydimethylsiloxanes is con-

centrated sulfuric acid was investigated (Bibl.201).

It was found that the i-factor (the ratio of the observed freezing point de-

pression to the calculated depression) strongly depends on the nature of the solute.

Thus, for instance, the i-factor for hexamethyldisiloxane is 4.28, for octamethyl-

cyclotetrasiloxane, it is 12.59, for [(CH 2 )3SiO]3SiCH3 , it is 8.23 and for

[((CF 3 )3 siO]4Si it amounts to 9.50. As stated above, the principal reaction when

sulfuric acid acts on hexamethyldisiloxane takes place according to the following

scheme:

(CHs),SiOSi(Cit)$ + 3H,SO-- ... 2(CHz)*SiOSOsOH + H30 + + HSO "

This would correspond to the i-factor - 4.00. The i-factor actually determined,

however, was 4.28. A certain amount of increase in the value of the i-factor may

be explained by the partial ionization of the (CH3 )3SiOS0 2OH group. If not the acid

sulfate but the normal sulfate, (CH3 )3 SiOSO2 OSi(CH3 )3, is formed, then the i-factor

should equal 3, or it would have to be assumed that the reaction must take place
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according to the following equation:

(CH3)3SiOSO.OSi(CH3 )1 . Si(CHs) + (ClH),SiOSOO

It is, however, improbable that any compounds other than acid sulfate could be

formed in so strong an acid medium. It would be more correct to suppose that in the

process of treating hexamethyldisiloxane with an excess of sulfuric acid, full sul-

fates are formed in small amounts, and that on extraction of the reaction mixture

with pentane they pass into the organic layer, owing to their better solubility. As

a result, the equilibrium is shifted, and a certain quantity of neutral sulfates is

again formed in the reaction mixture. The somewhat higher value of the i-factor in

the product obtained on the action of an excess of sulfuric acid on octamethylcyclo-

tetrasiloxane (12.5 instead of the theoretical value of 12), may probably be ex-

plained by the ionization of the ester HOO2SOSi(CH3 )20H, which is formed as a result

of the reaction:

I(CI l:).SiOI 4 + 121 1,SO, 411O0, SOSi(Cl3)-aOSO-O1 I + . I.(+  .- *lHSO4

The deviation of the i-factor amounts on the average to 0.28 for (CH3 )3SiOSi(CH3 )3,

and to 0.59 for C(CH3)2SiO]h. But if the value of these deviations is recalculated

for a single silicon atom, then we get practically the same figures. This shows

that the dissociation of the compounds (CH3 )3SiOSO2OH and HOO2 SOSi(CH3 )2 0SO20H

proceeds on approximately the same level, and that the degree of dissociation is

small in absolute value. The theoretical value of the i-factor is 10 for

[ (CH3 )3SiO]3SiCH3 and 13 for ((CH 3 )2 Si0 1 Si. Since the experimentally observed

values are considerably lower than these values, it must be assumed that polymeriz-

ation processes take place in these cases. The reaction of [(CH3 )3SiO]3SiCH3 with

sulfuric acid may be expressed by this following equation, which corresponds to the

observed values of the i-factor:
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I(CI Ii.):,SiO I:,SiCH.3 + 611 2S( -4

2- 3((] I:,).SiOS( ).( )I - ((,I I.)Si(( )SO. ( I( , -r- 21 I:( ) 21 I.(
x

I I ,) 10 Si() SiC I. .-, 7,51 1.So ,.

3((1 l:,)Si( )SO.() I + 1(2H))Si(OSO.OI I)2OSi(OS0O01 i)(CI 13) + 2,51-1( )+ - 2,5HS( )04

If the value of x in the first equation is sufficiently high, then the value

of the i-factor is 7, while for the second equation the value of the i-factor is

8.5. Both reactions probably take place in reality.

When sulfuric acid reacts with the compound [(CH3 )3SiO]4Si, the following re-

actions may take place:

l(CHs)3SiOI 4Si + 7,5H2S0 .
05 5 5

- 4(CH,),SiOSOOH + -- Si.(OSO2OH)2O]., + -L HjO+ + -L HSO"

1(CH,)jSiOj4Si + 9HSO. --

--- •4(CH,) 3SiOSOOH + - tSi(OS0 201 )O,51, + 3HO+ + 3HSO

in which the i-factor for the first equation 1ks 9 and for the second equation 10.

In the catalytic rearrangement of polydimethylsiloxane hydrolyzates, the amount of

concentrated sufluric acid used is about 5/ the weight of the weight of the hydro-

lyzate.

On heating with sulfuric acid, most trimethylorganosilanes containing a func-

tional group in the radical evolve methane (Bibl.173):

(C11 3 )3Si(I 1.C.1"0011 I I lS(K)4 . IOOCCHi2C-2Si(CH 3),OS03I + (H4
2l1I()(:CI I.,CIl I.Si(c-S)2OSO3H + H2--0

-_ - IIOOCCH2CHSi(CH,)goSi(CH3),CH 2(.(II.,COOH + H2SO.

On hydrolysis of diethyldichlorosilane, viscous oily products of partial con-

densation are formed. They are both of linear and cyclic structure (Bibl.190):

"(C0I2l1)2SiI(:12 21120 - .2HC1i + nI((:21.I),Si(OH)21

/if[(C21 I Si(Ol I) -- (C2H$)2SiOj, J+ n 1i0
HOSi (CH,),O[Si(CH.),I._.2 Si(C 2H,),OH
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The formation of cyclic polymers, just as in the case of polydimethylsiloxanes, is

favored by an acid medium and by the presence of an inactive solvent during hydroly-

sis.

Hydrolysis of Diethyldichlorosilane. 1. In 1.5 liter of water at O°C, 260 g

of dimethyldichlorosilane is introduced, with vigorous stirring. An oil is obtained

which is separated from the water layer, and is then dissolved in ether. The ether

solution is washed twice with water, and then dried over potassium carbonate. The

ether is distilled off and the oil is fractionated. The yield of cyclic trimer and

tetramer is ih.8% and 29.2% of the theoretical. A higher yield of cyclic polydi-

ethylsiloxanes is obtained when ether is used as a solvent during the process of

hydrolysis.

2. To a solution of 478 g of diethyldichlorosilane in 700 ml of ether,, 478 g

of ice is added. After all the ice has melted, the mixture is boiled under a reflux

condenser for 1 hour, then the water layer is separated, and the ether layer is

washed once with an equal volume of water. For the final hydrolysis and complete

condensation, the organic layer is boiled with a 5; solution of NaOH for 1 hour. It

is then washed wit water until the reaction is neutral, and the ether is then dis-

tilled off. The polymer so obtained contains 62') of cyclic products, which are

separated by distillation from the high-molecular compounds. The distillate so

obtaine& contains 60-7C% of cyclic trimer ard 10-20% of cyclic tetramer, which are

then separated in a rectification column with 20 theoretical plates, packed with

glass rings. The rectification is conducted in vacuo. The physical properties of

hexaethylcyclotrisiloxane and octaethylcyclotetrasiloxane are given on page 575.

The cyclic polydiethylsiloxanes are liquids insoluble in water, but readily

soluble in ethers and aromatic hydrocarbons (Bibl.176).

On hydrolysis of diethyldichlorosilanes, the purity of the starting products

has a substantial effect on the nropertiez of the polymer obtained (T4ibl.177).

Die'hyldichlorosilanes of various degrees of purification was subjected to
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hydrolysis. The relation between the molecular weight of the polymer obtained after

hydrolysis (cryoscopically determined) on the degree of purification of the diethyl-

dichlorosilanes, will be seen from the following data:

Molecular Weight of

Polymer

Diethyldichlorosilane

Distilled once 815

Distilled twice 00

Distilled three times klO

Recrystallized at -96.50C 250

It will be seen from these data that the purer the starting diethyldichloro-

silane, the lower the molecular weight of the polymer obtained from it. This may be

explained by the presence, in the starting diethyldichlorosilane, of an admixture of

ethyldichlorosilane, forming a higher-molecular branched polymer.

The effect of the purity of the starting diethyldichlorosilane on the viscosity

and other properties of the polymer obtained by heating the polymer at 20C, like-

wise confirms this hypothesis (Table 65).

As will be seen from these data, for a once purified diethyldichlorosilane,

the slight change of viscosity by comparison with the change in the molecular weight

is characteristic. This is evidence that the nolymer formed is of branched struc-

ture, since, for equal molecular weights, the viscosity of a linear polymer is higher

than that of a branched polymer. In the polymer obtained from triple-distilled di-

ethyldichlorosilane the linear structure has already become pronounced. The in-

crease in specific viscosity per elementary cell over the same period of time(24-48

hours) -amounts, for once - distilled diethyldichlorosilane, to

.11jsp A-13p.M,en 1
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where ysp = n-l; M - molecular weight of a unit of the chain.

For triple-distilled diethyldichlorosilane, the value of An5s/(C2H5 )2SiO is

about 10 times as high, and now amounts to 4.28 x 10-2.

Table 65

Effect of the Purity of the Starting Diethylchlorosilane on the

Properties of the Polymer

a) b) d) e)

0 815 0.U21 -
24 1450 0,032 7
48 2040 0.057 9,8
72 4850 6soluble I f. I

0 410 0.015 -
9) 24 665 0,049 40,448 1120 0,240 50,7

72 2040 insoluble -A:,7

a) Diethyldichlorosilane; b) Time of condensation at 2000C, hours; c) Molec-

ular weight of polymer (Cryoscopic); d) Specific viscosity of a 2% solution

of the polymer in toluene; e) Condensation losses, %; f) Once-distilled

g) Triple distilled

The considerable amount of the losses of volatile substances on the condensa-

tion of the hydrolyzates of thrice-purified diethyldichlorosilane is connected with

the fact that two reactions of equal probability take place during hydrolysis and

condensation: formation of a linear polymer with hydroxyl end-groups, and of a

cyclic polymer of low molecular weight and low boiling point, for which the possi-

bility of further condensation has already been lost. In the case of diethyldi-

chlorosilane containing an admixture of ethyldichlorosilane, the cyclic products

formed contain trifunctional units, and, in this way, are able to participate in

further condensation, with the formation of high-polymer nonvolatile products

(Bibl.178).

I have studied (Bibl.187) the process of hydrolysis of diethyldichlorosilane
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by an excess of water (3 mols of water to 1 mol of diethyldichlorosilane) and of the

polycondensation of the hydrolyzates (cf. Fig. 30). On condensation, the molecular

weight of the polymer, determined by the viscosimetric method, sharply rises in the

first two hours of heating. On further heating,

- -0 - the increase in molecular weight slows down, and

40 - -

//v after 10 hours the molecular weight remains prac-

)2O -tically constant thereafter. Prolonged heating

111of the resin converts it into the insoluble state.
I 2 4 5 5 1 The resin obtained was separated into fractions

by extraction with the corresponding solvents.
Fig. 30 - Relation of the

The molecular weight of the starting resin was
Molecular Weight of the

5387 (determined cryoscopically in benzene) and
Polymer to the Duration

5,4O1 (determined vicsosimetrically), which cor-
of Heating and to the

responds to about 52 elementary units in the mol-
Nature of the Starting

ecule. The resins were successively extracted
Product:

with ethanol and benzene. The fraction soluble1 - Resin of (C2 H3 )2Si(OR) 2 ;
in ethanol had an average molecular weight of2 - Resin of (02115)Si 2 CI2 L331 (cryoscopic) and h551 (viscosimetric). The

a) Duration of heating,
fraction obtained after extraction with benzenehours; b) Molecular
had a molecular weight of 6278 (cryoscopic) and

weight
6183 (viscosimetric). The close agreement be-

tween the molecular weights, determined viscosimetrically and cryoscopically, indi-

cates the linear structure of the polymer and its relatively low polydispersion

just as in the case of the polydimethylsiloxanes. The process of condensation of

polydiethylsiloxanes is accelerated in the presence of tne esters of boric acid,

triethanolamine, sulfuric acid, benzoyl peroxide, and other compounds. The reaction

between phosphoric anhydride and polydiethylsiloxane has been investigated in detail.

The starting polymer was mixed with various amounts of phosphoric anhydride, after
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which the mixture was heated at 200C for 21L hours. On the completion of the heat-

in;, the phosphoric acid was washed off the polymer, and the molecular weight o. tht

poly.mer was detenuined by the cryoscopic method. 'Jhen P205 is introduced into the

polvmer, the liberation of a large amount of heat and the formation of a gel or solid

7roduct is observed. After the phosphoric acid is washed away, however, the prop-

erties of the final product differ little from those of the starting polymer. The

data on the properties of the starting and final products are as follows:

"olecular Jeiht of Polymer before Treatment 41C -

-oler'lar Weight of Polymer after Heatin-, 630 Viscous Liquid

'Mlecular .;ei.-ht of Folpmer after Heating
with Various Amounts of -2C5

3 ," F205 580 Viscous Liquid

ice'." P2e5  580 Gel

208-1 P2C5  .150 3olid Product

"hFen olydiethylsiloxane reacts with phosphoric anhydride, two competing reac-

Lions take place:

I I( )
SI --()I- I--S- -Si-O--Si 4 HIO

I I

. i po Oil
- -l+lP---i' l'1'(-S- --.

III 11 I II U ,II
0 00 0

The first reaction is connected with the cleavage of water from the two hydroxyl

,roups attached to the silicon. The phosphoric anhydride, as a dehydrating agent,

has an accelerating action on this process. The second reaction consists in the

formation of an organophosphorosilicon compound as a result of the reaction of the

I I I
-Si-OH group with P205. The -Si-O-PC bond is weak, and, in contrast to the
I I I
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1 1
-Si-O-Ji- bond, is readily hydrolyzed by water with the formation of the originalI I

organosilicoi polymers and phosphoric acid.

It follows from the above data that the reaction between phosphoric anhydride

and polydiethylsiloxane, with an insignificant amount of P20 5 , proceeds partly by

schede I. The fundamental direction of the reaction, however, which is particularly

clearly expressed in the case of large amounts of P205, is the formation of a mixed

organophosphorosilicon compound, which is easily hydrolyzed by water during the

subsequent washing.

The higher dialky1ldichlorosilanes are hydrolyzed according to the same schemes

of reaction as diethyldichlorosilane. The rate of hydrolysis and condensation of

the higher polydialkylsiloxanes depends to a considerable extent on the nature of

the organic radical attached to the silicon. Thus, for example, tert-dibutyldi-

chlorosilane is not hydrolyzed by water, and its chlorine content cannot be deter-

mined by titration with alkali. This can be explained by the fact that the branched

organic radicals cause steric hindrance on the hydrolysis of tert-dibutyldichloro-

silane (Bibl.179).

The reaction of hydrolysis of phenyltrichlorosilane and of diphenyldichloro-

silane has been investigated in detail (Bibl.180, 188). The hydrolysis of diphenyl-

dichlorosilane and the condensation of the initial hydrolyzate, diphenylsilanediol,

take place - slowly that all the intermediate products in the process of transition

from diphenyldichlorosilane to the polydiphenylsiloxanes have been isolated, and the

mechanism of this process is one of the examples for the explanation of the mechan-

ism of the reactions of hydrolysis and condensati of the dialkyldichlorosilanes.

On hydrolysis of diphenyldichlorosilane in an alkaline medium, the sodium salts of

diphenylsilanediol are formed, and diphenylsilanediol can be isolated from it by

cautious acidification of the mixture with acid.(Bibl.181).

Diphenylsilanediol is also obtained in good yield on the hydrolysis of
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diphenyldichlorosilane in an acid medium in the presence of a solvent (Bibl.182).

Hydrolysis of Diphenyldichlorosilane to Diphenylsilanediol. To a mixture of

77 ml of toluene, 161 ml of tertiary amyl alcohol, and 666 ml of water, 2C g of

diphenyldichlorosilane dissolved in 77 ml of toluene is added dropwise, cooling to

25C. After 30 minutes, during which all the diphenyldichlorosilane is added, the

iLxture is stirred for another 10 minutes. The solution is then filtered off from

the precipitated crystals of diphen.rlsilanol, which are washed with water to remove

the free acid, and are dried in the air. The diphenylsilanediol so obtained is

practically free from polymeric products. It may be further purified by recrystal-

14zation from a mixture of methylethyl ketone and chloroform. The yield of the pure

product is 93% of theoretical, melting point iS 0C.

When treated with acids or alkalies, diphenylsilanediol readily forms cyclic

polymers. Vexaphenylcyclotrisiloxane is obtained when diphenylsilanediol is heated

in the presence of acid.

Preparation of Hexaphenylcvclotrisiloxane. In 150 ml of ether, 10 g of di-

phenylsilanediol is dissolved, and 5 ml of concentrated HCI is added to the solution

the mixture is boiled under a reflux condenser for 3 hours, then the ether is dis-

tilled off, and the residue is recrystallized from glacial acetic acid or a mixture

of benzene and ethanol.

Preparation of Octaphenylcyclotetrasiloxane. To a boiling solution of diphenyl-

silanediol in 95% ethanol, 1-2 drops of an aqueous alkali solution is added. *n

cooling the solution, the tetramer crystallizes out. For its complete purification

it may be recrystallized from a mixture of benzene and ethanol, or from glacial

acetic acid.

On prolonged heating of diphenylsilanediol above the melting point, it con-

denses to form cyclic and linear polymers.

In a distillation flask, in vacuo, 20 g of diphenylsilanediol is heated. At
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first water is liberated, and then, at a higher temperature, from 300 to 330PC

(1 mm), 7.6 g of impure hexaphenylcyclotrisiloxane is distilled. The residue in the

flask, 7.5 g, consists of higher molecular cyclic and linear polyphenylsiloxanes,

built up of rings linked by the siloxane bond.

Polyphenylcyclosiloxanes are solid crystalline substances. Octaphenylcyclo-

tetrasiloxane is known in two crystalline modifications. It crystallizes from hot

acetone in long thin monoclinic needles, while from cold acetone, in difference,tri-

clinic rectangular plates are precipated (Bibl.183). The temperature of transition

from the unstable triclinic form to the stable monoclinic form is about lO 0 C. On

heating to this temperature, the crystals of unstable form become lusterless. Cyclic

polydiphenylsiloxanes have the following properties:

Melting Point, Boiling Point,

oc oc

Hexaphenylcyclotrisiloxane 190 290-300 (1 mm)

Octaphenylcyclotetrasiloxane 201-2C2 330-340 (1 mm)

Cn partial hydrolysis of diphenyldichlorosilane, linear dichloropolyphenyl-

siloxanes are formed. In this case the hydrolysis is conducted in a homogenous me-

dium, in a solvent that dissolves both water and diphenyldichlorosilane.

)4 mols of diphenyldichlorosilanes are dissolved in 1000 ml of ether. To this

mixture a solution of 2 mols of water in 400 ml of dioxane is added dropwise with

vigorous stirring. After addition of the water, dry nitrogen is blown through the

mixture to remove the 1Cl, after which the solvent is distilled off and the residue

is fractionated.

Dichlorohexaphenyltrisiloxane on fractionation is usually contaminated by hexa-

phenylcyclotrisiloxane, whose boiling point is close to its own. These two products

are separated by extracting the dichlorohexaphenyltrisiloxane by n-heptane. The

residue after fractionation probably contains higher molecular dichloropolydiphenyl-

siloxanes. When the molar ratio between water and dipheryldichlorosilane is
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increased to 1 : 1.5, the yield of dichlorohexaphenyltrisiloxane is increased, while

the ,-ield of dichlorohexaphenyldisiloxane is decreased. At a molar ratio of 1 : 1

or 1 : 0.67 between water and diphenyldichlorosilane, the reaction products consist

almost exclusively of hexaphenylcyclotrisiloxane (Bibl.189). The dichloropolydi-

phenylsiloxanes have the following properties.

Melting Point, Boil±ng Point, Appearance
0C oC

Dichlorotetraphenyldisiloxane 38 238-21a Waxy Hexagonal
(I mm ) Prisms

Dichlorohexaphenyltrisiloxane 290-303 Waxy Amorphous
(1 mm) Substance

Cn hydrolysis of dichloropolydiphenylsiloxanes by the method described for the

preparation of diphenylsilanediol, the corresponding linear polymers with hydroxyl

3roups at the ends of the chains are formed. The hydrolysis of the dichloropolydi-

phenylsiloxanes proceeds considerabl r more slowly. To purify the dihydroxylpolydi-

pherylsiloxanes, they are recrystallized from a mixture of benzene and n-heptane.

The yields of the products are 90-95% of theoretical.

The melting points of dihydroxypolydiphenylsiloxanes are as follows:

!felting Point, °C

Dihydro.xtetraphenyldisiloxane 113-11h

Dihdroxyhecaphenyldisiloxane 111

Or hydrolysis of diphenyldichlorosilane by a stream of moist air passed through

a solution of this substance in chlorobenzene, the formation of polymeric products

of cyclic aid linear character is observed (Bibl.188).

The control of the process is effected by determining the acid value of the

reaction mass (Fiig.31).

After 80 hour treatment of a solution of diphenldichlorosilane at 5CPC with a

streaw of moist air, the acid number has been reduced to 11.6 mg KOH. This means
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that the nydrolysis has been 97.P completed. Similar experiments on the hydrolysis

of a solution of diphenyldichlorosilane by moist air at 150C have shown that the

acid values of the reaction mass are -radually lowered. After 80 hours, the acid

30-------------- I.

249 .F - t D

O! 2/6KO.!!66#

aA)

Fit,. 31 - Effect of the Duration of Fig. 32 crEffect of the Duration of

the Blowing of Moist Air Through Blowing Moist Air Through Diphenyl-

Diphen nrldicheorosilane on the dichlorosilane on the Viscosity of

Acid Values of the ofxture Formed the Polymer

a) Time, hours; b) Acid value, a) Time, hours; b) Relative Viscosity

n-~ KO!I

value of the reaction -ass is 30.7 mig of KOH, which corresponds to a 94L.2% level of

hydrolysis.

The relative viscosity of the hydrolyzate gradually increases during the first

LG--50 nours; tnereafter it varies only slowly. The cause of the viscosity curve is

evidence that the length of the polymer chain increases simultaneously with the pro-

cess of hydrolysis (Fig.32).

The polymer, after the solvent has been distilled off, is a dense nonuniform

resinous mass containing inclusions of crystals which are probably hexapherylcyclo-

trisiloxane. Cn further heating of the product at 150-20&C for 1,O hours, the prop-

erties of the polymer change little. On heating, the product is gradually converted

into a hard resin of melting point about 56°C.

The hydrolysis of organosilanes containing alkyl and aryl radicals attached to

the same silicon atom by the action of water in an acid medium takes place with the
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formation of viscous products from which cyclic and linear substances are isolated

(Bibl.18). Phenylethyldichlorosilane on hydrolysis with water is converted into

phenylethylsilanediol, which is then condensed to polyphenylethylsiloxane:

C6H,(C2 H,)SiCI2 + 2H20 - CsH&(CH,)SI(OH)2 + 2HCI H)

l--[C.Hs(CsH,)SiO]. + nH._O
(.s Hs (C.2Hs)Si (OH ),-jI_ H iasCH)[is

'-OHSiCI-i,(CHg)O[(SiCI I,(C2H&)OI% 2 SiCH6(C2H,)OH

These two reactions are evidently consecutive, but they may also take place

simultaneously.

Hrolysis of Phenlethyldichlorosilane. To 600 ml of water, over a period of

3-4 hours, at a temperature below 70°C, 375 g of phenylethyldichlorosilane is drop-

wise added with vigorous stirring. An oily product of moderate viscosity is obtained.

When the water is introduced into the chloride, instead, a similar product is ob-

tained. Hydrolysis by a nonia water, and also hydrolysis of a product that has first

been esterified, yield the same result.

Studies have shown that the polyphenylethylsiloxanes formed on hydrolysis are

cyclic compounds containing a trimer of the following structure:

(f,14 -Si- ()--Si- H.

) Si-.)

On heating the hydrolyzate of phenylethyldichlorosilane by slowly blowing air

at 190oC through it for 24 hours, the product becomes viscous and tacky. Acetalde-

hyde was found in the off-gases. The heating of the hydrolyzate to 18CPC with

simultaneous dropwise addition of aqueous HM1 for 24 hours likewise leads to the

formation of a viscous and tacky product. After 48 hours, most specimens are con-

verted into an elastic gel insoluble in toluene, which contains 49.6% of silicon
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dioxide and has an average molecular weight of 1310# corresponding approximately to

the following compounds:

I . / . , 1 ",II.. I' .(. (/ c' I. . , : , II..,\ , . H

Si Si Si Si

0 (1() (3 U) () 3) 3) () (I

"Si Si 4) S, Si--o----Si Si ()-----Si Si,/i'1

S/\. /I "C.H,

On treatment of the polymer with aqueous HCl, cleavage of the phenyl groups and lib-

eration of benzene in an amount 67% of the theoretical takes place. The process

proceeds by the scheme:

2-Si-Cs11 -, 110- . .Si-O--Si- + 2CsH
/ / N

The blowing of air through the liquid hydrolyzate of methylphenyldichlorosilane at

250PC leads to the formation of a soluble viscous tacky resin. !n this case form-

aldehyde is liberated. The resin contains 1,6.4% of silica. In this case, if the

product of hydrolysis of diphenylmethylchlorosilane is treated with aqueous HCl at

17CPC, the condensation product will contain 7.7% of S102. The SiO 2 content of a

coagulated speciman is 55.6%, which is evidence of the continuing cleavage of phenyl

groups under the action of aqueous HCl at 1700C on the product.

Cyclic and linear polymethylphenylsiloxanes have been prepared and investigated

Their catalytic transformations under the actions of high temperature and catalysts

have also been studied. For this purpose, metbylphenyldichlorosilane is hydrolyzed

by a mixture of water and ice, without solvent. The oil obtained by hydrolysis is

heated in vacuo at 2 mm pressure to a temperature of 4600C. Under these conditions,

a rearrajgement of the siloxane bonds is possible. The fractional distillation of

the oil so obtained yielded a cyclic trimer, which, as was established, consists of

two stereoisomeric forms. The cis-isomer melts at 99.50C, the trans-isomer at

39.°50C.
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The cyclic polymethylphenylsiloxanes could be converted into linear products,

as usual, by the action of sulfuric acid in the presence of hexamethyldisiloxane.

It is well known, however, that the phenyl groups attached to the silicon atom are

cleaved under the action of sulfuric acid, and this method is therefore inconvenient.

It has been found that the cyclic polydimethylphenylsiloxanes w ay be converted into

linear compounds under the action of a solution of caustic potash in a medium of

isopropyl alcohol. In this case tetrarnethyldiphenylsiloxane may be used to induce

ring closure. If hexamethyldisiloxane is used for this purpose, however, toluene

must be added as a solvent, since hexamethyldisiloxane is miscible only within cer-

tain limits with isopropyl alcohol and with the polydirethylphenylsiloxanes. On the

reaction between sym-tetramethyldiphenildisiloxane and polymethylphenylsiloxanes in

the presence of alkali, methylphenylsilanol and dimethylphenylisopropoxysilane are

obtained. It may be postulated that the following equilibrium is established in

this reaction:

KOIL RoIl
- - -S --- ,i --(, ' -i-S -f )1?

I H.0 K01

Conversion of Cyclic polvmethylphenylsiloxane into the Linear Polmer. Tetra-

methyldiphenyldisiloxane, 2J,5 g or 0.C57 mol, is mixed w ith 75 ml of isopropyl alco-

hol and 38.8 g or 0.275 mol of cyclic dimethylphenylsiloxanes. To the homogeneous

solution so obtained, 8 ml of a 605 solution of KOH in water is added. Only 5.3 ml

of the alkali solution dissolves. The mixture is then heated 39 hours at 710C.

After cooling, the mixture is first washed with a 10% solution of sodium chloride to

break the emulsion, then with a i0 solution of ammonium chloride, and the organic

layer is then dried. The propyl alcohol is distilled off and the residue is frac-

tionated, yielding the following fractiors: 60-1191C (1.8 amn), 15.1 z; 120-138°C

(2 mm), 166.5 m (tetramethyldiphenldisiloxane found); 130-1730C (0.5 mm), 59.3

(mainly the linear trimer found); 25.3 g of residue with a lower viscosity than the

F-TS-9191/V 574



starting polymethylphenylsiloxanes. This residue probably consists of products of

linear structure.

The low boiling fraction is redistilled, yielding 2.8 g of a product of boiling

point 65-660C (3.5 mm). Its analysis confirmed the fact that this fraction consists

of dimethylphenylsilanol. The presence of dimethylphenylpropoxysilane in this same

fraction was qualitatively established.

Study of the Structure of Cyclic Polysiloxanes

As already stated, cyclic products are often the principal reaction products of

the hydrolysis of dialkyldichlorosilanes, especially in acid media, and a study of

their structure is therefore of considerable interest. The cyclic trimers and

tetramers are most often formed. If the size of the organic radical is small, the

trimer and tetramer can be separated bj fractional distillation in vacuo. It is

also necessary, however, to determine the molecular weight of the product, its

structure, and a number of other characteristics. The use of the method of infrared

spectroscopy to establish the nature of cyclic polysiloxanes gives good results. A

number of cyclic polymers have been prepared to investigate the infrared spectra

(Bibl.176).

Preparation of Hexaethylcyclotrisiloxane and Octaethylcclotetrasiloxnae. To a

solution of 478 - of diethyldichlorosilane in 700 ml of ether, 1478 g of ice is added.

After all the ice has melted, the mixture is boiled 1 hour under a reflux condenser.

The water layer is separated, and the ether layer is washed once with an equal vol-

ume of water. The washed ether solution is boiled with a 5;2 solution of caustic

soda with the object of completing the hydrolysis of the unreacted chlorine atoms

and also of effecting more complete condensation. After distilling off the ether,

a transparent colorless liquid containing 62% of volatile cyclic polymers is obtained.

The hydrolysis of diethyldichlorosilane with ice, without using a solvent formed a

product containin- 27; of volatile cyclic polyners. T'ydrolysis of diethyldichlcro-
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silane by adding it dropwise to boiling water gives a product containing only 22% of

volatile cyclic polymers.

Fractional distillation of the hydrolyzate yields 60-70% of a cyclic trimer

with the following properties:

Melting Point°C 9.9

Boiling Point 0C 156.7 (50 mm)

Specific Gravity 0.9549

Refractive Index 1.130e

Viscosity at 250C, Centistokes 3.6

and 10-2% of a cyclic tetramer with the following properties:

Freezing Pcint°C -64
0C

Boiling Point°C 1270 C (1 mm)

Specific Gravity O.96

Refractive Index 1.14336

Viscosity at 250C, Centistokes l.2

Preparation of 1.2.3-Trimethyltrioherylcyclotrisiloxane and 1.2.3.4-Tetra-

methyltetraphenylcclotetrasiloxane. Pure methylphenvldichlorosilane, 500 g, is

diluted with 3 parts by volume of ether, and a mixture is cooled by placing the

flask in an ice bath. To the cooled mixture, 370 ml of water per ool of methyl-

phenyldichlorosilane is added. The ether solution is then washed with distilled

water until free of chlorine. After distilling off the ether in vacuo at 20 m, up

to lO0PC, the residue is a colorless oil with the following properties:

Specific Gravity 10125

Viscosity at 200C, Centistokes 203

Refractive Index 1.5451
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Vacuum distillation of the product from a short-necked flask up to a tempera-

ture of 3000C, at 0.1 m, yields 76.7% of volatile products of the following prop-

erties:

Specific Gravity 1.121

Viscosity at 20C, Centistokes 187

Refractive Index 1. 5445

When the fraction boiling at 1570 C (0.1 m) is collected while crystals begin

to be thrown down in the receiver. They are filtered off from the mother liquor,

and are recrystallized from methanol. The crystals have a melting point of lOPC.

A study of the infrared spectra of this product has shown it to be phenyl-

methylcyclotrisiloxane. When the mother liquor stands for a few days, at room temp-

erature, no further crystallization of the product is observed. On standing in a

refrigerator at -20PC, however, all the liquid becomes very mach denser, and then

crystallizes out completely at room temperatures. The crystals so obtained, after

recrystallization from methanol, have a melting of .5.5°C.

The infrared spectrum of this compound indicates that it is also a cyclic

trimer, but in the spectra of both products insignificant but entirely distinct dif-

ferences are preceptible, which can be explained by the fact that they are stereo-

isomers. The fraction corresponding to the cyclic tetramer is collected in such a

way that when the area corresponding to the tetramer appears on the rectification

curve, the fraction is collected not in one receiver, but in several, and the frac-

tion is separated into several parts.

After the several parts of this fraction are allowed to stand for a few weeks,

in these receivers, about 15-20 of white crystals are thrown down, which are re-

crystallized from methanol. After recrystallization they have the melting point of

990C.

A study of the infrared spectrum of this product has shown that the crystals,
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like the mother liquor, consists of tetramer. The spectra of these substances some-

what differ from each other. When 'he liquid tetramer has stood for three weeks,

no crystalline products whatever are found to separate.

Preparation of 1. 2.3 -Triethylphenylcyclotrisiloxane andl.2.3. 1,-Tetraethl-

tetraphenylcyclotetrasiloxale. To 770 g of ground ice 51C g of ethylphenyldichloro-

silance dissolved iii 3 volumes of ether is gradually added. After the ice has melted

the mixcture is boiled an hour under a reflux condenser. The ether layer is then

.rashed wi~h ;ater, and an equal volume of a 55 solution of caustic soda is added.

The mj:ture is again boiled for some time uinder a reflux condenser.

The water-alkaline layer is separated, and the ether layer is washed at first

in a 2' FC1 solution, then with distilled water until the reaction is neutral, and

is then dried over calcium chloride. The ether is distilled off during heating of

the solution to 150°C (50 mms). The colorless oil so obtained is placed in a short-

necked flask. The contents of the flask are heated to 28cPC (0.05-0.1 mm), and

77.5v of volatile products are then distilled off.

At a temperature of 250C, the distillate has a viscosity of 21 centistokes.

The distillate, amounting to 530 g (from 3 experiments) is fractionated in a

column, yielding 2A0 ml of a fraction boiling at 170-175 0C (0.1 mm), and 120 ml of

a fraction boiling at 212 0C (0.1 mm). Redistillation of each in the same column

yields 230 ml of a fraction consisting of cyclic trimer boiling at 1660C (0.025 r-M).

The refractive index is 1.5102, the specific gravity 1.0932, the viscosity at 250C,

63.6 centistokes.

After the product was allowed to stand for /- hours, no crystal had separated

out. On considering the spectrum of this compound it may be concluded that it is

pure 1,3;5-triethyltriphenylcyclotrisiloxane, free from the cyclic tetramer.

The fraction boiling at 2120C (0.1 m) has a viscosity of 250C of 220 centi-

stokes, a refractive index of 1.5130, and a specific gravity of 1.1000. After stand-

ing for three weeks at room temperature, white cyrstals begin to separate out from
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this fraction. They are filtered off and recrystallized twice from absolute methanol.

The melting point of the crystal is 1060C, and the yield is 10-11 g, that is, about

iO,.

A study of the infrared spectrum of this compound leads to the conclusion that

it is the pure cyclic tetramer. The mother liquor is also pure tetramer.

Tetraethyl-l,2-diphenylcyclotrisiloxane is obtained by cohydrolysis of a mix-

ture of 2 mols of diethyldichlorosilane and 1 mol of ethylphenyldichlorosilane by

the method described above. A complex mixture of cyclic products is formed, which

on fractionation yields about 15% of tetraethyl-l,2-diphenylcyclotrisiloxane; boil-

ing point, 15C°C (0.5 m); refractive index, 1.5008; specific gravity, 1.0561.

On rectification, 240 ml of a substance passing over at 1650C (12 EM) is col-

lected. This fraction consists mainly of pentaethylphenylcyclotri3iloxane. Refrac-

tive index 1.1,735; specific gravity 1.0096.

A study was made of the infrared spectra of solutions prepared by dissolving

500 mg of product in 5 ml of CClh, for wavelengths from 2 to 7.5 4, and 100 mg of

product in 5 ml of C2, for wavelengths from 7.5 to 16 4. Since hexaphenylcyclo-

trisiloxane is sparingly soluble in CC1 ,, it was studied in the form of a consider-

ably more dilute solution - 5C. The study was made in a cell 0.2 n thick.

For the methyl group attached to the silicon atom, the following absorption

bands are characteristic: 3.38, 7.08 and 7.9 L . For the ethyl groups, bands were

noted at 6.8L, 7.08, 7.26, 8.05, 9.9 and 10.4 4. The phenyl group has bands at

6.28, 6.7, 6.98, 8.4, 8.9, 9.7, and 10.04 . Each of these bands has a width of a

few hundredths of a micron and shows slight fluctuations of intensity for a dif-

ferent compound.

Three bands characteristic for the methyl groups correspond to stretch vibra-

tions of the C-H bond, to the bending vibrations of this bond, and to the vibrations

of the methyl group, respectively. Another sharp band between 12 and 13k is char-

acteristic for the stretch vibrations of the Si-C bond.
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Phenomena of stereoisomerism are also observed in the cyclic polysiloxanes.

Thus, for instance, for the four-membered rings, in which each atom of silicon is

attached to two different radicals, the following four structures are possible:

x x x x Y
I I I S 1- I Ii S

SI-O-Si SI--10-S--SO-

I I(( I
Y N x Y Y x Y x
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CHAPTER VII

HYDROXY-DERIVATIVE ORGANOSILANES

The hydroxl-derivative silanes are the fundamental monomeric compounds whose

polycondensation leads to the formation of polysiloxanes. Theoretically the follow-

ing hydroxyl derivatives of silane may exist:

I l,SiU l I .II,.i(OI) 3  -, IISi(OI-H),, - Si(()H)4

Owing to their exceptional tendency to condensation, the hydroxyl derivatives of

silane, except for dihydrox7silane H2Si(OH) 2, have not been isolated in the monomeric

form 0.5 =3 of dihydro.Vlsilane has been prepared, but its properties could not be

studied, since condensation of the product soon occurred (Bibl.l). The molecular

weight of its condensation products is 296 (which corresponds to the hexamer).

The hydroxylsilanes may possibly be formed as intermediates in many reactions.

On the hydrolysis of a monohalosilane, the formation of monohydroxy3silane is

postulated (Bibl.l).

I I,,i(,I -+-I .0 11 ,,(1 13 o 1+ 11(1I

Moohydroxysilane condenses imediately to form disiloxane.

Hydrolysis of a dihalosilane leads to the formation of dihydroxysilane, which

rapidly condenses to form polymers.

It is postulated that on the hydrolysis of a trihalosilane, trihydroxMsilane is
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formed and then immediately condenses.

The organodihydroxysilanes are of greater practical interest:

OrganomonohydroxYsilanes

On condensation of organohydroxysilanes of the type R3 SiOH, only the dimers,

organodisiloxanes R3 SiOSiR3 , can be formed. On co-condensation with organodihydroxy-

silanes and organotrihydroxysilanes, however, they participate in the construction

of chains of polyorganosiloxanes of higher molecular weight, and, by adding their

single hydroxyl group to the polyorganosiloxane chain, they block its growth. Thus,

the organohydroxysilanes are of interest in cases where inert polymeric compounds

with short chains must be prepared.

The most widely used and generally recognized reactions forming organohydroxy-

silanes are the reactions of hydrolysis of trialkyl- and triarylchlorosilanes, of

tri-substituted esters of orthosilicic acid, and of certain other compounds.

The first representative of this class of compounds, trimethylhydroxy3silane, is

formed directly on the hydrolysis of trimethyichlorosilane in an alkaline medium:

(CflJ3 iCI + NaOH -. (CHs)sSiONa + HCI

(CHW)giON& + HO - (CHiOH + NaOH

Monomeric trimethylhydroxysilane is formed in small quantities on the hydrolysis of

trimethylchlorosilane by a 1 N solution of an alkali in an ethereal solution. The

principal product of this reaction is hexamethyldisiloxane which, together with tri-

methylhydroxysilane, forms an azeotropic mixture, so that trimethylhydroxy3silane can

be separated only with difficulty in the pure state. On hydrolysis of trimethyl-

fluorosilane by a weak solution of alkali, in ethereal solution, and at low tempera-

ture, trimethylhydroxysilane is formed. The yield is 7C% of theoretical.

Preparation of Trimethylhydroxysilane (Bibl.2). An ethereal solution of tri-

methylfluorosilane (cf.p.457) is titrated, under strong cooling, with an NaOH solu-
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tion to a neutral reaction with phenolphthalein. The ethereal layer is separated

from the water, the aqueous layer is twice extracted with ether in 100 ml portions,

and the ethereal extracts are combined and fractionated. Trimethylhydroxysilane

boils at 990 C (734 mm).

Hydrolysis of trimethylbromosilane under similar conditions leads to the forma-

tion of hexamethyldisiloxane.

When methylmagnesium bromide acts on polymeric polydimethylsiloxane ,followed by

hydrolysis of the reaction products, trimethylhydroxysilane is formed (Bibl.3):

[(CH,),SIOJ- + xCHIMgBr ---- x(CH,)8SiOMgBr

(CHj),SiOMgBr + HO -- (CHj)8SJOH + MgBrOH

Trimethylchlorosilane reacts with liquid ammonia to form hexamethyliminodisilane,

a liquid boiling at 1260 C (758 rm).

2(CH,)aSiCI + NH, - (CH,)&SiNHSI(CH,), + 2HCI

On hydrolysis of hexamethylimnodisilane by water or aqueous alkali, trimethyl-

hydroxysilane is formed:

(CH )$SiNHSi(CHj)8 + 2HO ' 2(CH,),SiOH + NH,

On the acid hydrolysis of hexamethyliminodisilane, only hexamethyldisiloxane is

formed.

Hydrolysis of trimethylohlorosilane by an excess of water leads to the formation

only of hexamethyldisiloxane (boiling point 1000 C). Hydrolysis of an ethereal solu-

tion of trimethylchlorosilane by a 20% aqueous KOH solution leads to an azeotropic

mixture of hexamethyldisiloxane and trimethy1hydro.silane.

Trimethyihydroxysilane is obtained when a mixture of polymeric dimethylsiloxane

and methybmagnesium iodide in a dibutyl ether medium is heated 2 hours on a water

bath, followed by hydrolysis. It has the odor of camphor. It is dehydrated on boil-
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ing (under a reflux condenser), and also by heating with dehydrating agents.

Dimethyldichloromethylhydroxysilane (CH3) 2 (CHCl 2 )SiOH is formed in slight quan-

tities on the hydrolysis of dimethyldichloromethylchlorosilane in ethereal solution

by iue water. Dimethyldichloromethylhydroxysilane is a liquid with the boiling point

8900 (40 m).

Triethylhydroxysilane is obtained on hydrolysis of triethylchlorosilane.

Triethylhydroxysilane may be prepared by alkaline hydrolysis of triethylsilane-

sulfate:

(CsH.)siOSOgOH + HO --- (C4),SiOH + H9SO,

Triethylsilane sulfate is obtained by the action of 20% oleum on hexaethyldi-

siloxane, according to the reaction:

(CsH,)*SiOS1(CjH,)s + 2HSO6---- 2(CH,),SIOSOOH + H1O

Preparation of Triethylhydrosilane. To 600 ml of dry ether, 151 g of trieth-

ylchlorosilane is added, and the solution is cooled on an ice bath.The solution,being

vigorously agitated, is then slowly (30 min) titrated at O°C with 1 N NaOH solution

to neutral in the presence of phenolphthalein.The ether layer is removed,and the

water layer is twice extracted with 100 ml portions of ether.The combined ethereal

extracts are dried with calcined potassium carbonate and are then fractionated. Re-

sult 125 g of triethylhydroxysilane,boiling point 77.5 0 C (28 m). The yield is 95%.

Prevaration of Triethylsilane Sulfate (Bibl.). A mixture of 99 g of hexaethyl-

disiloxane and 56 g of oleum is stirred for 30 min at room temperature. Then 10 g of

aumonium sulfate is added to the reaction mixture, and it is again stirred for 2

hours at room temperature. The triethylsilane sulfate formed is extracted from the

reaction mass with pentane. The pentane is evaporated off, and the residue is frac-

tionated under reduced pressure. Triethylsilane sulfate has a boiling point of 1700 C

(12 m). It decomposes partially on distillation.
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a-Chloroethyldiethyvlhdrox'silane is formed on hydrolysis of c-chloroethldieth-

ylchlorosilane by alkali (Bibl.5):

(CHsCHCI)SI(CgH,)&C + NaOH - NaCI + (CHICHCI)SI(CjH,)OH

Preparation of a-Chlorothrldiethylhydroxvsilane. A mixture of 60 g of a-

chloroethyldiethylchlorosilane, 200 g of ice, and 20 g of NaOH, is stirred for 30

min. The mixture heats up during the stirring, and toward the end of the process it

must be cooled by a water bath with ice. The reaction product is extracted three

times with ether in portions of 150 ml. The ethereal extracts are washed with water,

dried with anhydrous magnesium sulfate, and fractionated. The a-chloroethyldiethyl-

hydroxysilane distils at 10lOC (29 mm). The yield of the product is 8% of theorlt-

ical.

In this reaction the formation of disiloxane is not observed, which speaks for

the considerable stability of a-chloroethldiethkqlydrozysilane. Heating of the pro-

duct with aqueous solutions of an alkali causes cleavage of the chloroethyl group:

(CHCHCI)SI(CHg)2CI + 21,0 -- , CHCI + (CI,),Si(OI),

The diethyldihydroxysilane that is formed is condensed, yielding polymeric pro-

ducts.

Sipheny1lhydroxsilane has also been prepared from triphenylbromosilane on hydro-

lysis with water in an alkaline mdium by the method described above:

(CeK IBr + KOH -- (CHK),SI(OH) + KBr

Various hydroxsilanes have been prepared by the action of strong sulfuric acid

on tetra-substituted silanes containing a single phenol group. Cleavage of the phen-

yl group takes place, giving the corresponding hydrox3'silane (Bibl.6):
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Q2K\ /CIli Cl-

i + "H" H2SO - CHs/ S1/CH + CH&SO9HC,.H,/ \C H, " C, H7
/ \OH

The action of fuming HCl at 1800 C has been found to be similar, from the example

of the formation of triethylhydroxysilane from triethylphenylsilane.

The organodisiloxanes are hydrolyzed on heating with alkali, and are converted

into hydro.'silanes (Bibl.7, 8):

(41 1).SiOSi(ClH,)3 + HIO - - 2(CsH&),S1O1i

A large number of mixed hydroxysilanes can be prepared by hydrolysis of mixed

chlorosilanes or mixed tri-substituted esters of orthosilicic acid in an alkaline

medium:

(CjH&)((;sH,)(C6H,)SiCl + H0 O-- (C.H,)(CH,)(C$H,)SiOH + HCI
(C.H7)(C.H9)(CjHs)Si(OCH) +.H2O 0 - (CH,)(CjH,)(C.H&)SiOH + CHOH

Physical Properties

Trimethylhydro3ysilane is a colorless liquid with a strong odor of camphor and

a neutral reaction. It is dehydrated by prolonged distillation under atmospheric

pressure; but when rapidly distilled a rather pure product is obtained. Prolonged

storage at room temperature leads to some decomposition. Trimethylhydro3ysilane is

dehydrated at room temperature by most drying agents. The action of activated alu-

minum oxide and potassium carbonate on trimethylhydroxysilane at room temperature

leads to the formation of insignificant quantities of hexamthy2disiloxane. The oth-

er trialkyldihydro;ysilanes are colorless liquids with a pleasant odor. Only tri-

methyl- and triethylhydroxysilanes are partially soluble in water. All the trialk-

ylhydroxysilanes are readily soluble in many organic solvents - alcohols, benzene,

toluene, chlorinated hydrocarbons, and ethers. Distillation, either under reduced

pressure or under atmospheric pressure, results in their condensation.
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Table 66

Physical Properties of Trialkyl- and friarylhydroxysilaneu

* b)d) Ie)
11 d42U

(CH3)lSiOH - 100; 97 0,8112 337
T r i m t h y l y d r x y s i a n e( 7 6 0 m e "' ) _Trmehyhyroyslae (CH3)ICHCItSiOH - 89 - 22

Dimethyldifhl oro- (40 mm)
.,hydrxgigne* (C2H&)&SiOH - 153-154 0,8647 6.7

rltyoxsae (CHjCHCI)(C2H),iOIij - 150 - 1

M-Qhloroe~yldi ethyl- (200mm.)
hyodroxysi ane 195

Tripropyihydroxysilane !(S),CHJSioti -~~c 20724

Triisopropylhydroxy- jITjH~~f 0 1

silane sian
Tri sownylhydroxy- I(C-H:e)CHCHrCHgISi(OFii) 270

Tripbrnylhydroxy- (COH6),SiOli2.0
si ane 'CHAI 2 JOH1 too 27-

Tri7 tolylhydroxy- - 4Ios-o -I-I2

p a tC4H,CHjSiOII 10-0 1
Tribenzylhydroxysilane

Miethylethylpropyl- (45)~~)CH,5O - mm)-IS
MfhylfjhyIRhnYl. (CI*St&XH)S~.IOH - 11I5 - 28,29

Meth'le'9y'(17 mm)hydroxysilane - 15 - 2
Diethjjpenyhydroxy- (CsHs)*(CeH&)SiOH 16- - 2

Methyldibenzyihydroxy. (CHXCHsCH,)tSiOH - (60 -mm)

Ethyl prop y phenyl- (CiHH.)(C3HXC.H.)SiOH - 250 - 7
droXYsilane (60 mm)I

Et ilpropy benzyl (CIHSXC3II,)C.H&CHI)SiOH - 155 - 37
Ed. xsi ae (Ct)CHC,,IH- (25 mm)

EtK i ny C~tI&(C4&C~,)SiO - 210 - 37
h~oxyi ane(25 ma)

PhenX1dicyvj ohexyl- IIxiO - 15 - 3

benzyl- jqC,H&.X HjSSiOII - 162-164 - 30,37
DehyjY9ben~zyflTdroxy- (25 mm)

S(C 4H&)1(C$H&CH,)SiOH - 165 - 28.29
Mest~rdlpbnyl-(40 mw)

hdoyiae(CH*)(CH&)tSIOH - 165 38
(45 mms)

a) Name; b) Formul3a; c) Melting point; d) Boiling point; e) Specific gravity;

f ) Bibliography
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The triarylhydroXysilanes are crystalline solids, soluble in many solvents but

insoluble in alcohols and ligroin. Table 66 gives certain properties of the hydroxy-

silanes.

The monohydroxysilanes recall organic alcohols. Their dipole moments are some-

what lower than in the alcohols (1.65 D), but higher than in the phenols (1.40 D).

The dipole moment of triethylhydrox7silane is 1.50 D.

Chemical Properties

The chemical properties of the tertiary alcohols and those of the hydroxysilanes

are different. The trialkyl- and triarylhydroxysilanes, in contrast to the alcohols,

have a tendency to condensation. With increasing size of the organic radical, the

condensation of trialylhydroxysilanes into hexaalkldisiloxanes becomes somewhat

more difficult. At the same time the reverse process of the breaking of the siloxane

bond, giving trialkylhalosilanes, is facilitated. The reaction

+W H0 HX
RSiOSiR, 2RSiOH 2RSiX

for hexamethyldisiloxane is markedly shifted toward the left. When triethlhydroxy-

silane is treated with concentrated HCl, however, its condensation into hexaethydi-

siloxane is not observed, The reaction in this case in shifted toward the right,

and the triethyhydroxysilane may be converted into triethylchlorosilane. The yield

is 75% of theoretical. Under the action of HBr, triethyihydroxysilane is quantita-

tively converted into hexaethyldisiloxane; and no triethylbromosilane is formed in

this case.

In spite of the relative ease of condensation of triallyhydroxysilanes at the

instant of their formation, especially in acid hydrolysis, the trialkylhydroxy-

silanes, once isolated, are rather stable. When triethylhydroxysilane is boiled with

water, 0.01N HCl, or 0.01N alkali, only 10% of it is dehydrated, while 50% of tri-
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methylhydroxyilane is dehydrated under the same conditions. Passage of triethyl-

hydroxysilane over active aluminum oxide at 3600C results in only 8% dehydra.ion.

The hydrogen in the hydroxyl group of trialkylhydroxysilanes is capable of re-

acting with metallic sodium, forming the trialqilsodium-oxysilane: the sodium deriva-

tive of trimethylsilanol (Bibl.9, 10):

2(CH,)3 SiO(H + 2Na . 2(CHs),SiONa + Hj

When a trialkylhydroxysilane reacts with sodium in a solution of dry xylene,

hydrogen is liberated quantitatively, and this reaction may be used for analytical

purposes.

On the action of concentrated alkali (12 N) on trimethylsilanol, the sodium de-

rivative of trimethylsilanol is formed, and is thrown dov as a white precipitate.

The reaction is conducted with vigorous stirring and cooling. When an aqueous sus-

pension of the sodium derivative of trimethylsilanol is shaken with ether, the pre-

cipitate passes over into the ether layer, and in this way is separated from the wat-

er layer. The precipitate is washed with ether, and dried over phosphorus pentoxide.

The yield of the product is 87% of theoretical.

The sodium derivative of trimethylsilanol can be recrystallized, with difficul-

ty, from an ether-acetone mixture. It melts at 147 - 1500C, with partial decomposi-

tion. On the acid hydrolysis of the sodium derivative of trimethylsilanol, hexameth-

yldisiloxane is formed.

The literature also contains indications that when trimethylhydroxysilane reacts

with lead oxide, hexamethylplumboxydisilane is formed:

2(CH),Si(OH) + PbO -- ((CH,),SiOjPb + HO

At an elevated temperature and pressure, hexamethy2disiloxane reacts with an aqueous

solution of alkali to form methane and sodium silicate.

In 500 ml of 3N NaOH solution, 0.5 reel of hexamethyldisiloxane is dissolved,
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and the solution is heated in an autoclave at 200°C. The yield of methane is 76% of

theoretical.

Under the action of sulfuric acid on trimethylchlorosilane, hexamethylsulfondi-

oxydisilane is formed.

Preparation of Hexamethylulfondioxydisilane. To 23.8 g of trimethylchloro-

silane 9.8 g of sulfuric acid is added droptise, with vigorous shaking. HCl is

evolved during the addition of the sulfuric acid, and in consequence the mixture is

cooled of itself.

After all the sulfuric acid has been added, the reaction mixture is fractiona-

ted. The 87 - 90°C (4 am) fraction is hexamethylsulfondioxysilane, a white crystal-

line substance of the asp. 45 - 460 C. hen this substance is fractionated at higher

pressures and temperatures, energetic decomposition and oxidation of the product was

observed.

Triethylhydroa'silane reacts with 38%-HCI to form triethylchlorosilane. Under

the action of strong HBr under the same conditions, only hexaethydisiloxane is ob-

tained.

Conversion of triethyihydroxsilane into triethylchlorosilane. Into a flask

provided with a stirrer, 450 ml of concentrated HC1 is poured. Under strong cooling

with ice and stirring, 66 g of triethyhydromysilane is added to the acid. The mix-

ture is stirred 1 hour. The upper layer is then taken off, thoroughlv dried with an-

hydrous zinc chloride, and fractionated in a column, yielding 58 g of triethylchloro-

silane; boiling point 1450C (729 mn). The yield is 77% of theoretical.

Heating of triethylhydro.Vsilane with acetic anhydride produces triethylacetoxy-

silane.

For this pwpose 26.4 g of triethyhydroxsilane is mixed with 20.4 g of acetic

anhydride, and the mixture is heated 12 hours on the water bath at 1000 C. Fraction-

al distillation yields 26.2 g of triethylacetoxysilane; boiling point 1670C (726 am).

The yield is 76% of theoretical.
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11hen triethyhydroxysilane is boiled 6 hours, dehydration does not occur.

The sodium derivative of triisoacqlsilanol E(CH3 )2 CHCH 2CH2] 3SiONa has been ob-

tained by reacting triisoaivlsilanol with sodium (Bibl.ll).

Vhen acetyl chloride acts on triethylhydroxysilane, (C2H5 )3 SiOCOCH3 triethyl-

acetoxysilane is formed (Bibl.12).

Numerous studies of the action of acetyl chloride on triphenylhydroxysilane have

shown that this reaction proceeds with chlorination of that compound:

(CIH&)*Si(OH) + CHICOCI --- (C.H)0SiCI + CHCOOH

On heating in an acid medium, the hydroxysilanes condense readily to form

dimers.

In comparing the properties of triphenylcarbinol and triphenylsilanol, Ipatiyev

and Jolgov hydrogenated them. They found that triphenylcarbinol is completely hydro-

genated to tricyclohexylmethane; triphenylsilanol is not hydrogenated under the same

conditions, but is completely converted to hexaphenyldisiloxane:

2(CeH 5g)SI(OH) -- (CeHg)s--O--Si(CIH,)s +I i 2

Eaxperiments on the reduction of triphenylsilanol to triphenylmonosilane perform-

ed by the same authors showed that the reduction takes place only when zinc dust and

acetic acid are used. A small amount of an oily substance resembling triphenylsilane

was obtained.

An attempt to prepare phenylurethane by heating triphenylsilanol with phenyl

isocyanate did not succeed. The reaction formed hexapheny1ldisiloxane, carbon diox-

ide, and sym-diphenylurea instead:

2(CeHs)*iOH --- 2CeHCNO - --- (CIHg)sSiOSi(CeH&) + CO + CO(NHI-1.),

A study of the activity of the hydroxyl group of trimethylsilanol and triethyl-

silanol as compared to that of the hydroxyl group in tertiary organic alcohols is of
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interest.

The reaction of metallic sodium with triethylsilanol dissolved in xylene is ac-

companied by the quantitative liberation of hydrogen (Bibl.15); while no hydrogen is

liberated by the reaction with triethylcarbinol. After triethylsilanol is boiled U1

hours with alkali solutions, 90% of the trimethylsilanol still remains unreacted, and

can easily be distilled. When a small quantity of concentrated HCI is added to tri-

ethylsilanol, hexaethyldisiloxane is obtained in 50% yield. Trimethylsilanol is con-

verted to the dimer with considerably greater ease.

Table 67 gives the physical properties of various eaters of trimethylsilanol and

other derivatives of the trialkyl- and triarylsilanols.

Table 67

Physical Properties of Certain Derivatives of Trialkyl-(aryl)-silanols

S) ! C) d) e)

Tri met.yl sodium.a ye (CHi,).SiONa 147-1 50 - 15

-rfmethy acetoxy- (CH.). 2SiOCOCH. 103 41
Trietiracetoxysi lane (C2H3)3SiOCOC1.. - 168 41
Tripropylacetoxy- (C.H,) 3SiOCOCH:, - 214 41

TrapIenyl acetoxy- (CH&)SiOCOCH 3  .1,5 - 41si I ane

lexamethyldi. I(CH)aSiO]tSOf 45 41
• .si loxantsyl frte 17(2

exaethy disi oxane- (C.H$)3SiO]ISOt 170 (12 ap I11
sul fate

H: ul had [(CH1).SiO,,P' 86 (4 m") 41Si lonephosphate

a) Iame; b) Formula; c) Melting point, °C; d) Boiling point, °C;

e) Bibliography

Oranosilanediols

The organosilanediols are the fundamental monomers of the substances whose poly-

condensation leads to the formation of linear polyorganosiloxanes of high molecular

weight, or to cyclic products. This explains the exceptional importance of the or-

F-TS-9191/V 604



ganosilanediols in the synthesis of elastic high-molecular organosilicon compound.

Organoilanediols are most easily prepared by hydirolysis of alkJlyl- or aryl-

chiorosilanes in an alkaline medium, or by hydrolysis of di-substituted esters of

orthosilicic acid, and of dialkyldiacetox'silanes:

RtSiCIg +~ 2112U -- RSi(OH)l + 2HCI
RtSi(QR): + 28,0-- RsSi(OH)s + 2ROH

R.,Si(OCOCHa) 2 + 2H20 RSi(OH), + 2CHICOOfI

As a rule, processes of poJkyoondensation also occur during the process of hydro-

lysis, so that up to now it has been possible to prepare only a limited number of re-

presentatives of the organosilanediols3 in the pure form, and even at that, in low

yield.

The dialklslilanediols are obtained only if the reaction is conducted cautious-

l~y, under mild conditions. Thus, for instance, on mixing an ether solution of dieth-

yldichlorosilane with 1.5N NaOH solution at a temperature not over &0C,, it is possi-

ble to prepare diethylsilanediol, boiling point 14&0 C, melting point 96 0C. It is

very labile, and condenses on distillation. It is soluble in water and oxygen-

containing organic solvents (Bibl.1-6). In the pure form it is stable at room tem-

peratures.

J).pending on the conditions of hydro,vsis, diphanydichlorosilane may yield

crys3tal.line, amorphous, or oily products (Bibl.17).

To prepare totraphenylhydro.Vdisiloxan. and hexajpienyldihydroxtrisiloxane,, the

partial hyrdrolysis of diphonyldichlorosilane is first effected. The incompletely

hydrolyzel products are then separated and subjected to final hydrolysis.

Partial W:Irolysis of Dirpiewldighlorosilane. In 1000 ml of ether 24 mole of

diphonyldichlorosilane is dissolved, and a solution of 2 mole of water in 400 ml of

dioxane is then added dropdise under vigorous stirring. After addition of the solu-

tion of water in dioxane, dry nitrogen is blown through the reaction mixture to re-

nove the HCL. The solvents are distilled off, and the residue is fractionated under
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reduced pressure. The fraction boiling at 238 - 2410C (1 Mn) is redistilled, and

then recr-ystallized from hexane. Tetraphenyldichlorodisiloxane crystallizes in waxy

hexagonal prisms of melting point 380C and boiling point 238 - 2410C (1 rm) * The

fraction boiling at 290 - 3030C (1 nun) contains a certain quantity of hexaphenyldi-

chlorotrisiloxane mixed with hexaphenylcyclotrisiloxane. These two products are sep-

arated by extracting the hexaphenyldichlorotrisiloxane with heptane.

If 1.5 mol of diphenyldichorosilane per mol of water are taken for hydrolysis,

the yield of hexaphenyldichlorotrisiloxane is increased, while that of tetraphenyl-

dichlorodisiloxane is reduced. At the same time the yield of hexaphenylcyclotri-

siloxane is somewhat increased.

'J'en the molar ratio between diphernldichlorosilane and water is 1 : 1 or 0.67:

1, polydiphenvldihydroxysiloxane is not formed. In these cases the reaction pro-

duct consists almost exclusively of hexaphenlcyclotrisiloxane. The formation of

this compound in the products of partial hydrolysis indicates that monomeric diphen-

ylsilanediol is formed by the hydrolysis of diphenyldichlorosilane, and subsequently

undergoes condensation.

It may likewise be postulated that the formation of cyclic products is encour-

aged by the phenyl groups which are responsible for a position of the valence angle

of the 0 - Si - 0 bond at which ring closure is facilitated.

Tetraphenyldichlorodisiloxane is hydrolyzed by the method that has been describ-

ed for the preparation of dipherldisilanol. The rate of hydrolysis of tetrapherwl-

dichlorodisilxane is an eighth of the rate of diphenyldichlorosilane. The hydroly-

sis mar be accelerated somewhat by separating the water layer several times during

the process and replacing it by fresh water# Tetrapheyldihbdrxydisiloxae may be

recrystallized from a mixture of benzene and n-pentane. Its melting point is 113 -

1140 C. The yield of product from 20 g of tetrapheryldichlorodisiloxane is 17 g, or

92% of theoretical.

Hexaphenydichlorotrisiloxane is hydrolyzed by the method described for the pre-
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paration of diphenylsilanediol (of. p. 568). In this case the process of hydrolysis

takes two days. Hexaphenydihdroytrisiloxane may be recrystallized from boiling

pentane; melting point 1.110C.

The fraction obtained on molecular distillation of the r-esidue after the partial

hy'drolysis of diphenyldichiorosilane was subjected to hydrolysis, but no crystalline

products could be obtained from it even under this treatment. Only oily products

were obtained.

Table 68

Physical Properties of Dialkyl-(diaryl)-silanediols

C) d)
-_9)b) Lc C e)

(CJ1 1.gSli(OI I)., I OH-lot -
[)imethylailanediol (Q21 l,1)IS4O1 02 96 140' It;

riethylailanediol (C I .)2iSW I[ 0 132 bra%- dow 1.37
Diphenylsilanediol ( 411*(Il,)!Si(0H). 101 3 :2,33.34
Dibenzylsilanediol ((lI,,)tsi(4.)II) 140-145 7, 35.36

Ph9 vlc Irhexy1- (f., H4).Si(0H). 113 111 -

Casl l5Si(Ol 7i1 17
Ethy?pbenyl ail anediol (;.F,(, 61s( 23
Ethylbenzyl si Ianediol

terl.-butylmethyi - CH131 1103CIS(OI I W 12 I 7 (740 in.) U,
qa-'k3%1 ty- I(i~IelSi(offl 1.52 210 f 740 m (

rt. l henIL D- ((a 1,3CJW4 H&Si(OI I)2 82 123 13 nt 401

tertdut eaecyl)- J(C:H3)(:I(, 4 1,Si(0) III 4r) 4 12 mm) 411
silanediol

a) Name; b) Fornula; c) Mlelting point, 00C; d) Boiling point, 00;

.) Bibliograpty

Physical Properties

The dialkyJldisilanols and diaryldisilanols are crystal~line substances, readily

soluble in nyq organic solvents; only dimethyl- and diethylsilanols are soluble in

water, The dialllilanediols condense on long storage or heating, and gradually
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pass over into liquids of increasing viscosity, and then into resinous products.

Table 68 gives the melting points and boiling points of dialJyl-(diaryl)-silanediols.

Chemical Properties

Dimethylsilanediol and diethylsilanediol are soluble in water, Slight cleavage

of water takes place on heating. Under the action of acids, even in the cold, they

condense to form polymers. The diarylsilanediols are more stable, but even they are

readily condensed. Thus, for instance, when 10 g of diphenylsilanol in 150 ml of

ether is heated 3 hours in the presence of 5 ml of concentrated HCI, it is converted

into hexaphenylcyclotrisiloxane. If 1 to 2 drops of an aqueous solution of an alka-

li are added to a boiling solution of diphenylsilanediol in 95% ethanol, octaphenyl-

cyclotetrasiloxane is thrown down on cooling.

Diphenylsilanediol, according to various authors, has a melting point that var-

ies according to the rate of temperature rise. Thus, at a rate of 20C/minute, its

melting point is 155 0C, while it softens at 135 C. According to other data, diphen-

ylsilanediol has a melting point of 132, 139, or 1400C. It can be easily recrystal-

lized from hot ethanol, followed by precipitation by benzene. Treatment of a hot al-

coholic solution of diphenylsilanediol with a small quantity of ammonia leads to the

formation of the cyclical trimer. If a solution of diphenylsilanediol in methanol

is allowed to stand for two weeks in the presence of 1 drop of concentrated HCl, a

solid crystalline product is formed, which after recrystallization from a benzene-

ethanol mixture has a melting point of 197 - 198 C. This product contains linear

dimers and trimers. A certain quantity of cyclic trimer can also be separated from

it by crystallization from a benzene-ethanol mixture in suitable proportions.

A solution of diphenylsilanediol in ethanol with a few drops of anmonia water

forms a crystalline mass after standing 17 days. The melting point of the crystals

is 1610C, and is not raised by recrystallization. Their molecular weight of 299

does not correspond to anr condensation product of diphenylsilanediol.
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The most interesting property of the silanediols is their exceptional power of

condensing to form polymeric compounds, which are either of linear or cyclic struc-

ture, depending on the conditions. It has been established that polymers of cyclic

structure may be converted into linear ones, and conversely. Thus cyclic polymers

may be converted into linear polymers by the action of alkalies or acids on a solu-

tion of the polymer. Polymers of linear structure pass over into cyclic polymers on

heating.

The condensation of silanediols under suitable conditions leads to the formation

of polymers of molecular weight up to 50,000 - 70,000 or higher.

Cyclic compounds containing aromatic and aliphatic radicals are very stable sub-

stances, and are soluble in organic solvents; some of them have definite melting

points, which increase as their structure becomes more complex. In mixtures with

liquid, oily condensation products, some cyclic products form mixtures resembling

vaseline.

Silanediols dissolve under the action of alkalies. They separate out of such

solutions under the action of acids, which indicates their power to form salts. Many

silanediols are condensed under the action of alkalies, however, and either do not

form salts at all,or form them only on the end groups of the polymers.

Reagents such as acetyl chloride or phosphorus pentachloride chlorinate the

silanediols.

Organosilanetriols

In view of the exceptional tendency of monomeric silanetriols to undergo poly-

condensation, even without heating, only two compounds have been isolated from them:

phenylsilanetriol (Bibl.-42) C6 H 5Si(OH),, melting point 1800j, anti dichlorophenyl-

silanediol ' 6 H 5Cl2i(OH) 3 , melting point 188%C, both of them obtained by me, in col-

laboration with A.A.Zhdanov, by hydrolysis of phenyl- and dichlorophenyltrichloro-

silanes. In the very first stages of the synthesis, however, the organosilanetriols
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for- ,Yol; :s in the form of viscous liquids, which harden into a glassy mass (Bibl.

1). To prepare space polymers, dialkl - or diarylchlorosilanes or disubstituted es-

ters of orthosilicic acid are ordinarily hydrolyzed together with alkyl- or aryltri-

chlorosilanes or mono-substituted esters in a single process.

According to the conditions under which the hydrolysis of trifunctional com-

pounds is run, polymers of consistency ranging from viscous liquids to vitreous sol-

ids or powders are obtained. Products of a low degree of polycondensation are solu-

ble in ether, benzene, acetone, dichloroethane, chlorobenzene, etc.; insoluble in wa-

ter; and difficultly soluble Li hot alkali, forming polymer salts.

'.hen phenltrichlorosilane is hydrolyzed by steam, a hard vitreous substance in-

soluble in the usual organic solvents is formed. On hydrolysis with weak cold amo-

nia water at 00 C, a mucilaginous product is formed, but if the hydrolysis is conduct-

ed at room temperature, then the product is obtained in the form of a powder that is

poorly a.d only partially soluble in ether. Hydrolysis of phenyltrichlorosilane by

aqueous KOH yields a solution of the corresponding salt, from which a resin is sepa-

rated on treatment with CO2 at 0
0C. If the precipitation biy C02 is carried out at

room temperature, a precipitate only slightly soluble in ether is thrown down. Mo-

lecular weight determinations show that the Mnst soluble fraction consists of 4 - 5-

unit polymers. The less soluble fractions contain 6 - 7 units. On hydrolysis of

the chloride by ice water (without using a solvent) most of the product remains in

the solution. This shows that phenylsilanetriol, which is soluble in water, is form-

ed as an intermediate product of hydrolysis. If an alkaline solution of phenyl-

silanetriol is neutralized, a gel is formed in a few hours. A mucilaginous product

is separated from the ethereal solution obtained by extraction of the freshly acidi-

fied product b;, ether. Introduction of ammonium chloride -o an alkaline solution

of the product produces a white, flocculent precipitate, w. ', ver-y low solubility in

ether (2ibl.20).

On h-jrolZsis of benzyltrichlorosilane by steam, a white rr ipitate melting at
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60 - 70°C is formed. Hydrolysis of propyltrichlorosilane by ic, wit-r gives a resin

soluble in aromatic hydrocarbons, ether and other solvents. It is also soluble in

alkalies, and the crystalline sodium salt can be isolated from this solution.

On hdrolysis of phenyltrichlorosilane, benzyltrichl6rosilane, and naphthyltri-

chlorosilane, Koton obtained vitreous polymers (Bibl.21).

In isolated instances, with the object of preparing hard, brittle, insoluble

and infusible polymers, hydrolysis of pure allyl- or aryltrichlorosilanes cr mono-

substituted esters of orthosilicic esters is conducted.
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CHAPTER VIII

SILICON COMPOUNDS CONTAINING NITROGEN,

SULFUR AND OTHER ELIETS

Silicon Compounds Containing Nitrogen

The organic silicon compounds containing nitrogen directly bound to the silicon

constitute a rather extensive group of substances.

These compounds are distinguished by elevated thermal stability owing to the

fact that the energy of the Si - N bond is greater than the energy of the Si - H and

Si - C bonds, and is smaller only than the energy of the Si - 0 and Si - F bonds.

The nitrogen-containing organic silicon compounds may be divided into the fol-

lowing classes:

1. Alkyl-(aryl)-aminosilanes.

2. Alko-y(aylo.V)-aminosilanes.

3. Al Il-(aryl)-aminohalosilanes.

4. AJlyl-(ayl)-iinosilanes.

5. Alkl-(aryl)-aminoal)klsilanes.

6. Silicon isocyanates.

To familiarize the reader with the properties of the nitrogen-containing inor-

ganic compounds of silicon, which very often serve as the starting materials in the

synthesis of nitrogenous organosilicon compounds, we give certain properties of the

silicon nitrides and of the aminosilanes.
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Silicon Nitrides

The silicon nitrides are prepared by roasting silicon in a current of nitrogen

at 1300 - 14000C and are of the composition: Si2N3, Si3 N 4, etc. (Bibl.l).

Silicon nitride, Si3N 4, was first prepared as long ago as 1844, by roasting a

uixture of silicon and potassium cyanide (Bibl.2). The brittle substance so obtained

lecomposes under the action of water, like all nitrides, forming ammonia and silicon

dioxide:

Si3N4 + 6H2O --- 3SiO. + 4NHs

When a mixture of crystalline silicon and freshly calcined powdered coal is

roasted in a current of nitrogen, a pale bluish mass of "silicon nitride" is formed

(Biblo4).

The method recommended for the industrial production of silicon nitrides is to

heat a mixture of oxygen compounds of silicon and a metallic oxide, or iron, in a

current of nitrogen (Bibl.3).

White, amorphous silicon nitride is also obtained by the action of ammonia on

chlorosilanes (Bibl.5). This product does not melt at high temperatures, and does

not change in air; it reacts with molten KDH to form ammonia and potassium silicate.

Under the action of molten potassium carbonate on silicon nitride, potassium cyanate

is formed, and with an excess of nitride, potassium cyanide as well.

Silicon nitride reacts energetically with Fb304 (taking fire); giving off nitro-

gen oxides.

When silicon nitride is roasted in a jet of nitrogen, carbonitrosilicon is

formed (Bibl.6).

When a compound of the composition Si2N3H is heated to 1200 - 14000C in a

stream of nitrogen, the silicon nitride Si 3 N4 is formed:

3Si 2NI I 2Si,N 4 + N 13
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The nitride Si3N4 is white, the nitride SiN is green (Bibl.7).

The simplest nitride (the analog of cyanogen) is a polymeric product of composi-

tion (Sii'2)x. It has been prepared on heating polymeric diimidoiminodisilane to

4000C (Bibl.8).

HN= Si-Si= NHI-
IN (Si 2Nj=+ xNf:L

NH X

In spite of the great thermal stability of the polymer so formed, its high sen-

sitivity to oxygen is characteristic of this compound. Simple contact with moist air

is sufficient to decompose it. The process is accompanied by strong heating and evo-

lution of ammonia. Such polymeric compounds have little described in the literature.

There are only references to the existence of polymeric compounds of the type

(Si2N2)x.

All silicon nitrides are white or green solids, powders or brittle substances.

All of them are highly refractory.

The nitrides Si 3N4 , SiN, and (Si2N2 )x are unaffected by dilute mineral acids.

HF decomposes them with difficulty. Steam, even at 8000C, acts only slightly on some

nitrides. The heat of formation of Si3N4 is 159.3 kcal. The manufacture of silicon

cyanides and cyanamides from silicon nitrides has recently been proposed (Bibl.9).

The nitrides today, however, are not of great industrial importance.

The nitrides of silicon have been little studied. The data in the literature

are very contradictory. This is true of the composition and structure of the silicon

nitrides and of their chemical stability. lany works state that they are sensitive

to moisture and acids; others assert the opposite. This is probably to be explained

by the fact that different investigators have characterized products of different

degrees of polymerization, containing not only nitrogen but also hydrogen, for in-

stance compounds of the type of diimidoiminodisilane
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H N S i - S i = N H ] ,

S NH

as individual nitrides of silicon.

Aminosilanes

The aminosilanes are obtained from the corresponding halogen compounds of sili-

con and ammonia or amines.

This class includes the compounds:

SO31H2  monoaminosilane

SiH2 (NH2 )2  diaminosilane

SiH(NI 2 )3  triaminosilane

Si(NH2 )4  tetraaninosilane

Monoaminosilane and tetraaminosilan. have been rather well studied. Diamino-

silane and triaminosilane have not yet been isolated in monomeric form.

The aminosilanes, like the organic amines, may have primary, secondary and ter-

tiary amino groups:

SiH3NH2  monoamdnosilane

(SiH3 )2NH aminodisilane

(SiH)N aminotrisilane

Aminosilanea are easily prepared by the action of ammonia on monochlorosilane.

According to the quantities of the reacting substances, different compounds of

the a inosilane series are obtained. With an excess of ammonia, both solid and gas-

eous compounds are formed. The reaction proceeds best of all when an excess of mono-

chlorosilane is used:

3SiH3CI + 4NH, - (SIHS)3N + 3NH.CI

The formation of aminosilanes is believed to proceed in several stages.
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At first, aminosilane (SiH 3 ) 2 H is obtained in predominating quantity, followed

by monoaminosilane H3SiN 2 and aminotrisilane (H3Si) 3N.

The reaction proceeds according to the following mechanism:

2-sSiCl + 3Nl, - -- "b (1ISi),NH + 2NH4C1
I ,SiCI + 2NI I -- "-' HSiNH, + NH4CI
3HSiCI + 4NI I, ---- + (H3Si)sN + 3NH.CI

Dichlorosilane reacts with an excess of anmonia at normal temperatures to form

polymeric products:

SiHCI, + 3NII - --13 HSi = NH + 2Nit4CI
X-12Si - NH --- , fH2SiNH]1

The degree of polymerization of the product is found to be 7 to 8 (determined by the

lowering of the freezing point in benzene). The presence of products of a greater

degree of polymerization is also possible.

Aminodisilane (SiH3 )2 NH, by cleavage of SO14, is evidently able to be converted

into aminosilane SiH2 NH, which, like CHJIH, has not been isolated in the monomeric

state. Aminosilane is thus transformed into various polymeric products.

Tetraaminosilane is obtained by the action of ammonia on halogen compounds of

silicon:

SiCI 4 + ,.i I:, - Si(NI .2)4 + 4NH4CI

Tetraaminosilane was first prepared by Longfeld (Bibl.lO) by the reaction of

SiC14 with ammonia in an atmosphere of dry. nitrogen.

Preparation of Tetraaminosilane. A benzene solution of ammonia is mixed with

SiC14 in an apparatus filled with dry nitrogen, carefully protected against the ac-

cess of air and moisture. The flocculent white powder formed is transferred by

means of a nitrogen jet into a large receiver. A separating funnel may be used for

this purpose. A layer of cotton wool is placed in the receiver (at the narrow end),

and the precipitate is washed with benzene or ligroin. The apparatus must be so
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mounted that the washing can be done without access of air. The receiver is provid-

ed with a jacket for hot water, and is connected to a pump, which aspirates a stream

of nitrogen over the precipitate. The reaction is conducted at 80 - 900C, under

pressure of 25 - 30 nm. After washing, the precipitate is dried. The final removal

of the solvent is accomplished by grinding the precipitate to powder and a second

drying under reduced pressure.

Determination of Silicon. The silicon content of the compound so obtained is

determined by treatment with fuming nitric acid and weighing the silicon dioxide.

Determination of Chlorine. To determine the quantity of admixture of chlorine-

containing compounds in the tetraaminosilane, it is added to an aqueous solution of

nitric acid and silver nitrate, and the mixture is allowed to stand overnight.

The precipitate thrown down is dissolved in KCN, and the silver is then depos-

ited electrolytically, or dissolved in ammonia, again precipitated with nitric acid,

and then converted into silver chloride.

Jetermination of Nitrogen. The nitrogen is determined by two methods:

(a) decomposition by water, followed by titration of the ammonia:

Si (NH,)& + 4H2O - Si(OH)a ,- 4NH,

(b) decomposition with NaOH, followed by titration of the ammonia:

Si (NH,). + 4KOH -o Si(OK)s + 4NI13

In the former case the nitrogen split off by the water is determined, in the latter

case, the total nitrogen.

Tetraaminosilane has also been prepared by other authors, by reacting SiCl4

with ammonia below 00C (Bibl.ll).

Tetraaminomonosilane is a full amide of orthosilicic acid. It is a white, amor-

phous substance, unstable above OC. It is easily decomposed by water into ammonia

and silicon dioxide:

F-TS-9191/1 619



Si(NH,), + 21120 --- b SIO, + 4NH.

At temperatures above 00 C, tetraaminomonosilane is converted into a more stable

compound, imidosilane Si(Nq)2 o

Aminotrisilane (H3Si)3N is a mobile colorless liquid, which explosively takes

fire in air, giving off white and brown oxidation products. It remains unchanged in

the absence of air, and retains its monomeric form. Aminotrisilane is highly vola-

tile; its vapor pressure at -8O0 C is 0.1 m, at 00C it is 109 m, and at 150C, 212 am.

Aminotrisilane is very sensitive to water, and is decomposed by it, giving off

hydrogen and ammonia:

(1ISi)N + 6HSO - 3SiO, + NH, + 911.

Aminomonoilane SiH3NH2 and aminodisilane (SiH3 )2NH are still more volatile than

aminotrisilane, and it is very difficult to isolate them.

The aminosilanes differ from the organic amines in their behavior to HCl. It

is well known that the methylamines add HCI to form the corresponding salts.

The aminosilanes do not form salts, but under the action of HCl, even at room

temperature, they form the original chlorosilane.

SittsNH, + 2HCI = SiHsi + NHCI i
(SiHs),NH + 3HCi - 2SiHsCI + NH4Ci 12?

(SIHI)*N + 4HCI = 3SiHoCl + NHC 3)

SiHNH ,- 3HCI - SiH2CI, + NH.CI 141

Reactions (1), (2) and (3) proceed easily and give almost theoretical yields.

Reaction (1) proceeds with greater difficulty, and is accompanied by various inter-

mediate and side reactions.

Under the action of HC on the polymeric compound SiH3(H)x,, on heating,

SiHCl 3 is formed. Under the action of HI, SiHI3 is formed. It is highly probable

that the iodides SiH3I and SiH2I2, which are still unknown, may be obtained from

polymeric compoutds of this type by the action of HI.
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Alky-.- (aryl)-aninosilanes

When halogen atoms in aklyl-(aryl)-halosilanes are replaced by an amino group,

the following series of compounds can be prepared:

RSi(NH2)8: R2S!(NH2,)t; RsSiNH2: (R.jSi)2NH,

aeplacement of the hydrogen atoms in the amino groups of these compounds by alk-

yl or ar l radicals gives a series of alkyl-(aryl)-substituted alkyl-(aryl) - amino-

silanes of the type R3 SiNHR, R3 SiNR2 , etc.

Compounds of the type R3SiNHR, (R3Si)2 1H were first prepared as far back as

1907 (Bibl.12). They have been studied in detail, however, only at a relatively re-

cent date.

Preparation of Alkyl-(aryl)-aminosilanes

Alkl-(aryl)-aminosilanes of the type R3SiNH2 are prepared by the action of am-

monia on the corresponding alkyl- or arylbhlorosilanes. The first representative of

this series, trimethylaminosilane, (CH3)3SiNH2, in spite of numerous attempts, has

not yet been isolated (Bibl.13). Other compounds of this series, triethylamino-

silane, (C205)3SiNH2, and triphenylmethylaminosilane, (C6H5)3SiNH2, have, however,

been prepared.

The behavior of the alkylaminosilanes, of the type R3SiNH2 , recalls that of the

corresponding hydro.rsilanes R3 SiOH. The lowest representatives of these classes of

compounds are characterized by easy cleavage of ammonia or water to form the corre-

sponding dimers.

When anmnia acts on trimethylchlorosilane, hexamethylaminodisilane

[(CH3) 3 Si]2IH is formed instead of the expected trimethylaminosilane (Bibl.13).

Preparation of Hexamethylaminodisilane. In a round-bottomed flask, provided

with a fractionating column and a side tube, is placed a solution of 109 g of tri-

methylchlorosilane, of boiling point 57.1 - 57.3oC (750 m), in 500 cm3 of dry ether,
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and axironia is passed in through the side tube. Immediately on introduction of the

amonia, a white precipitate appears, and a slight heating of the mixture is observ-

ed. The mixture is then heated to the fractionating temperature, and the passage of

the stream of ammonia is continaed slowly for 6 hours. The ammonium chloride is pre-

cipitated, and the ethereal solution is decanted and filtered. A powdery white pre-

cipitate is obtained, which is washed with three 50 cm3 portions of dried ether.

The ether is distilled off, and the product is then fractionated in a rectifi-

cation column with 10 - 12 theoretical plates, yielding 23.4 g of hexamethylaminodi-

silane; boiling point 125. - 125.60 C, refractive index n2 1.4080, specific gravity

0.7724 (vacuum).

Trimethylmethylaminosilane, with boiling point 700 C (747 am), and trimethyleth-

ylaminosilane, with boiling point 910 C (747 mm), are similarly prepared. The latter

forms an azeotropic mixture of boiling point 90.60C with trimethylsilanol and hexa-

methyldisiloxane.

Trimethyldiethylaminosilane is prepared by the action of diethylamine on tri-

methylchlorosilane; boiling point 126.50 (750 rm).

These compounds are slowly decomposed by water and by alkali, forming trimethyl-

silanol, but in the presence of dilute acid or aqueous alcohol, hydrolysis proceeds

very readily. They do not react with metallic sodium, like the organic azines or

amines, but they do react with methylmagnesium iodide by the Tserevitinov reaction,

evolving methane.

Triethylaminosilane (Bibl.14), (C0H5 )3 SiNH2 , is easily prepared by the reaction

of ammonia with triethylchlorosilane:

P3Si X -+ 2N I, R3SiN i -1- N 14X

At the same time, hexaethylaminodisilane, (C2 5 )3SiNSi(C2H5) 3 , is formed in consid-

erable quantities.

Under the action of HCl or HI, concentrated hydrochloric acid, concentrated
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hydrofluoric acid, or a mixture of sulfuric and hydrobromic acids, on trialJylamino-

silanes, the corresponding halosilanes are found:

Thus the trialklrlaminosilanes may be an intermediate product in the synthesis of cer-

tain trialkrylhalosilanes from trialkylchlorosilane.

Preparation of triethylaminosilane. In a three-necked 200 ml flask with a re-

flux condenser, a dropping funnel, and a stirrer with mercury seal, 100 ml of liquid

ammonia is placed. The flask is placed in a bath containing a mixture of dry ice and

acetone, and 75 g of triethylchlorosilane is introduced into the liquid amonia from

the dropping funnel, with stirring, over a period of 30 min. After stirring for an

hour, the excess ammonia is evaporated off, and the reaction mass is diluted with

ether. The precipitate of ammonium chloride is filtered off, and the ether is dis-

tilled off. The reaction product is fractionated in a column packed with glass spi-

rals and having 20 theoretical plates, yielding 46 g of triethylaminosilane; boiling

point 1340 C. The yield is 70% of theoretical.

Preparation of Amno--chloroethvldiethylsilane. To 100 ml of liquid ammonia

93 g of a-chloroethyldiethylchlorosilane is added as indicated above, yielding 72 g

(0.414 mol) of a-chloroethyldiethylaminosilane; boiling point (38 n) 930C; refractive

index nD = 1.4570; specific gravity d - 0.9604. The yield is 88% of theoretical.

Reaction of a Trialklaminosilane with Concentrated HCl. In a 200 ml three-

necked flask with a reflux condenser, dropping funnel, and stirrer with mercury seal,

160 ml of concentrated HC is placed. The flask is cooled in an ice bath, and 13 g

of triethylaminosilane is added to the HCl. After 30 minutes of stirring, the reac-

tion mixture is transferred to a separating funnel, and the upper layer is taken off.

This layrer is dried over sodium sulfate and distilled, yielding 12 g of triethyl-

chlorosilane; boiling point 141" - 154 0 C, specific gravity d = 0.8977. The yield is

80% of theoretical.
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a-Chloroethyldiethylaminosilane reacts with HC1 by the same method. For the re-

action, 13 g of a-chloroethyldiethylaminosilane and 160 ml of HC1 are taken.

Reaction of Triethylaminosilane with Hydrofluoric Acid. In a 200 ml flask, 60

ml of 48% HF is placed. The flask is cooled on an ice bath, and 12 g of triethyl-

aminosilane is added over a period of 5 minutes. The reaction mixture is stirred 10

minutes, then the upper layer is separated in a separating funnel and dried with so-

dium sulfate. Distillation yields 10.5 g of triethylfluorosilane; boiling point 109

- 1100C; specific gravity d - 0.8380. The yield is 89% of theoretical.

The reaction of 1 g of a-chloroethyldiethylaminosilane with 60 ml of 48% HF by

the above method yields 9 g of a-chloroethyldiethylfluoroeilane; boiling point 149 -

1500C; specific gravity d - 0.9961. The yield is 82% of theoretical.

Reaction of Triethylaminosilane with Hydroien Chloride. In a 200 ml three-

necked flask provided with a reflux condenser, stirrer with mercury seal, and gas in-

let tube, 150 ml of dry ether and 20 g of trietylaminosilane are placed. Hydrogen

chloride is passed into the mixture through the gas inlet tube until the mixture is

completely saturated. The ammonium chloride is filtered off, and the ether is dis-

tilled off on the water bath. Distillation of the residue (after removal of the

ether) yields 16 g of triethylchlorosilane; boiling point 343 - 1450C; specific grav-

ity d - 0.8974. Yield: 70% of theoretical.

A solution of 18 g of -chloroethydiethylaminvsilane in ether is treated with

dry HCl as described above, yielding 15.5 g of a-chloroethyldiethylchlorosilane;

boiling point 179 - 1810 C; specific gravity d = 1.0385; refractive index n - 1.1153.

Yield, 78% of theoretical.

Reaction of TriethylAzinosilane with HBr. An ethereal solution of 39 g of tri-

ethylaminosilane in 150 ml of ether is treated with dry HBr by the method described

above, yielding 41.5 g of triethylbromosilane; boiling point 162 - 163°C; refractive

index n - 1.4563; specific gravity d - 1.1403. The yield is 70% of theoretical.

An ethereal solution (24 g) of a-chloroethyldiethylchlorosilane is treated, as
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above, with dry HBr, yielding 12 g of a-chloroethyldiethylbromosilane; boiling point

194 - 1960 C; refractive index nD - 1.4762. Yield, 26% of theoretical.

Products of a higher degree of purity are formed by the reaction of the corre-

sponding aminosilanes with a mixture of sulfuric and hydrobromic acids.

Reaction of Amnosilanes with a Mixture of Sulfuric and Hydrobromic Acids. In-

to a 1-liter three-necked flask provided with a reflux condenser, a stirrer with mer-

cury seal, and a dropping funnel, 300 ml of 48% HBr is poured. The flask is cooled

on a water bath with ice, and 200 ml of conc. H2 SO 4 is poured into it. Then 41 g of

triethylaminosilane is added from a dropping funnel to the mixture of acids. After

stirring the reaction mixture 20 minutes, the two layers that form are separated,

and the organic upper layer is dried with sodium sulfate. Fractionation yields 33.5

g of triethylbromosilane; boiling point 78 - 790C (45 m); refractive index n -

1 1.4561. The yield is 55% of theoretical.

a-Chloroethyldiethylbromosilane is prepared by the above method from 52 g ofa -

chloroethylaminosilane. Distillation of the reaction products yields 58.5 g of a-

chloroethyldiethylbromosilane; boiling point 105 - 1060C (46 m); specific gravity

d4 - 1.2661. The yield is 81% of theoretical.

Triphenylaminosilane, (C6 H5)3 SiNH2 , was prepared somewhat earlier from triphen-

ylchlorosilane and amonia in the presence of an excess of sodium.

Na
(C.K-)siCI + 2NHo ----- (C4Ns)#SiNH, + NHgCi

WhIen an excess of Sic14 reacts with an organic amine, the corresponding amino

derivative and an equivalent of amine hydrochloride are formed. The reaction is very

energetic. In this way, diphenylaminochlorosilane, di-o-methylphenylaminochloro-

silane, dimethylphenylaminochlorosilane, and di-a -naphthylaminochlorosilane may be

prepared.

Hydrolysis of the products so obtained by water gives silicic acid and the am-

ine hydrochloride.
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Compounds containing a tertiary nitrogen atom - pyridine or quinoline - form ad-

dition products with SiCl4 (Bibl.15): (C5 NH5 )2"SiI 4 and (C91{7 ) 2 "SiCl 4 . On the ac-

tion of an excess of aniline, o-toluidine or (-naphthylamine of SiCl 4, tetraphenyl-

amnosilane, tetra-o-tolylaminosilane, and tetra-0-naphthylaminosilane are formed,

respectively (Bibl.16).

The action of p-toluidine on benzylpropylethylchlorosilane yields an amino de-

ri-vative:

,+ -CH,,
3 17-si(I I' + --. H

NI I. 1,I . Nl-l1 1(.] C2H, /  -

Stock and Somieski (Bibl.17) prepared derivatives of chlorosilane, containing

nitrogen attached to the silcon, by treating chlorosilane with ammonia. Emilius and

VI.ller (Bibl.18) prepared methylarinodisilane and ethylaminodisilane by reacting

methyl- or ethylamine with chlorosilane.

When triphenylchlorosilane and lithium react in ethylamine solution, the free

triphenyl radical is formed (Bibl.19) and adds to the ethylamine, separating in the

form of a crystalline compound of melting point 450C.

((.'61 I3):,SiH, -- i"t- .,I I-.NI I.-. Ill al li)iSil. I -I I1 + LiBr

Triphenylaminoethylsilane reacts with lithium to give the lithium derivative of

triphenylsilane. When triphenylaminoethylsilane is heated or allowed to stand, it is

converted into hexaphenylaminodisilane and ethylamine.

Reynolds (Bibl.20, 21) studied the reaction between thiourea and SiBr V Addi-

tion products of the following composition are formed as a result of this reaction:

ECS(iIH2)2]'(SiBr) 4 . Phenylthiourea and allylthiourea react similarly. Treatment of

the addition products with ethanol forms tetraethoxysilane, diethyl isocyanatobrom-

ide and certain other substances whose composition has not been established.
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On the reaction of potassium amide with triethylsilane, hexmethylaminodiuilane

is formed (Bibl.22).

Hexaethylaminodisilane can be prepared more simply by the action of ammonia on

trimethylchlorosilane or on hexamethylsulfonodisilane (Bibl.23). Hexamethylaminodi-

silane is hydrolyzed by water with relative ease to form trimethylsilanol (Bibl.14).

It does not react with metallic sodium, but does form magnesium derivatives:

(Cl1 3)3SiNHSi(Cll)a + CII 3 MgJ -- - (CH 3) 3SiN(MgJ)Si(C 13)3 + CH4

Products containing organic radicals attached to the silicon atom may be prepar-

ed in the following way:

(CHI),SiCI + CH3NI i . (Cl l3)aSiNHCI 1, + I ICI
(C- 3)3SiCI + (Cl Is)aSiNHCI 13 . .• (C~H),SiN(CH)Si(CI 1)3 4 I ICI

In the same way (CH3 )3 SiNHCH 5 ; (CH3 ) 3 SiN(C2 H5 ) 2 ; (C2 H5 )3 SiNH2 ; and

(C2H5)2(CH3CHCI)SiNH 2 have been prepared (Bibl.24).

Under the action of HC1 on (CH3 )3SiNHCH3, trimethylmethylaminosilane, the cleav-

age of methylamine hydrochloride and the formation of trimethylchlorosilane have been

observed (Bibl.25).

((l I.):,SINI I1 1,1 + 21 IC1 - . > (CI 1.)sSiCI + CI 13NI It. 11i.I

Aumonolysis of triphenyIchlorosilane by liquid ania yields colorless triphen-

ylaminosilane, melting point 55 - 560C, which is isolated by extraction with petrole-

um ether.

Alkylaminosilanes of the type R3SiNHR and R3 Si:R 2 are obtained by means of the

amonoluis reaction, that is, by the action of the corresponding amines on alyl-

halodisilanes (Bibl.18) s

RjSiCI + RNtI2 --- R3SNIIR 4-tIC
R3SiCI -t- R2NH -- R3SiNR2 + I ICI
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ethylaminotrimethylsilane has been prepared in this way.

Preparation of ethlaminotrimethlsilane. 1. In a round-bottomed liter flask

provided with a reflux condenser a solution of 54 g of trimethylchlorosilane in 500

cc of anhydrous ether is placed. An excess of anhydrous methylamine is introduced

through a side tube. Yield, 19.7 g (38%) of methylaminotrimethylsilane; boiling

point 710C (755 mm); refractive index n20 = 1.3905; specific gravity d2  0.7395.

Together with this, 12.7 g of hexamethyldisiloxane is also formed.

2. In a 2-liter unsilvered Dewar vessel, provided with a cork stopper, a stir-

rer, and an additional funnel, 200 g of anhydrous liquid methylamine is placed, and

217 g of trimethylchlorosilane is added to it, with stirring. After half of the to-

tal quantity of trimethylchlorosilane has been used, the reaction mixture solidifies.

After adding the entire quantity of trimethylchlorosilane, the solid substance is

broken up, shaken with ether, and suction-filtered. The filtrate is fractionated,

yielding 114.5 g (55%) of methylaminotrimethylsilane. The filtration residue (130.5

g) after vacuum distillation (0.1 rm) is a white solid.

Ethylaminotrimethylsilane and diethylaminotrimethylsilane are prepared similarly.

From 108.5 g of trimethylchlorosilane dissolved in 500 cm3 of absolute ether,

29.2 g (25%) of ethylaminotrimethylsilane, (CH3 )3 SiNCH21I5, was obtained, with an aze-

otropic nixture of trimethylsilanol and hexamethyldisiloxane as an impurity.

Diethylaminotrimethylsilane, (CH3 )3SiN(CH 5)2, is obtained on addition of a so-

lution of 54.0 g of trimethylchlorosilane in 500 cm3 of absolute ether to a mixture

of 80 g of diethylamine and 1000 cm3of absolute ether. Jiethylaminotrimethylsilane

has a boiling point of 126-126.°C (750 rm); refractive index nD2 - 1.4112. The

yield is 28% of theoretical. Hexamethyldisiloxane (10.5 g) is also obtained.

Methylamnodisilane is easily prepared by reaction of monochlorosilane and meth-

ylamine (Bibl.18):

3CH5 Hi + 2SiIICI ---- CHsN(SiHa)s + 2CHNH 2.HCI
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Mthylaminodisilane,, CH3 N(SiH 3 )2 1 is a liquid that is stable in air, with a

boiling point of 32.3 0C, It is, however, readily hydrolyzed by Alkali.

The behavior of this compound differs from that of organic amines, in its quan-

titative decomposition under the action of HCl.

CIIN(Si1-a)2 + 3HC1 2SiH8CI + CHsNH2. HC1

Ethylaminodisilane, C2jH 5 N(SiH 3 )2 0 is prepared similarly. It is a liquid, with

a boiling point of 65.990 C. Its properties resemble those of methylaminodisilane.

Dimethylamine and monochlorosilane, react even at room temperature to form di-

mothylaninoinonosilane, (SiH,)N(CH 3 )2 0 This compound forms an unstable salt with any

excess of uuonochlorosilane.

Trinisthylanine and inonochlorosilane react in the cold, forming a solid addition

product, N(CH 3 ) SiH 3Cl. This product differs from the analogous organic compounds

by being instantaneously decomposed by water to form trimsthylamine,, HCl and di-

siloxane, (SiH3)2 0. It in hyrdrolyzed by Alkalies according to the equation:

N(CHe)s.-SiHaCI + 3Naai I - - NsSIO, + NaCI + N(CHj)g + 3H2

On dissociation of the salt a Measure of 9 = arises at 260C. When the temperature

is increased to 9loC. this Mressure goes up to one atmosphere. N(CH3)3.IiH3 C1 re-

acts with alcohols to form volatile esters:

C2H&OH + N(CI-13),.-Si~sCI -- Sit IX2Hs + N(CHs,9.HCI

The series of quatenary salts given below is arranged in order of decreasing

stability.

N(CH,) 4 C - stable

N(SiH3)(CH 3)3 C - moderately -3table

N(SiH 3) 2(CH3)2 C1 - unstable

N(SiH 3)3 (CH 3)C1 - not formed
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N(SiH3 )4Cl - not formed

Kraus and Nelson have prepared hexaethylaminodisilane, ((Cj2 5) 3Si] 2 NH, by the

action of ammonium bromide on the potassium salt of hexaethylaminodisilane in a li-

quid ammonia medium (Bibl.22).

When, for instance, tripherqlmethane is treated with sodium amide or potassium

amide dissolved in ammonia, the potassium derivative of triphenylmethane is formed,

and amnonia is given off:

((FH)3CII + KNi, .... > (CsH&),CKI+ NH, (1)

A different reaction is observed in the case of triethylsilane. Triethylsilane

reacts with potassium amide in liquid aamonia to form the potassium derivative of

hesethylaminodisilane, giving off hydrogen:

2(C211),SiI+ KNIi1 - (CH&)3SiJ2NK + 2112 (2)

&hylaminotriethylsilane, (C2H5 )3 SiNI{02R5, is prepared ty the action of lithium

on a solution of triethylsilane and ethylamine (Bibl.22). By analogy with the organ-

ic compounds, it might be expected that the slkali metals would react with triethyl-

silane in amonia or ethylamine solution according to the equation:

I

(C2H)eSiH + L (CsH.)siLi + -y H, (3)

Such a reaction has in fact been observed in the case of tripherylmethane dis-

solved in ammonia.

In view of the very low solubility of triethylsilane in amonia, ethylamine was

used as the solvent. Lithium is rather well soluble in it. It was found, however,

that twice as much hydrogen was formed as was called for by eq.(3). This indicates

that metallic lithium, as a catalyst, participates only indirectly in the reaction,

which may be represented as follows:
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(C2H&),SiH + C2HN1I, + Li z- (C2H6),SiNI 1C2HI6 + 112 + 1.1

This reaction is homogeneous; its velocity increases with the quantity of lithi-

um taken in the reaction.

,thylaminotriethylsilane is a colorless liquid with a sharp odor of camphor. It

is soluble in ethylamine and is easily distilled in a vacuum; it does not react with

lithium in ethylamine solution. It may also be prepared from triethylbromosilane and

ethylamine in the presence of lithium, forming one equivalent of hydrogen per ol of

starting bromide.

i
(C:H&),SiBr + C2H&NHI + Li = (C2H&),SiNJiC2H& + LiBr + 1- 11.

The compound obtained as a result of this reaction was identical with the compound

prepared from triethyluilane and ethylamine in the presence of lithium.

Hexaphenylaminodisilane, [(C6 H5 ) 3Si]-H, is prepared by reacting triphenylsilane

with liquid amonia in the presence of sodium.

It is a crystalline substance with a melting point of 1750 C, which is very sta-

ble in air and even against the action of boiling dilute NaOH. It crystallizes well

from alcoholic solution, but is readily hydrolyzed in the presence of HC1, forming

triphenylsilanol. The mechanism of the reaction by which hexaphenylaminodisilane is

formed has not been described. Its formation obviously involves the formation of an

intermediate sodium derivative of triphenylsilane, followed by an exchange reaction

between this compound and ammonia:

(C, H)3SiH + Ni - (CgH&)SiNa + L2-

2 (Cl I5)sSNi + Nl. - (CI 1,)sSiNIISi(Ci I) + 2Na + H.

Such reactions may be accompanied by the formation of triphenylauinosilanes or their

hydrolysis products. The authors have observed the formation of resinous products

together with crystalline compounds corresponding in composition to hexaphenylamino-
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disilane, which however, were not further investigated.

The tetraaminosilanes of type Si(NHR) 4 and the diai inosilanes of type Si(NR) 2

have been studied in greater detail. Tetraethylaminosilane has been prepared by the

reaction of ethylamine and SiC14 (Bibl.lO). The reaction is conducted in ligroin.

On cooling the reaction mass with ice water, ethylamine hydrochloride is at once

thrown down and filtered off from the solution. The part of the product dissolved in

the ligroin contains tetraethylaminosilane. The reaction follows the equation

SiCI 4 + 8(:21I5NHI ) Si(NHfC,I), + 4C('II,NH,.IICI

Tetraethylaminosilane is a colorless oil, which does not freese at low tempera-

tures, is soluble in most organic solvents, and keeps for a long time .in the absende

of moisture. Like all compounds of this series, it is easily decomposed by water,

forming hydroz~silanes. TetraphWenlandnosilane, Si(NHC6H5) 4 , was prepared (as long

ago as IMSS) by reacting SiC and aniline in bensene solution (Bibl.16).

Other representatives of this series have also been prepared (Bibl.26).

Si(,-NHC*H6CHa)6 Si(&.NHCgH,)g
SI(o-NHC@H6CH9)# St(IPNH4C, H,)t

These compounds are stable on heating up to 200°C, crystallise readily, easily

dissolve in bensee, have constant melting points, and edst in the monoeric form.

Tetrapherlaminosilane has been investigated in mwre detail, Under the action

of HCl., its cleavage occurs, forming SiC- 4 :

SI(NHCoH#) 4 + 4HCI - - SICI4 + 4CgHgNHt

This reaction is common to the aminosilanes.

The action of HCl an the aminosilanes my be compared to that of acetyl chlor-

ide, bensoyl chloride, or POC1 3 on the ethyl ester of orthosilicic acid:

S(OR), + 4CHCOCI -- + SiCl, + 4CH*COOR
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The reaction of tetraphenylaminouilane with bromine in benzene solution leads to

the formation of a compound of the composition Si[NC6H3 Br2 ]2 , accompanied by strong

heating of the mixture (Bibl.26). The reaction takes place in three stages. In the

first stage, 2 atoms of bromine cause cleavage of one aniline molecule. The reaction

product is a very viscous liquid, which does not crystallize even at a low tempera-

ture. The reaction follows the formula:

/ NHCJI6
Si(NHC.I-s)4 + Br2 SI = NCH 4Br + CIHiNHj. HBr (1)

\NHCH.

In the second stage, di(-phenylamino)-p-bromophenyliminosilane reacts with more

bromine, splitting off still another aniline molecule and forming di-(bromophenyl-

imino)-silane.

NHC.H, - ,,NrH4Br
SiL---NCiBr + Br, "' B + C8HNH,.HBr (2)\NHCSHI \CHB

In the third stage, under the action of a third molecule of bromine, a third

molecule of aniline is split off, forming p-dibromophenylnitrylsilane.

Si'/ H + Br- Si '  + CoHoNH,.HBr (3)
~NC$IBr SCH$Brj

The substance so obtained has a dark brown color, softens gradually on heating,

and becomes completely liquid at 600 C. It is soluble in benzene, and readily reacts

with water even in benzene solutions.

The third and final stage of the reaction between bromine and tetraphenylamno-

silane is regulated by diluting the reaction mixture with benzene, or by adjusting

the quantity of bromine taken for the reaction.

Together with these compounds, products of the substitution of bromine atoms for

hydrogen atoms of the phenyl groups are also formed in the solutions, liberating HBr:

F-TS-9191/V 633



, NCOHdBr hNCSH6Br
+ Br, --.- Si: + HBr\\'NC.[-,Br Si\NClHsBrt

The formation of a more highly brominated compound of the type

BrC ,l 13N=Si= NC61 IBr-

is also possible. The prolonged action of bromine leads to the formation of SiBr 4 ,

HBr, and a mixture of tribromoaniline with still more highly brominated anilines.

Another representative of the tetraainosilanes series, tetraethylphenylamino-

silane, has been prepared by reacting SiCl 4 with ethylaniline. The principal reac-

tion product is ethylaniline hydrochloride, tetraethylphaeylaminosilane being formed

only in small quantities (Bibl.27).

The reaction may be represented as follows:

SiCI. + SHN 2 Si +

The reaction of diethylaniline with SiC14 yields ethylaniline hydrochloride and

an oily product corresponding in composition to tetra-(ethylte1yaaino)silane (Bibl.

28).

A reversible reaction takes place between mothyltrichlorosilane and aniline to

form aniline hydrochloride and umtyltriphelaainosilane. Eyltrichlorosilane and

diphenyldichlorosilane react similarly.

The exchange reactions between alkylarylsadnosilanes and halosilanes have been

studied (Bibl.29), which follow the pattern:

4(C.ll)3SiNI W,1 I. + SiBri • 4(( I I:,.,SiI, + 5 i(NII CO15)a

Aminosilanes react very readily with acids, breaking the Si - N bond. Thus,

from 7 g of CH3 Si(NHO6 H3) 3 in bensene, under the action of an excess of dry HBr, 3.5

g of CH3SiBr 3 is formed.
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Sulfuric acid reacts, producing strong h eating, with (Ci2V 3 SiNHC 6 H5# forming

aniline sulfate and a solution of (C9Z 5 )3 3Si - 0 - SO02 - 0 - Si(C2H 5 )3 , hexaethyldi-

o,,sulfonodisilane.

The diaJlyldiphenylaninosilanes do not react with CC 4 , benzyl chloride,. stan-

nous bromide, nor mercurous chloride.

Diphenylaniline and diphenylamzine do not react with SiCl 4 . The nature of the

radicals replacing hydrogen in the amine molecule affects this reaction.

Physical Properties of Aminosilanes and Alkvl-(aryl)-aidnosilanes

The aminosilanes and the alkrl-(aryl)-aninosilanes distil without decomposition.

They are readily soluble in hydrocarbors,, halogen derivatives of the hydrocarbons,,

ethers, and mixtures of these solvents. They are readily hydrolyzed under the action

of water or water vapor. This is especially7 true of the lower representatives of

this class of compounds.

Table 69 gives the physical properties of the aminosilanes and allcyl-(aryl)-

aminosilanes.

Conversion of Alkor1-(ar.7l)-aad~nosilanes Into Polmsr

The detailed study of the polymeric organoamdiosilanes began at a relatively re-

cent date. As already noted, under the action of ammonia (taken in excess) on mono-

chlorosilane, gaseous products are at first formed, and then condense into nonvola-

tile, viscous, and even solid po2ymwic compounds of the following structure:

Polymeric nitrogen-containIng compounds display a certain structural similarity

with the po2ysilouanes. The conversion of the primry compound SOi3 NH 2# which is

easily formed, into (8iH3)JIH resemb~les the reactions of hydrolysis of SiH3 Cl and the

conversion of that compound into (SiH 3) 2 0. The compounds SiH 3 NH 2 and (SiH 3 )2 NH are
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highl- volatile. Nitrogen-containin,: cormpounis of this tjpe, lie the hy'roqrsilanes,

tend to form pol:mers. *lic polyrers (72Si3I)n and linear polymers of the type

(R 2Sii)nSil 3 have recently been isolateA and studied (Pibl.30).

The products of the reaction between methyl- and ethylchlorosilanes and ammonia

are mainly hexamethyl- (hexaethyl)-cyclotriaminosilanes and octairethyl-(octaethyl)-

cyclotetraarinosilanes, together with a number of other mixed cyclic polymers

(Ribl.31).

Preparation of H!exa'ethlcclotriaminosilane and Octamethylcvclotetraanrino-

silane. In a 5-liter three-neck flask, provided with a stirrer, condenser, and gas

induction tube, 903 g of dimethylchlorosilane dissolved in 3.5 liters of dr, benzene

is placed. )ry ammonia is passed through the gas tube onto the surface of the liquid,

and on vigorous stirring is absorbed by it. Juring the reaction the temperature is

held below 300 C. After 4 hours, the , .C1 being precipitated begins to impede the

stirring of the mixture. To facilitate the separation of the liquid from the deposit

of IT4C1, the mixture is heated, and the precipitate takes a finely crystalline form

and can be easily filtered off. After filtration the ixture is treated with ammonia

for 2 hours more. The aditional amuonium chlorile thrown down is then filtered off,

and the benzene is distilled off, giving 15 g (81%) of a crude mixture of amino-

silanes. The mixture is fractionally distilled, giving 185 g of hexamethylcyclotri-

aminosilane and 210 g of octamethylcyclotetraaminosilane. The latter is purified by

recrstallization from petroleum ether. The undistilled residue amounts to 20 g.

Preparation of Hexamethlcyclotriaminosilane without a Solvent (Bibl.30). In a

round-bottomed flask, provided with a reflux condenser, a stirrer, and a dropping

funnel with its end drawn out into a capillary tube, 500 ml of liquid ammonia is

placed, and 140 g of dimethyldichiorosilane (1.08 mol) is added gradually to it from

tne funnel. The flask and the condenser are cooled by a mixture of solid carbon di-

oxide and acetone. After adding the dimethyldichlorosilane, the stirring is contin-

ued for 15 min. The mixture is then extracted with 250 ml of benzene. The precipi-
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tate of ammonium chloride remaining in the flask is washed four times with small por-

tions of benzene, all the benzene extracts are combined, and the benzene is distilled

off. After this has been done, the residue weighs 60 g. Its fractionation yields 33

g of hexamethylcyclotriaminosilane.

Preparation of Poldiethylcycloaminosilanes. In a 400 ml flask 300 ml of abso-

lute ether is placed, and is made up with anmonia to a total volume of 400 ml; 515 Zj

of a mixture of diethyldichlorosilane and diethylmethylchlorosilane, taken in molecu-

lar proportions, is now diluted with 1200 ml of absolute ether; this mixture is added

in three equal portions to the solution of ammonia in ether. The mixture is allowed

to stand 15 rain., and the ammonium chloride is then filtered off. It is washed sev-

eral times with ether, and the ethereal extracts are combined with the filtrate, aft-

er which the ether is distilled off from the reaction product. Simple distillation

of the product gives 143 g of a distillate boiling below 2350C. The individual pro-

ducts cannot be separated by simple distillation. Fractionation of the residue under

reduced pressure yields 24 g of a product with a wide boiling range, probably con-

sisting of tetraethyldimethylaminodisilane and octaethylcyclotetraaminosilane (41 g).

The distillation residue amounts to about 20 I.

To obtain a better yield of aminosilane, 157 g of diethyllichlorosilane dissol-

ved in 1000 ml of ether is placed in a flask and saturated with ammonia (without ex-

ternal cooling). The saturation is continued until the contents of the flask begin

to freeze as a result of the vigorous boiling of the excess of liquid a.monia. The

separation of the ammonium chloride is considerably more difficult, in this case,

owing to its exceptionally fine grain. It is entirely impossible to separate it cori..

pletely from the products of the reaction, and it sublimes during the listillation,

contaminating trie aminosilanes. The 64 g of reaction products yields ?4,,.6 g of

hexaethylcyclotriaminosilane. The slightly lowered nitrogen content of the trimer

gives grounds for supposing it to be contaminated by compounds of linear structure,

of the type
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q 11I{(CI1 I,).SiNI II,,Si(catI.)-CI I,

Preparation of )iethyltetramethylaminodisilane. In twice its volume of ether,

284 g of ethyldimethylchlorosilane, obtained by reacting dimethyldichlorosilane with

ethylmagnesium bromide, is dissolved. The solution is added to an ethereal solution

of amonia, according to the method we have described for the preparation of pol.":li-

eth-rlcycloaminosilanes. Yost of the ether is distilled off from the reaction pro-

duct. The product, boiling above 450C, is fractionated. After the remaining traces

of ether are distilled off, the temperature falls to 230C, and then rises again; at

first to 950C, and then, rapidly, from 1010C to 1570C, giving off a considerable

quantity of anwnia. The fractionation yields 26 g of ethyldimethylaminosilane and

33 - of s -dieth-ltetramethylamrinodisilane. The residue of 33 g consists mainly of

iieth-ltetra.nethylaminodisilane. The fall in the temperature was due to the libera-

tion of aLmnonia owing to the dearination of ethvldimethylarinosilaxne:

2 (( :i.. 6s( i . Id S X I.. . it J1181((I I ONI Isi( 1 .([ . Is ) , N1:,

-th.-ldimeth:-laminosilane, probably, is formed at room. temperature and is stable un-

der these conditions, but is decomposed on heating to belo.w the boiling point.

Preparation of Octamethlaninotrisilane. A mixture cf l -- of hexamethylarino-

lisilane, 37 g of hexarethlc'clotriaininosilane, and 0.5 7 of arnoniur, chloride, is

heateli in an 130 !l borb at 300 - 325°, for 26 hours. The pressure in Lhe bomb rises

fron 173 kj/cn2 to 213 k]cm2 . -hen the bomb is opened, a considerable amount of arr-
honda is given off. The reaction product is fractionated in a colurn with 15 theo-

retical plates, rielling 60 : of hexamethylamrinodisilane nd 19 g of octairethylamino-

trisilane.

The therral rearrangement reaction also proceeds at 1,30°3 in 1. hours, and at

3500, in -2 hours. In all cases the rectification curves coincide, which is evi-

lence that equilibrium is establishel in the process of thermal rearrangement.
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I eparation of Trivethlc7clotriarinosilane. In the same way described for the

preparzv icn of polyethlcclopol-a'-.inosilanes, 230 g of nethyldichlorosilane is treat-

e''"-th a -wonia. After the ether has been distilled off, 60 g of a viscous oil- sub-

stalnce is obtained, which does not boil when heated to 19,502. This oily product is

s>' e 1tel to therral rearrangement in a stream of nitrogen, -ielding 25 g of a mobile

licui1. ,rz-'o:.ia is riven off iuring the process of degradation. The residue in the

fas: is a porous, brittle resin, which shows no change on further heating, and re-

acts !'er;- slovrl- etith an alcoholic solution of 1Ol,.
he: the collete. Uiistillate is fractionated, it gradually- lecorposes, evolving

tfer .4 r- of a fraction boilin. from 166 - 1680 has been collected, the con-

ten-ts of the flas!- coaJzalate. The gel reacts with considerably more enerar with an

alcoholic solution of alkali than the residue after thermal rearrangement did.

To judge b- its boiling point, the distillate is an impure trimethyrlcyclotri-

ar inosilarne.

7he evolution of aionia luring the thermal degradation, as well as during dis-

tillation, is evidence of the following rearrangement:

II

The tendency to for, cyclical compounds is more pronounced in the amino deriva-

tives than in the siloxanes. The yield of cyclic trimer is 45 - 55% in the case of

the aminosilane, and 0.5% in that of the siloxane.

Table 70 gives the physical properties of cyclic polralkylaminosilanes.

A lko,- (arylo,,r)-Aminosilanes

The alkoxyaminosilanes may be regarded as amides of orthosilicic acid, and ar-

ranged in the following series:
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(RO)SiNtf: (RO)AS(NHt)t; ROSI(NH9)s

Like the amides of the carbo~lic acids. they enter into the reactions of hyiro-

lysis, alcoholysis, and ainolysis.

Table 70

Physical Properties of Cyclic Polyalkylaminosilanes (Bibl.30, 31)

b) €) d) ) i)
b) Oc "c20 '0

zmpeyl[cyclotri- [(CH5)'SiNH]3 138 -10 1,4448 1 0.9196waosil one) (456 ,on)I
0c"thyl pfl).tetra- [(CHa)sSINH (5 97 - --

=008 we(7568mm)
Hexamthyleyelotri- [(CeHI.)SINH, 150 -41 1.4670 0.9287

("inMilane)
Octaethylcyclotetra-- I(CH&),SiNHIH I0-92 16 1.4769 0.5.i21

(aminosilane) (I0 om)

a) Nam; b) Formula; c) Boiling point OC; d) Melting point O;

e) Refractive index n 2 f) Specific gravity
D 9 4

The tert-alkmyauinosilanes have acquired the greatest practical importance.

These are coupounds in which at least one tertiary alki group and one amino group

are attached to one silicon atom.

They my be prepared in two stages from siCa4 the corresponding alcohol, and

amoniae If all the alkoq groups are required to be tertiary, the reaction between

the tertiary alcohol and SiCl is conducted in the presence of an acceptor of acids

for example pyridine.

In the first stage of the synthesis, the tert-alkoxychlorosilane is obtained.

Treatment with amonia then convert it into the corresponding aminosilane:

2ROH + SiCI. + 2C&HN --- * (RO)sSiCIs+ 2CHN.HCi
(RO)tSiCI, + 4NH, --- (RO)2Si(NH2)j + 2NFICI
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By appropriate choice of the starting materials and the reaction conditions,, mono-,

di- and tri-trt-alkoxyaminosilanes my be 'prepared. Tert-alkoxytrichlorosilane re-

acts first with ammonia, forming soluble and fusible resinous condensation products,

which continue to undergo condensation, liberating azmonia, and loon become insoluble

and infusible. Trialkoymonochlorosilane and dialkcoxydichlorosilane,, on the contrary,

do form, the corresponding aninosilanes in good yield.

On treatment of di-tert-butoxy'dichlorosilane with ammonia, di-tert-butoxydi-

aminosilane, (CoH9 )2 3i(NH 2)0 is formed. Alkoxysilanes of the type

(RO~) x(RIO) ySi (NH 2)4..(x+Y) have been synthesized by this method, R and Rt varying from

C3to C 4H 9 and x + y from 2 to 3.

Table 71 gives the properties of certain tert-alkoxyaminosilanes.

The most important representative of this series of compounds is di-tert-butoxy-

diaminosilane. On hydrolysis of this compound by cold water, di-tert-butoxysilane--

diol is formed. It is readily resinified on heating or during the very process of

hydrolysis at an elevated temperature.

When alcohols act on dibutoxydiaminosilane,' the liberation of ammonia and the

formation of dibutoxydialkxysflanes are observed.* Methanol reacts rapidly, while

the other alcohols replace onlyv one amino group. For complete substitution,, heating

is necessary. The tertiary alcohols react very slowly.

The amino groups in di-tert-butoxydiaminosilane may also be repltnced by the

R - NH - group, or by the acid residue R -C

I(CH,)*COISi(NH,), +2RNH2-- b ((CF13)$COISu(NHR)2 +2NH*

((CHg)gCOJrSi(NH2)t + 4RCOOH -* ( (CHjsCOISi(O0CR)j + 2RCOONH 4

When tert-butoxytrichlorosilane is treated with aimonia,, polymeric products are

obtained.

On heating to 20000, dibutoxvdiandnosilane gives off ammonia anud forms a cycli-

cal polymer of the composition V(C Ho),SiNHJ.
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Table 71

Physical Properties of Alkoxyarinosilane (Bibl.32)

b)C) d) je
_____ _____ RD__~

Methoxy-tert-butoxydi- (CH, 3C0i/NH2 (62-6 1 4 :m)

sminosil an. CS3O *-~ 1

Ethoxy4!rt-butoxydi- CI.\/N mm)i ,9 1 1. 1.'
mouae(CHs)sCO/ \NH, 63-6 Mon)

(CH )CHO\/NH,

d~umnosilane (CH,)sCHO' \N1 (8' 0m4) 411

Buox-tetbuoyd-CH.O \/NHs 66-6 0,939 1.42
amslflafle (CH)CO/ \~NH. (3 mn

CjHsCHO,. /NI

Sec-butoxy-:tert-butoxy. CH. 92s9i(2
dionnosijane /7 92M5pg)142

(CH*)sCO \~Nil (7t m

Vi trtbuoxdinio- (CH 9SO\NHt 7o-72 u,928 1.,4142
E i 1 anetx~'inio (CH)CO/ \NH, (10mm

Ti-teprt-pbuoxyd- ICH)ICN
mineilne (Ca6C4 S.H 102-110I 0.932 1. ,431iH

(CH)CO N 1 m

.Titetbutoxy- (cHA\

adoiee(CHs)aCO-:i-NH-- 72-73 0,924 I ,44J5t
7Ci)SO (15mam)

Nhto:ydi- ert butoxy- CK

Isprpoxy- tert-butoxy- ICHjzCHO\
avanosil1me

(CH,)C S i-NH, U-4 08 1,W
sc/ (384 089 .45

(CHs),CO/ 17
sorogy-fr-(CH,)&COO

(CH&)gCHO Si-NHt 57-60 0,84 1017
/ ( 3 mam)

ICH.),CO/
a) Nais; b) Formula; c) Boiling point; d) Specific gravity; e) Refractive

indez
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The butozgraminosilanes are used to prepare water-repellant films on materials

that could react with HCl,, and which could consequent3ly not be made water-repellant

by treatment with vapors of alkylchlorosilanes.

The reaction of di-tert-butxaminosilane with amino-alcohols forms eaiters of

orthosilicic acid containing an amino group in the organic radical (Bibl.31).

(C6HO),Si(NHj)2 + 2HOCH2CH2NH, - (C4HO)tSi(OCI IsCH2NH) + 2N1:

The reaction proceeds for several hours on boiling an equimolecular mixture of the

reagents. Its course is followed by determining the loss of weight due to the aw-

monia evolved. On conclusion of the reaction, the mixture is fractionated under re-

duced pressure.

The products so synthesized are viscous, colorless liquids with a faint odor.

Pr'oducts 1 and 6 (cf.Table 72) are soluble in water. Product 1. is soluble in lig-

roin,, benzene, CCd4.alcohol, acetone, ether, and Wrridine. Most of the products are

basic in character, and are titrated quantitatively against HCl, using methyl red as

an indicator. In some cases, side reactions leading to the formtion of butanol and

hezabutoxyaminodisilane

are observed in the course of' thie synthesis.

During the synthesis of product 2, a fraction (Bibl.12) was separated# with

20.
boiling point 1.30 0C, refractive index n5 1.4261, and specific gravity d20 

=

*0.9181, consisting of dibutoxy-(2-diethylaminoethozy)-aminosilan.;

(C41 I.Ot( (CII)jNC1 CI-IgOISi NI 1,

Preparation of Di-tert-butoxvdi-(aminoetho=)-amiosilan. A solution of 1 mol

of di-tort-butoxdianinosilane and 2 mole of aminoethyl alcohol is heated I to 3

hours at 150 - 2000C. After the theoretical quantity of hydrogen has been evolved,
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the product is distilled under reduced pressure, giving di-tert-buto.Vdi(aminoeth-

oxy-) = aminosilane in yields ranging from 40 to 70% of theoretical (Bibl.31).

By using different amino-alcohols, a number of tert-butoxyaminopolysiloxanes

are prepared. Their properties are given in Table 72.

Table 72

Physical Properties of Di-tert-butoxyaminoalko.silanes

r) 01) e)
C "20 d20

D

[(CI l,),j(Oj2Si(OCi t C 12It). 144 1.4269 0,9731
Li- tert-butoxy- (16 MM)di (minoethoxy) .silane I(CI ;,).,CIOj2Si[(aHtCHiN(CI I, ):12 197 I ,4272 0.9090

- tert- butoxy- (33 mw')di (diet yl I xno-

et ert-butoxy (CI I );,COIgSi[OCIi(CHs)CHNF1. 2] 107 I 4264 0,9548
Vi (inoi~o. 0I M)

- ter-buto - (CI I.)COJ,ISi OCIiCH(NH2)CHCI I.,: I (133 1,4266 0,9462
di ai~ ' o- (1mm
butox.5si ilane
Di- er - bu o hy- I(CH.3 ):,CO]2Si[(X'ItC(C11a)(NH)(I I[.]. 126 I .4246 0,9328di ano-3mthl t4 mv)
3-propoxy) si 1 ane
- ert- buoxy-, ! (CH COI 2Si(OcIC(:II 2 NHCHCHN112)2 187 I ,4495 0.9911a2 'M'no-- Ino- 3 ' e' m)

6 -butox) siIane

a) Name; b) Formula; c) Boiling point, °C; d) Refractive index,

20 2nD ; e) Specific gravity, d

Hydrolysis of Alkoxyaminosilanes

The tertiary alkoyaminosilanes are readily hydrolyzed with liberation of am-

monia, forming the corresponding alkomsilanols

(RO),Si(NHt)t + 2H 20 - - J (RO)Si(ll02 + 2V,,

It should be noted that the stability of the tertiary alkoxy groups to hydroly-

sis, especially in an alkaline medium, is characteristic for the tertiary alkoxy-

silanee and tertiary polyalkoxysiloxanes.
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The tertiary alko.Vpolysiloxane resins may remain in contact with water (vapor

or liquid) for a long time without visible change in their properties.

The stability of such resins, prepared from the corresponding tertiary alkoxy-

aminosilanes, to hydrolysis, and their hydrophobic character, are utilized in prac-

tice.

Hydrolysis of Di-tert-butovaminosilane. A mixture of 9.5 g of di-tert-butoxy-

aminosilane and 20 g of ground ice is shaken for 5 min. White needles are thrown

down from the reaction mixture, and are dissolved in 100 g of low-boiling petroleum

ether. The ether layer is separated and evaporated under reduced pressure, yieldinE

5.37 g of white needles, melting at 99 - loloC, which, according to the analytical

results, correspond to di-tert-butoxysilanediol. The water layer is separated and

extracted twice with 50 cm3 portions of ether. The ether extracts are dried over an-

hydrous potassium carbonate for 1 hour, and are then filtered and evaporated under

reduced pressure. The residue (3.75 g) consists of crystals of di-tert-buto.Vsilane-

diol and products of its condensation.

According to the degree of condensation, high-viscosity liquids, soluble or in-

soluble resins, or hard infusible products may be obtained.

Reactions of Alcoholreis and Aminolysis of Alkoxyaminosilanes

The dialkozyaminosilanes react readily with most primary and secondary alcohols

at ordinary temperatures to form amed ortho-esters:

(RO)sSi(NH), + 2R'OH -- - (RO)1 (R'O)eSi + 2NH3

Both amino gupe readily enter into the reaction with mathanol. The higher al-

chaols, however, react with the soad amino group only on heating.

At an elevated temperature the secnd amino group reacts more readily with pri-

may alcohols than with secondary. With tertiary alcohols the reaction proceeds

very slowly,, and the second amino group does not participate in the reaction at all.
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It must be noted that the di-tert-alko-Vdichlorosianes display higher activity

toward alcohols than the corresponding ainosilanes do. In the case of the chloro-

silanes, the reaction is conducted in the presence of tertiary amines, for instance

pyridine.

Polyhydric alcohols react with alko3yatinosilanes to form various products:

liquids of various degrees of viscosity, insoluble and infusible gels and powders.

Alkyd resins, which regarded as a special class of derivatives of poly hydric al-

cohols, react very readily with di-tert-alkoxyaminosilanes. The admixture of small

quantities of alkoxyaminosilanes with the alkyd resins improves certain of their

properties, and may be used to accelerate their gelation. Complete alcoholysis of

alkoxyaminosilanes or alkoxchlorosilanes leads to the formation of mixed ortho-

esters distinguished 'y their resistance to hydrolysis. The introduction of even a

single tertiary alko.V group into the ortho-esters considerably increases their re-

sistance to water, since such alko.V groups exert a stabilizing influence on the pri-

mary alko.V groups attached to the same silicon atom (Bibl.32).

When heated to &00 C, the di-tert-alko.Vdiaminosilanes, which under ordinary

conditions are stable compounds, undergo intranolecular condensation to form polyalk-

ctycycloaminosilanes:

uayst
z (RO)tSi(NH.) 2 CAfymI _ I(RO)rSiNHI + xN+ K

The polyalkoaycycloaminosilanes have been little studied, and the intramlecular con-

densation of this type has not been sufficiently investigated.

The tertiary alkozyminosilanes are widely used in industry, owing to their

ability to import water-repellant properties to most materials.o For instance, treat-

ment of a clean glass surface with a 1% solution of di-tert-butaTdiaminosilane in a

dry hydrocarbon solvent, followed by. heating to 100 - 1500 C for 1 to 2 hours, makes

that surface caletely unwettable by water. The same effect may be attained by us-

ing tertiary alkoohlorosilanes or tertiary alkylchlorosilanes. In these cases,
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however, the volatile by-product is HC1 instead of amonia, so that this treatment

cannot be applied to acid-sensitive materials, such as cellulose, for instance.

The alkcxoaninosilanes may be applied in the vapor form, in the form of undilu-

ted Liquids, or together with solvents. The choice of the method depends mainly on

two factors, the character of the material to be treated, and the nature of the equip-

ment used. For treating most materials it is best of all to use them in the form of

I

a b

Fig.33 - Efternal View of Asphalt Specimens after the Action of Noisture

a - Specimen treated with tert-alkwqainosilane; b - Untreated spcimen

diluted dilutions in inert solvents, or in the form of aqueous msi~ions. The use

of aminosilanes in road construction as an agent to reduce the peeling of the asphalt

from the stonos, that is usually due to the action of moisture, has been proposed.

Figure 33 shars specimens of asphalt (binding the rock) under the action of

moisture on them. Figure (a) shows a specimen treated with tertiary alkoxano-

silane, hile Pig.(b) ohms an untreated specimen.

The amnnohalosilanes are products of the incomplete aminolysis of tetrahalo com-

pounds of silicon or of halo-substituted aminosilanes, which, for instance, in the

case of the chlorine derivatives, form the following series:
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CI8SiNHs CISi(NH,)g CISi(NHo),
CIsSiNHR CISi(NHR)I CISi(NHR)S
CI*SiNR 2  CI*Si(NRs)s CISi(NRI)

where R is an alkyl or aryl radical.

Diethylaminotrichlorosilane is prepared by reacting 2 mole of diethylamine and

1 ol of SiCl 4 :

2 (CsH&),NH + SiC. -' (CqHs)NSiCI, + (CjIs)s. HCI

The reaction is vigorous.

A solid mass is formed, which is washed with ether in the flask, filtered, and

distilled in vacuum, yielding pure diethylaminotrichloroeilane, a colorless, mobile

liquid, fuming in the air; boiling point 1040 C (80 m). Dibutylamdnotrichlorosilane

is prepared in the same way. It is a colorless liquid, boiling at 120°C (30 mm),

that becomes slightly turbid in the air and throws down a solid, gelatinous mass.

It is gradually decomposed by water.

The aryl derivatives of the chloroaminosilanes are prepared by the action of an-

iline on SiCi4 in dry bensene solution. The reaction liberates considerable heat,

forming a mixture of difficultly separable compounds.

SiCl. + 4C.HsNH, - - CISi(NHCIHs), + 2CsHsNH,. HCI

Diphervlaminodichlorosilane in the pure state has not yet been isolated, owing

to the considerable viscosity of the reaction products. These compounds have been

very little studied. No products of the reactions between secondary arylamines and

SiCl4 have been prepared. The allyl-(aryl)-aminohalosilanes are decomposed by water,

forming silicon dioxide:

CISi(NHCsHs), + 2H,O - -- SiO, + 2C@HsNH, + 2HC1
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Al.ckI- (Aryl)-Iminosilanes

The alkl- and aryliminosilanes may be regarded as derivatives of such inorganic

compounds as nitrylsilane and diiminosilane.

Mitrylsilane, HSiN, is an analog of HCN, and the possibility of preparing it by

the reaction of silicochloroform and ammonia was pointed out as far back as 1899

(Bibl.35).

Somewhat later, nitrylsilane was prepared by other investigators, who conducted

this reaction in an atmosphere of hydrogen (Bibl.34). The reaction is very vigorous,

and requires cooling:

I ISiCI, + 4NH, ..... HSiN + 3NH 4CI

The isolation of nitrylsilane is very complicated, owing to the difficulty of remov-

ing the ammonia from the reaction products, and to the ease with which silicodiimine

is formed from nitrylsilane and ammonia.

HSiN + NH. - Si(NH), + H,

The complete removal of the ammonia is effected in vacuo at 1000 c.

Diiminosilane may be regarded as the amide of nitrylsilane, N - SiNH2 . It is

easily formed by the reaction of SiCl with ammonia, and was first prepared by means

of this reaction (Bibl.10). It is believed to be tautomeric

\NH
SiNH NSNH

1 11

like the tautomerism of its carbon analog, carbodiimide and cyanamide:

C'-NH NFCNH,
%NH

Diiminosilane has been described in detail by Leufeld, who prepared it from a benzene
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solution of SiCl 4 and amonia (Bibl.35). In the first stage, Si(NH2)4 ", tetraamino-

silane is formed, which easily liberates ammonia, giving the diinine.

SIC1. + 4NH, - Si(NH,), + 4HCI
Si(NHI)4 --- 2NH, + Si(NH),

It has been established by a number of analyses that diiminosilane is the principal

product of the reaction, in the absence of moisture and air. It is always obtained

mixed with aunonium chloride. Other workers have observed a similar reaction (Bibl.

36). Diiinosilane is also obtained by the action of nitrogen on calcium silicide

(Bibl.37). In this case, a mixture of compounds is formed: CaSiN2 and Ca(SIN) 2 .

Under the action of HCl, calcium silanamide is decomposed, forming iuinosilane:

CaSiN2 + 2HCI ... CaCiS + Si(NH)-

Dilminosilane and its derivatives are likewise easily prepared by reacting silicon

disulfide, SiS2, with amonia at a low temperature (Bibl.38):

SiSs + 4NH, - -- Si(NH), + 2NH 4SH

The same authors also prepared diininosilane by the reaction of sulfodichlorosilane

with amonia:

SSiCI, + ,NHj - - SI(NH), + 2NHCI + NHSH

and also by washing the reaction products of 8i14 and ania with liquid amonia,

in which dlminosilane is readily soluble:

SICI4 + 6NH.. • SI(NH)g + 4NH'CI

Nitrylsilane, HSIN, is a white poder with a sharp odor, which is easily con-

verted by water into a polymeric product of the composition (HSiOl. 5 )n . The form-

tion of the polymer is believed to take place in the following way:
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HSIN + 3HO - - HSi(OH), + NHs
nHSi(OH) --. (HSiO. 5),- + I ,5nHjO

Under the action of an alkali, nitrylsilane evolves hydrogen:

HSiN + 4NaOH ---- SI(ONa), + NH, + H2

Diiminosilane in the pure condition has the form of feathery flakes, which grad-

ually decompose under the action of the moisture of the air, forming silicon dioxide

and awonia.

Under the action of water, decomposition is instantaneous and liberates a large

quantity of heat. When heated up to 1000C, diiiinosilane remains unchanged, but at

temperatures above 10000C it gives off ammonia, forming dinitrylaminodisilane;

2SO(H), - N--Si - NlI - Si EN + Nli.

which is a very stable white solid. When dinitrylaminodisilane is heated above

1200 °C, it gives off ammnia and forms the silicon nitride NSi .

Under the action of HC1, diiminosilane, like tetraamtinosilane, does not form

salts, but decoieses, forming SiOl4&

Si(NH), + 6HCI . - SiCI, + 2NH4CI

Hexachlorodisilane, S1 2 C16 , reacts with dry amonia to give diaiod-

silane (Bibl.39). The reaction takes place even at low temperatures:

Si 2CI, + IONH, = 6NHCI + SjiNI Is

This compound is believed to have the following structure:

NHt\ . ./NiS

NH Si NH
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When the temperature is increased to -100 C, a molecule of ammonia is split off from

the diaminodiiminodisilane, forming a different compound: triininodisilane, which has

the structure I IN=Sj-Si.NIl

NH

In the presence of moisture, even in traces, triminodisilane decomposes with

flashes and strong heating. When it is heated on a spatula, it explodes.

Triininodisilane is a bulIq white solid, readily soluble in liquid ammonia. It

is rather stable at room temperature. It decomposes above 4000 C with cleavage of am-

monia, forming a polymeric silicon nitride:

,,HN=Si-Si=NH - > (SIN2)R" + NH,

NH

TrIiminodisilane is distinguished by extreme sensitivity to moisture. It should

be noted that all compounds containing the Si - N bond are easily hydrolyzed by water

and decomposed by Hi:

R,Si(NHR)o + 2HtO - SIR(OH), + 2RNH,
RtSI(NHR)s + 4HCI . RjSiCI, + 2RNHj.HCI

The above described compounds of silicon and nitrogen, in contrast to the ana-

logous carbon compounds,, are extremsly unstable substances (Bibl.l), and instead of

monomeric, highly volatile compounds, higbh-polymer products are formed in this case.

D- -nodMwinoisilane my be considered the analog of diaminodiiminoethane

(Sible4O).

Nl'l.\,/NH,
NH9\C'CNH

but, in contrast to dA-insdilmioethans, it is imdiately broken down by water,

forming polymeric silicon dioxide as a stable end product.

Attempts to prepmre alkyl and aryl derivatives of nitryluilane, of the type
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RSiN, have up to now been unsuccessful (Bibl.41). By bromination of tetraphenyl-

aminosilane, Reynolds has prepared the only known haloarltriuilane, Br 2 C6 H3SN

(Bibl.42):

Si(NI-ICl 15), .- 3Br_ -2 Si/ N  + 3CHNH, + 4HBr
"C H Br..

As tetraaminosilane is converted on heating into the more stable diiminosilane,

so tetraphenylaminosilane, when heated, passes over into di-(phe~liuaino)-silane:

Si(NH,)4 ---- Si(NH), + 2NHs
Si(NHC#*f,) -- -- * Si(NCsH&), + 2C@H&NH2

Di-(phenyliumno)-silane should apparently be regarded as an isomer of dipherylamino-

trisilane;

S&(NCgH,),; N=Si-N(CsH,),

as aminonitrylsilane is isomeric with diluinosilane. This has been confirmed by

Reynolds, who has established the formation of two modifications of di-(phezylizLno)-

silane, one compound that is soluble in bensene (sym-Si(NC6H5)2 , and an insoluble

compound whose structure has not been established.

Di-(phenylinmno)-silane is best prepared by vacuum distillation of tetraphenyl-

aminosilane, which, under these conditions, splits ofr aniline, and passes, by way

of di-phenylamino-phenliminoslane, into di-pherylimino-silane:

Si(NHCgH,), --- (CH&NH)ri=N--CIH, + C.HNH.
(C.HsNH)iSimN--C;H& ---- (CIHN)Si -+ C$FI$Ntl.,

'.hen reacted with phenyl mustard oil, di-pherylmino-silane forms a compound that is

probably of the following structure:
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s

S CN--C.H h . H N j -,
(HN/ S(NC 4 H. \CN-Sic ,

I

Heating of di-(phenylamino)-uilane produces a compound whose structure my prob-

ably be represented by the following formula:

>N--C. H

This compound, on further heating with dry ammonia, splits off two molecules of ai-

line and passes over into Si 2 (NH) 2 - N - C6 H5 .

S101N-C6II' NH i/NH

Si'~ NH3

/ NH

These compounds are derivatives of the silicon nitride SiR2 3 that has been discussed

above.

Di-(phenylimino)-silane is prepared by the action of aniline on tetrathiocy-

anatosilane on heating, since cleavage of two molecules of aniline from the tetra-

phenylaminosilane initially formed results:

Si(CNS)4 + 8CoHNH, -4 Si(NHClI ,)a + 4C.H5NJ,.HCNS

Si(NIICIls)4 - Si(N--CIIa),+ 2C*H*NHt.

The reaction of pyrrolpotassium with SiC yields a tetra-derivative of Mrrol,

which is the only known example of an organosilicon compound with four nitrogen-

containing rings (Bibl.43).

Tetrapyrrolsilane crystallizes in colorless prisms with the melting point of

173.4°C, difficultly soluble in petroleum ether, but readily soluble in benzene,

carbon disulfide, dichloroethane, and ether. It carbonizes an heating.
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Other cyclic organic nitrogen compounds, such an pyridine, quinoline, etc., form

only addition products.

AJ.kcv1- Aryl)-Aminoalkylasilane and &&gwoainalkylsilanes

N I
Organosilicon compounds containing -,Si - C - N- groups in their molecules may

I I
be prepared by the action of dry amnia or amines on compounds of the general formu-

la R.3 SiCH 2 - X, where R is an alkyl, aryl, or alkoxy group, and I is a halogen atom:

RSR IXI+N i~I .- , ! - - -- R-iSiC.H-I1 + I 1C'

In the presence of water or alcohol, cleavage of the - CH2Cl group is observed.

For the more complete substitution of the halogen, use of a twenty-fold excess of am-

monia, or a threefold excess of amine, is recommn.4Med, The reaction proceeds at

1200C, under pressure, forming 50 - 70% of primary amines, 20 - 30% of secondary

amines, and small quantities of unstable substances. Tertiary amiines of the struc-

ture (R 3 SiCH2)3 N are unstable, decomposing in air, and it has not been possible to

isolate them (BibL44),

When sodium amide in liquid ammonia acts on trimsthylchloroaethylsilane, tri-

methylmthylaainosilane is formc:

(CH6)*SICC + N@NHj -* (CHs)9SiNHCH6 + NnCI

Distillation of this product liberates wethylamine,, and hexaaethylmethylazinedi-

silane is formed:

2 (CK.)oSINHCH. - ((ai),Sfl)AM + Oi.NHo

Certain amino derivatives of the silacanes, containing the group

Si - 0 - 31 - C - R2v my be prepared in three ways:

1. Di-( chlorcmthyl)-tetraamthyldisilamne is treated with ainnia or an amine,

yielding a mixture of products difficult to separatea.
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2. IlethyldiethoWaminomethylsilane is hydrolyzed in aqueous or aqueous-alcoholic

solutions, forming a thermoplastic polymer soluble in water.

Triethoxazninomrethylsilane under these conditons is transformed into a white

amorphous water-soluble powder.

3. Compounds of the type (CH3 )3 SiCH2 NR2 , (where R may be the group

(CH3 )3 - Si - CH2 - , H, or an alkyl group) are heated with an excess of sulfuric acid

at 100 - 1100 C for 6 to 36 hours. Cleavage of methane from the trimethylaminomethyl-

silane takes place under these conditions.

A synthesis of organosilicon compounds containing p-dimethylaminophenyl groups

has been described. Such compounds are prepared by adding two or three equivalents

of p-dimethylaminophenyllithium to SiCl V The mixture so formed is then immediately

hdrolyzed, yielding di-(p-dimethylaminophenyl)-silanediol (Bibl.45). Under these

conditions, tri- (p-dimethy.laminophenyl)-chlorosilane and tri- (p-dimethyJaminophenyl)-

silanol may be prepared in satisfactory yield (Bibl.46).

Treatment of tri-(p (imethylaminophenyl)-silanol with concentrated formic or

acetic acid forms light bluish vitreous polymeric substances.

Preparation of Triphenyl-p-dimethylaminorhenylsilane. To an ethereal solution

of 0.15 mol of SiCl4, an ethereal solution of 0.45 mol of phenyllithium is added,

forming triphenylchlorosilane.

To this solution 0.10 tol of p-dimethylamLnophenyllithium is slowly added. The

reaction is conducted in an atmosphere of nitrogen.

After completion of the reaction, the reaction mixture is treated with water to

dissolve the LiCl. The ethereal layer is separated, dried, and evaporated. A solid

product is thus isolated, and is recrystallized from petroleum ether. The crystals

melt at 144 - 1460C, and consist of triphenyl-p-dimethyla, )phenlsilane. The by-

product tetraphenylsilane, melting point 233 - 2350C, is also formed.

Preparation of Di-(D-dimethylandnophenyl)-silanediol. in a nitrogen atmosphere

0.17 mol of p-dimethylaminophenyllithium is added to a solution of 9.52 g (0.056 mol)
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of SiCI4 in ether over a period of 2 hours, holding the temperature of the reaction

mixture between -150C and -200C.

The solution is stirred 30 min at room temperature, and is then h.-drolyzed by

water. The ethereal layer is separated and dried, and the ether is distilled off.

The light bluish deposit so obtained is crystallized from a mixture of benzene and

petroleum ether, yielding di-(p-dimethylaminophenyl)-silanediol, melting point 173 -

170.

A number of a-(aminomethyl)-methyldialkoxysilanes (Bibl.47) and -(phenylamino-

methyl)-methyldialkoxysilanes (Bibl.48) have recently been described. The former

compounds were prepared by the action of ammonia on halomethylethoxysilanes; the lat-

ter, by the action of aniline or ethylaniline on chloromethylmethyldialkoxysilanes:

/CHo0 /CHNHCHs
RO).5i\ / + 2H NC, H, .. (RO),Si/ + -IH HCI

\CH, \CH., + HNHH

/ a C2NH .CH2N/ C"'NC H H
(RO) 2  + / (RO) 2SK */ C.H. + H+ 2NH, "C4H, \CH,. C'H&/H

The reaction is conducted at atmospheric pressure. The yield of the reaction

products is good, but decreases with increasing number of alkcWr groups.

Preparation of (phenylamiomethyl)-mthldialkoxysilanes (Bibl.t8). In a flask

with reflux condenser are placed 0.5 rel of a-chloromethylmethyldimethoxsilane, 1.5

nol of aniline, and the mixture is heated 3 to 4 hours, with stirring, at 130 -
S0

1400C.

A precipitate of aniline hydrochloride is thrown down during the reaction, which

is removed by filtration, and washed with benzene; the filtrate is distilled at re-

duced pressure, yielding (phenylaminomethyl)-methyldimethoxysilane, boiling point

139 - 1410C (15 m). The yield is 48% of theoretical. The synthesis of (phenyl-

aminomethyl)-methldietho.rsilane is similar.

Table 73 gives the physical properties of alkyl-(aryl)-aminoalkylsilanes and

alkyl-(aryl)-aminoalkylsiloxanes; and Table 74 those of alkyl-(aryl)-aminomethyl-
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methylalko.ysilanes.

Silicon Isocyanates

Preparation of Isocyanatosilanes

Organosilicon compounds containing the isocyanate group,- N = C 0 0, attached

to a silicon atom, have been synthesized a few years ago. The literature describes

alkylisocyanatosilanes, arylisocyantosilanes, and alkoxyisocyanatosilanes. These

compounds are obtained on the reaction between alkyl- or aryichlorosilanes and silver

isocyanate:

'tiSiCI 3 + 3CONAR - CH.Si(NCO)., -+ 3AgCI

(:tFiaSiCl, + 3CONAg C.isSi(NCO)s + 3AgCI

(RO)SiC!s + 3CONAg - (RO)Si(NCO)- + 3AgCI

Mono- and diisocyanato derivatives are similarly preparea.

Isocyanato derivatives are easily prepared in a medium of solvents that do not

react with alkyl- and arylchlorosilanes, nor with alkyl- and arylisocyanatosilanes.

Hydrocarbons of the aliphatic and aromatic series may be used as such solvents: ben-

sene, toluene, proplbenzene, xylene, as well as benzine and other solvents (Bibl.

49). The reaction temperature is 80 - 900 C. Silver isocyanate in 10 - 25% excess

is used in the reaction.

Preparation of Methylisocyanatosilanes. Into a solution of 148 g of methyltri-

chlorosilane in benzene (a 25% solution), 490 g of silver isocyanate is introduced

in three portions. The mixture is heated 30 min at 900 C. The suspension of silver

chloride is then filtered off and washed with benzene. The mthyltriisocyanato-

silane is separated from the benzene solution by distillation; boiling point,

170.8 0 C.. Yield, about 80% of theoretical.

Preparation of Ethoxtriisocranatosilane. A 30% solution of ethoxytrichloro-

silane in benzene is heated with an excess of silver isocyanate for 30 min at 90 0 C.

The silver chloride is filtered off and washed with benzene. The benzene solution,
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on fractional distillation, yields ethoxytriisocyanatosilane; boiling point 179.6 0 C.

The yield is 70% of theoretical.

When SiCl4 reacts with silver isocyanate, tetracyanatosilane and tetraiso-

cyanatosilane are formed. Their structure is demonstrated by hydrolysis:

Si(NCO), + 41tOH - Si(OH) 4 + 4HNCO
Si(NCO), + 12HOHI - - Si(OH), + 4NH 4 HCO.,

When AgNOO acts on polychlorosiloxanes, formation of octaisocyantotrisiloxane,

hexaisocyanatodisiloxane, etc., occurs. The first of these products may also be pre-

pared by cautious hydrolysis of tetraisocyanotosilane (Bibl.50).
On heating SiCl and Si(NO0) to 600°C, there is a rapid rearrangement reaction;

and all possible compounds of the type SiCl 4 -x(NOO)x are formed. A mixture of tetra-

thiocyanatosilene and tetraisocyanatosilane heated 4 hours at 140 0 C also undergoes

rearrangement to form all possible compounds of the type (OCN) Si(SCN) 4x.

The reaction between tetraisocyantosilane and methanol also forms a mixture of

compounds of the gereral formula (CH3 0)xSi(NOO) 4x (Bibl.52).

SbF3 reacts with tetraisocyantosilane to form a mixture of products of the com-

position FxSi(NCO) 4 x and Sb(NOO)3.

Physical Properties of Isocranatosilanes

AlIyl- and arylisocyantosilanes are readily soluble in petroleum ether, carbon

disulfide, carbon tetrachloride, benzene, and isoprolbensene.

Methylisocyanatosilanes and n-butyltriisocyantosilanes are colorless liquids;

phenylisocyanatosilanes are crystalline substances with an unpleasant odor. The

methylisocyantosilanes easily take fire.

The methylisocyanatosilanes have an exact melting point and freezing point

(without appreciable supercooling); n-butyltriisocyanatosilane has a tendency to su-

percooling and formation of a vitreous urns. Phenltriisocyanatosilane has no dis-

tinct molting point, and melts at a temperature from -50°C to -20°C. Diphenyldi-
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isocyanatosilane at -70°C forms crystals with a distinct melting point.

Triphenylisocyanatosilane can be supercooled by more than 200 C, forming crystals

with a distinct melting point. Table 75 gives the principal physical properties of

alkyl- and arylisocyanatosilanes.

Alkyl- and arylisocyanatosilanes are readily converted, on heating, into vitre-

ous substances, so that the melting points are given only approxmzately for a number

of compounds.

Chemical Properties of Isocranatosilanes

Under the action of water, the alkyl-(aryl)-isocyanatosilanes undergo hydroly-

sis. The velocity of such hydrolysis is considerably lower than that of tetraiso-

cyanatosilane. With increasing number of organic radicals attached to the silicon

atom, and with their increasing size, the rate of hydrolysis of these compounds de-

creases. A1ylisocyanatosilanes containing several - N - C - 0 groups and one large

organic radical are hydrolyzed more rapidly than such compounds containing a smaller

number of - N - C - 0 groups and two small organic radicals attached to the silicon

atom; for instance, dimethyldiisocyanatosilane is hydrolyzed more slowly by water

than butyltriisocyanatosilane.

The 41ko.isocyanatosilanes are more readily hydrolyzed by water than the alkyl-

and ar-lisocyanatosilanes; while triphenylisocyanatosilane is hydrolyzed very slowly

b. water.

Silicon Compounds Gontainin Sulfur

Silicon forms with sulfur the chemical compound SiS2 . In crystals of SiS2 each

silicon atom is in the center of a tetrahedron of four siifur atoms, and each sulfur

atom is attached to two silicon atoms.

Such cr:ystals have edges in common and form a chain of the following structure:
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Ta~ble 75

Physical Properties of' Isocyanatosilanes (Bibl.68)

b) C) d) e)
CC d20  

,20

Tetraisocyanatosilane Si(NC)4 185,6 1,442 1,4610 -

%letf * lytriisocyanato- CHaSi(NCO)s 170,8 1,267 1,4430 35,39
Nlmethyldiisocyanato- (H)S(c)
Tsiy I isocyanato-NCO 139,2 0,976 1,4221 33,6
silane (CHS)ISi(NCO) 91,0 0,867 1.3960 31,42

Etby1 triisocyanato-
si' ane CsH&SI(NCO)s 183,5 1,2192 1,4468

IUiethyldiisocyanato- (C,H&)tS1(NCO)t 176,7 1,0223 1,4348
sil one

,Triethylisocyanato- (CzHo)sSI(NCO) 165,1 0.8895 1,4295
si lane

P~ropy~triisocyanato- C,11?Si(NCO)s 198,2 1.1726 1,4462

lzopropyltriiso- (CI-1)$CHSi(NCO)s 192,0 1,1626 1.4444

'lutyl triisocyanato- C.HIS(CO)s 215,5 1,141 1,4479 48, 5
si I ne

Pheiyl tri isocyanato- CsH8SS(NCO), 251.9 1,273 1,5210 55,45

ihedisynao (CsH)Si(NO)t 319,6 1,188 1.5675 73,3
silmne (C@H&)OSI(NCO) 372,0 i- - -- I -

sil ane C.H&CHSI(NCO)g 111-112 1,225 1,5230 60,2
1Iin;Y tiscan ato- (3 own)

i isocy (CH.O)Si(NCO)l 168.4 1,313 1,4287 36,38

Methoxytriisocyenato- (HO~(C ~ 121 128 142 50
silane (H02iNOv 121 128 142 50

Pimethaxydiisocyanato-

silane (CHsO)*Si(NCO) 137.0 1,123 1.3839 33.95
Tiethox i socy an nto- (CsH&O)Si(NCO)j 179,6 1,236 1,21 40

sae(CH&O)~SI(NCO) 175,4 1,105 1.4046 44,2
Tiethoxydiisocyanatoi1 n

Tiehovyrisocyanato-ian CISi(NCO)3 152,0 1,437 1,4507 --

Silomdiisocyanato- CItSi(NCo), 117,8 1,437 114380
sil oneI

Trifidoroisocyanato- CI1,Si(NCO) 86,8 11,445 1,I 4262 -

a) Name; b) Formula; c) Mlting point; d) Specific gravity; e) Refractive
index; f) Molecular refraction
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\Si/S&k /S\si/ S\Si
/ \S/ \ S/ \S /

The structure of the SiS2 crystal differs from that of the SiO2 crystal. In

crystals of silicon sulfide the tetrahedra are joined by their common edges, while

the joining of the tetrahedra in SiO2 is by their common corners. It is customarily

considered that the transition from common corners to common edges is connected with

an increase in the covalent character of the bond.

The compounds of silicon with sulfur are polymeric, and therefore SiS2 is a low-

volatile solid substance and forms long white needles with a silW luster. The crys-

tals melt at 1090°C and burn with great difficulty in oxgen. This substance was

first prepared by Berzelius by the action of sulfur vapor on silicon at a white heat.

It was later prepared by the reaction of CS2 and silicon (Bibl.53).

Silicon sulfide is slowlj hydrolyzed by water, and rapidly by alkalies, forming

orthosilicic acid and H2 S.

It may also be prepared by fusing silicon with sulfur at a high temperature, or

by the action of CS2 on silicon. The reaction is effected by heating crystalline

silicon in carbon disulfide vapor, forming two products, the yellow powder SiS2 and

the yellowish powder SiSO. It must be noted, however, that this information is based

on works published in the second half of the last century, which contain data that

are insufficientl, convincing with respect to the characteristics of the products

obtained. The investigators probably obtained not pure SiS2 but products containing

impurities. This view is also confirmed by the fact that subsequent researches fail-

el to find SiSO on calcining the crystalline reaction product.

In 18!, the action of !t1S on SiCl in a porcelain tube at high temperatures
1 '4

:-ieldei liquid products (Bibl.50), to which the author assigned the composition

SiScl 2 , Sij2CI, , but Friedel and Crafts showed that these products were not formed,

but trichloromercaptosilane:
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SiC14 + HS >) CIsSiSH + HC1

which is decomposed by water:

CISiSH + 2HsO -- S ' iO2 + HS + 3HCI

Thio-Esters of Orthosilicic Acid

When water-free alcohols act on trichloromercaptosilane, organic silicon deriva-

tives containing a thio group are formed:

CIsSiSH + 3CHsOH - - (C2HsO)$SiSH + 3HC1

The ethyl ester of orthosilicic acid is formed as a by product:

CI3SiSI I -r 4C21-1,01I - -- " (C,21,0)4Si + 3HCI + HS.S

Organosilicon compounds containing sulfur have been prepared by the reaction of

phenylmercaptan with SiCl4 (Bibl.55):

(",I ISl I + Si(l4 -1 ( H&SSiCI, + I1C1

Trichloro-(phenylthio)-silane is a liquid that easily decomposes in air, and

with particular ease under the action of water. 14hen ethylmercaptan is heated with

SiClj , the formation of trichloroethylsilane is possible.

Tetra-(thiophene)-silane has been prepared by heating a 40% solution of SiCI,

in ether with a solution of a-thiophenemagnesium iodide in ether (Bibl.56):

4CaH&SMgJ + SiCI. --- Si(CHSS 4 + 4MgCIJ

Tetra-(thiophene)-silane is a crystalline substance with a melting point of

135.5° 0. It is soluble in hot ethanol, ether, and benzene, insoluble in water, ani

lifficultLy joiu,,At in coJA Uttl ZUl.

Table 76 (cf. page 67) gives the physical properties of the thio-esters of
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orthosilicic acid.

An interesting reaction taken place when mercaptans act on unsaturated silanes

in the presence of a peroxide. The mechanism of the reaction between mercaptans and

silanes containing unsaturated radicals is assumed to be analogous to the well known

reaction for organic compounds (Bibl.57):

RSH +peroide --- RS. (1)

Rs + R'CH=CH ..--- R' H-CHR (2)

R'CHCHSR + RSH -- R'CHr-CH9SR + RS. etc.

The reaction between trimethylallylsilne and thiog3,colic acid follows the

equation:

(CHs)sSICHr-CH-- + HSCHCOOH . (CH$)*giCH-CHr---CHjSCHsCOOH

The chlorine in an organic radical attached to the silicon atom also reacts

with the thio group according to the equation:

(Csg'.)sSICH&CHCI + HSCHsCOOH -- (CsHj)9SiCHsCH1SCHCOOII + HCI

As a result of the reaction between dimercaptans and dialkylsilanes, viscous, oily

products are formed.

A sulfur atom in an organic radical in the O-position with respect to the sili-

con atom does not weaken the Si - C bond; this bond is not broken under the action

of acids or alkalies.

Preparation of Carboxvuethylthioethyltrimethylsilane. A mixture of 10 g of

allyltrimethylsilane and 15 g of 98% thioglycolic acid is held 10 - 15 min. in an

open vessel. The reaction is exothermic. The reaction product is washed with water

to remove the excess acid and is then distilled.

Table 77 gives the physical properties of the compounds preparei by this method

(Bibl.58) (cf.p.671).
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Silicon Thioisocyanates

Organosilicon compounds containing the - N = C = S group attached to the sili-

con atom, (which are called thioisocyanates), have long been known. Tetrathioio--

cyanatosilane was first prepared by reacting dry lead isothiocyanate with Si2J-,4

(Bibl.59). Silicon thioisocyanates were later synthesized by the action of silver

thioisocyanate on alkyl- and arylchlorosilanes (Bibl.60). The thioisocyanatosilarie-s

Ea:- be prepared by the following reactions:

SiCI& + 2(SCN) 2Pb - -- ~Si(NCS), 4- 2PbCI
RSiCI, + 3(SCN) Ag -b RSi (NCS)s + 3A9( I

RtSiC1, + 2SCNAg - .R2Si(NCS)?, + 2AgCI
RSiCI + SCNAg -R 1Si(NCS) + AV'!

where R is the radical CH~ 30 6H 5 ' etc.

Table 77

Physical Properties of Organothiosilanes (Bibl.58)

Cowpand - b) - )d)

(CH3),Si(CH2)SCHCOOH 143-1 14 1,0139 1,4811

(Carbaxymethyltlhioethyl)- ( 7 mm)

trjuethylsilane (CH,)sSi(CH2) 3SCHCOOH 164-..166 I.0009 1,.4790
(C. -boxyuethylthiopropyl )- (9 MM)

trimethylai lane CSjOSCH)CH, 1415 0902 ,58
(Carboxywethylthiopropyl). (H)i--SCH,),(H 2 - (4925 0,mm),4

pentamethy Idis loziee 2 OH 2 m

(Ethyicarboxymethyl thio. (C2H&O),Si(CHt)SCH,COOCHs 200-201 1,.0301 1,.4479

propyl )-triowyui lsne (50 MW)

(Ethy Icarboxymethy Ithio- (CHS)SSi(CH,),SCHICOOCtH, 148-149 0,9493 1,4630
propyl ).trimethylai lane (24 mmn)
(Tolylthiopropy'l) CjSiCs*SsH 2029 0948 156

trimethylsilene (48,i(I,,S..H 20620 0.48) 56

a) Formuzla; b) Boiling point, 0 C c) Specific gravity 2
204

d) Refractive index 2

The reaction between silver or lead thioixosyanate and SiC1 4 0 alkyl- or iryl-
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rlorosilanes lead is condu tei in inert solvents: benzene, toluene, isopropylben-

.'1e, etc.

Preparation of Phenylthioisocyanatosilanes. A 30% solution of I mol of phenyl-

trichlorosilane or other phenylchlorosilane is prepared, and the quantity of silver

isothiocyanate calculated from the equation of the reaction is added to it in sever-

al portions. The mixture is heated for one hour, with stirring, at 80 - 900C. The

silver chloride is then filtered off and washed with benzene. The benzene is evapo-

rated at atmospheric pressure, and the residue is vacuum distilled. The phenyltrd-

thioisocyanatosilane is distilled under 3 mm pressure. The yield is 70 - 80% of

theoretical.

The ethylthioisocyanatosilanes have been prepared from ethyltrichlorosilane an!

diethyldichlorosilane. The presence of admixtures of ethyltribromosilane was of no

consequence, since the thioisocyanato group replaces both chlorine and bromine at-

tached to the silicon atom.

Preparation of Ethylthioisocyantosilane (Bibl.61). A solution of 20 g of ethyl-

trichlorosilane in bensene, or a solution of diethyldichlorosilane, is treated with

silver isocyanate, taken in 30% excess over the theoretical quantity. After heating

30 min. at 850C, followed by filtration, washing the precipitated silver halides

with bensene, and evaporating the benzene, ethyltrithoisocyanatosilane or diethyl-

dithioisocyanatosilane, respectively, is obtained in yield of about 85% of theo-

retical.

Physical Properties of Silicon Thioisocanates

All the ph rlthioisocyanatooilanes, as well as the tetrathioisocyanatosilanes,

are colorless crystalline substances. The phenylthioisocyanatosilanes tend to super-

cooling on crystallisation: diphenyldithioisocyanatosilane, by 460C, triphenylthio-

isocyanatosilane, by 200 C.

Table 78 gives the physical properties of the alkyl-(aryl)-thioisocyanato-
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0
i',re ethyltrithioisocyanatosilane is tooled to -70 C, a very viscous liquid is

obia-.nd, which crystallizes only when stirred with a small quantity of ground glass.

Table 78

Phy.,sical Properties of All.ql- CAryl)-Thi oisocyanatosilanes

I b) c) d) e) 1 ) k
20 20

(:13Ssi((:NS'): 266, 8 1 .304 - 68
Tri-(thiOisocyanato)- ,12
meh ilne~ (CH3)2S:(CNS)2  - 217,3 1,411.5677 6

antoetysi I,!'i- .tisocy nato - (C I ),S i(CS N- 24S 1 .1349 1 4026 2 616

irti-x i Izoan at)- (C5 0,93N~ I- 27± 1 4 0,4944564,206 61.68
ioi oryanato) (C1-SNS20

er4l 0! y ne(~ 7 ~NC) - 2-. I 24 1 I61 -n

ir-Itdi'socynao- 1,54 59,4 616
~rndryI~ t. o )r (CFI)Si(N(S) -5.5 1,08~9 .9

Ti 11(tioisocyanato)(- '! OS il8 k NiCS 27±2 1124 1,615 6,2 16
clel Si ae

Ttr-at h ioi-cva to)- ACI,2 iN S, 4 14,2 1.400; - 0 w
Vrl -Itenhi' s ina ) (368r I 5( I aoleoyn ) 1,1 ISi(NCS), 152 13 11,294!1 ,601

Thioiaocyanato- G.(IINS: 17117 1,75 - .

metbroxy Ii ane ( C ,2' liN.) 37 13 1277 166)6
hj:t VI.,'i1 I I,,5! 1,359284426tI

Thiisoyaatotrl - 13 3 ) 3SNS - 70mm)
ehxsil ane

Ith olsocy nato - (C I I1)S NC 7 - 192I6 1,3 .,41 - 6t(

cr-(h oOifomi t o) (CIs 2Si(NCS): 4- 37t.) 1,8 6,61 -

Trihotocyan to)t (CN'jHSiNl, 52 39 1,291W5

b~~~2 nzysia"') 1'

a) Nxsiae b) nool; )Mltn o nC )BolnpitC

e) oScifi gtoravty d03k)5C 170, Reaciv index6 n7oMlcua
4'oxsitn D'0m

Tretyisoicyanaosilane haN)Si theS odro 9apo,8 lsat-0 n ssol

hydrolyzed~~~~~~~~~~~~2 atrooeprwuenr)oewa ~erpila 00 Dehliho

a)S-19/ Nae673rua )Metn on,0C ) oln on,0C



isocyanatosilane, ethyltrithioisocyanatosilane, and tetrathioisocyanatosilane are

hydrolyzed at rates increasing in that order.

The thioisocyanatosilanes are soluble in benzene, CCl, benzine; methanol and

ethanol realily dissolve trithioisocyanatosilane and dithioisocyanatodiphenylsilane,

but thioisocyanatotriphenylsilane are sparingly soluble in them.

When the phenylthioisocyanatosilanes are dissolved in alcohols, partial decom-

position is observed. TetI'athioisocyanatosilane does not dissolve in ether, and is

decomposed in alcohols.

Chemical Properties of Silicon Thioisocyanates

Under the action of methanol on silicon tetrathioisocyanate, thioisocyanatotri-

methoxysilane is formed (Bibl.62):

3(1 |- 4- Si(NCS)g - - (CIIs0),SiNCS + 3IiCNS

When aniline acts in the cold on a benzene solution of tetrathioisocyanato-

silane, tetraphenylaminosilane (Bibl.63) and a double compound of thiocyanic acid

with aniline are formed:

Si (NCS) -F 44H&NH, -- Si (NHC.H,), + 4HN(S
HNCS + 4CH&NH, ---- 4CH&NH,.lHNCS

Under the action of water, tetraisothiocyanatosilane decomposes:

Si (NCS). + 2H1j -- - SiO, + 4HNCS

Alkali accelerates this decomposition. In this case a salt of orthosilicic

acid is formed:

Si (NCS),+ 8KOH ---- Si (OK). + 4KNCS + 4CiO

Aqueous ammonia decomposes tetrathioisocyanatosilane, and strong heating takes

place. The behavior of the thioisocyanatophenylsilanes to the action of water dif-
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fers sharpl,-r from that of tetrathioisocyanatosilane; thus, for example, thioiso-

c-anatotriphernylsilane is practically inert to the action of water, clithioisocyanato-

-iiphen:rlsilane is hydrolyzed with difficulty, and only trithiosocyanatophenylsilane

hydrolyzes readily. Thi.s shows that with increasing number of phenyl groups in the

molecules of thioisocyanatophenylsilanes, the velocity of hydrolysis falls sharply.

L3ilicon Corpounds 33ontaining Phosphorus. Selenium. Lead and other Elements

Organosilicophosphorus compounds have been little studied. B.Arbuzov and A.Pu-

lovkinPbl6~ have studied the reaction between triethylbromlosilane and triethyl

phosphite, ani between trietho.-4rchlorosilane and triethyl phosphite. They found that

%;hen. trieth.ylbromosilane acts on triethylphosphite, iietho.Vrphosphatotriethylsilane

,s obtainel:

((-., Ia)iSIRr +j P f(9)(2H,), - ' j I,%.-3Si-P (OC2H.,), + C2IfI5Br

rnier t~ie action of trietho.,'Zchlorosilane on t.-ieth:'l phosphite, diethoxyphos-

I (II S,( I P 'I f&:4 ((.:2110)Si-P (.CtH-,)-. + C,115C

0

This rea-,tior. was accorparnie.1 b., the formiation of considerable quantities of

te-Ir Aetho-.silane.

Ist- .- of the strent- of the 3i - P bond showed it to be weak. On heatingZ to

2C0 i, iethox'ph,,,osphato.r-etho-x-.'silane breaks down, with forration of tetraethoxt-

:;ilar.e. -';Aer "he aCtion, of ::hlorine on this conpound, cleavage takes place at room

'e- peratlire:

I -f I J,6)z42  - (C.I,0),Sri-f. (.IP J(XC 1II,)2

.he boni hetween the silicon atorr. and the - OP group is also weak. This con-
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l:sic. can 1, irawrn ;ro t'! .o1oi5n*: exanple. On hydrolysis of .crh:hidcL2oro-

S4lane b'- ¢-. r r, an oil- s:r~ce of molecular weight /JL0 is formed, Khj,-h or.sistu

c rixtire oC polet'lhT:-siloxnes. Heating of this oily substance with i 4

3C1) "tt 2 00 °0 , .or 2' 1,oirs 'cie-lls . 3oli- -roduct. hen a large quantity of I i3

: the oil:- s,".bstance islo'n'rertel into a solil ever, at room temperature (Bibl.65).

.'is case the reaction is: iz=or;paniei by the liberation of heat, and a soli Iela-

ti: ois proLuct is obtainel. hnen the solid Froducts are heated with water, they are

i-lrol-zel ant convertei ba:::Lnto liquid oily substances. The molecular weights

er *relo,' for s!u'ples of h,,is polyeth~rl3iloxane oils before and after treatment with

.csp'.ori3 ;cntoxiie, an, a,'t,."- the subsequent hydrolysis by hot water, show that the

:.olec -.lar weiht of the pro1,.,:%t obtainel after such treatment and hydrolysis varied

less than it 1ii or. oriinarl hnatirn- of the oil., product.

Appearance of substance after
adding P20 5 before heating

.olecular wei-lit of oil:

eLore treatrent 0

ifter 2',-ho,'.r heatiny: ;
200c,3, followre, b-y hir:/lysis 630 Viscous liquid

olecuilar wei,-ht of sts:U r after
2P.,-'our 1-eatin. in th p'esence
o" "'ariois r'antitiesx of F2C5,
followet b hylrolysil 5

3O0 , 580

IV% I 5  - Gel

20 12e 5  450 Solid substance

This nrak- be explained ,lp;,,bthe following reaction of phosphorus pentoxide:

0I II
-[si-o-p-o--si-

il' * , I I

+ 20Si- 0 -- 211,0

-Si-O-P----
6 II

()



with the formation of a space polymer. The hydrolytic instability of the Si - 0 - P

bone, howe'er, leads to the decomposition of such polymer, liberating the oil and

phosphoric acid. The direct reaction of condensation between the hydroxyl groups at-

tached to the silicon atoms is under these conditions suppressed by the competing re-

action of addition of phosphorus pentoxide. For this reason the molecular weight of

the product varies less with increasing quantity of phosphorus pentoxide than it does

in the control sample.

Preparation of diethoxyphosphatotriethylsilane. A mixture of 10 g of trietlyl-

bromosilane and 8.3 g of triethyl phosphite is heated in a 'Wurtz flask on the water

bath. The reaction begins at 700 C, and the ethyl bromide is distilled off at the

same time. After this removal has been completed, the reaction product is separated

by vacuum distillation; boiling point 158 - 1590 C (10 sm); specific gravity d 2
0 4

= 0.9659; refractive index 1.4390.

Liethoxyphosphatotriethoxysilane, prepared similarly, boils at 1130C (12 m).

Its specific gravity d4
0 = 0.9282 and its refractive index is 1.4080.

Silicon compounds containing selenium are also known (Bibl.66). When seleno-

phenols react with SiC1 4 in benzene solution, tetraphenylselenosilane is formed:

4C(ltSeli + SiCI 4 . 4HCI + Si (S'C.I II&,

This reaction takes place only for selenophenol. Other compounds of analogous

type have been prepared by the action of metallic sodium on a mixture of selenophen-

ol and SiCI.

When a polyorganosiloxane liquid is heated in the presence of lead, it gradual-

ly becomes turbid, and toward the end of the heating a precipitate accumulates on

the bottom of the reaction flask.

Patnode and Schmidt (Bibl.67) postulate that lead ox - can react with poly-

siloxanes by Formula I. They consider this hypothesis to 'e proved by the reaction

between trimethylsilanol and lead oxide, (Formula II), which they have investigated:
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(Cl IaSi [OSi (CHa) 2j,0OSi (CH,), + PbO (CI-I P)Si [OSi ((JIS),),- - 1 ()(CF1.3)3Si [OS1(C11la).]A )
2 (Cl)SiOlI + PbO M.. [(C1 3)sSiO] 2 Pb + H.,o (I')

The turbidity in the liquid during the process of heating in the presence of

lead might be due to the formation of plumboxysilanes. These lead compounds are

thermally unstable, and, on heating, might yield products of low molecular weight,

which would evaporate. The increased losses with rising temperature indicate that

the reaction of the breakdown of the plumboxysilanes becomes more intense with ris-

ing temperature.

Preparation of Bis-trimethylplumboxysilane. About . g of lead oxide is shaken

with 25 ml of trimethylsilanol at room temperature for 2 days. The yellow color of

the lead oxide gradually changes to white. Filtration of the mixture and evapora-

tion of the liquid yields a white crystalline substance, soluble in ether, toluene

and absolute ethanol. It has the composition (CH3 )3 SiOPbOSi(CH3 ) 3 , but the calcula-

ted lead content, 53.7%, differs greatly from the content found, 59.1%. The analy-

sis is made by precipitating the lead by dilute sulfuric acid from an alcoholic so-

lution of a weighed portion of bis-trimethylplumboxysilane.

Organic silicon compounds containing other elements in the molecule (lead, tin,

arsenic, mercury, etc.) have as yet been synthesized only in small numbers.

Table 79 gives the physical and chemical properties of certain representatives

of these compounds.
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Table 79

Physical Properties of organic Silicon Compounds Containing Lead, Tin,

Arsenic and Mercury (Bibl.68)

L~)b) c) d) e) 2

Irmtvled C2I 15),3SiCjI4Ilb(CF1311  191 - 1,3997 1,.54937
('pbmenhylee- tr (17 roim) (24-)
i~thyfiane

Ifi et yl tin- 1C~l)SCI4Sn(C 2H&)1  214 - 1,1216 1, 5275,
(phentlene)-trj- (18 man) I(21,2')
ethyl filane

Iihenyfar~ine- I (CjHs)3 SiC4 I 14A,(CeH&)2  279-81 - 1,1661 1 6145r,~phen lene) -tri (17 mov) (21.30)
ethylailane

lIercurochloro- .. C (gI)iC ',9etnitrxinethyl- ClIClHC)(ll)- 7 --

Si ane
Mercu r~hoo
methy t rimethyl - (CI1 I J.SICII-12IgCI 1 74-6 I -

sil ane
rouble Compounds:
Pip~henl'iarjne-
(p ny eneit ri- (CH 1 )2A'CA H Si (C2H,) 3 -HgC 2  18 -ethylilane with I

m erc chloride

Swne, with mercuric (I)A,. 4 ( 2 ~.gr - 11 -

bromide (II)AC64iCH)-gr 8

Sane, with mercuric j (CHhsHS( 2 5 3 HgJ2  39,
iodide CH2ACHSC233 215

a) Name; b) Formula; c) Boiling Point; d) Melting point;

e) Specific gravity; f') Refractive index
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CHAPTER IX

LOW-MOLECULAR ORGANOSILICON POLYMERS

In our discussion of the processes of hydrolysis of the halosilanes and alkoxy-

silanes, we have already described certain low-molecular siloxanes.

In the present Chapter we shall consider only polymers with alternating silicon

and carbon atoms in the chain, as well as polysiloxanes containing chloromethyl and

certain other groups.

Compounds with Alternating Atoms of Silicon and Carbon

The thermal and hydrolytic stability of the methyl groups attached to the sili-

con atom led investigators to the conclusion that compounds containing a chain of

molecules of alternating atoms of silicon and carbon should likewise be stable. Such

compounds prove to be interesting as well by reason of the fact that, unlike the

polyorganosiloxanes, they do not undergo thermal or catalytic rearrangement.

I I
The study of the comounds containing the - Si - C - Si - bond in the chain

I I
has omenced only recently, and the data in the literature on this subject are very

liited. Such compounds have been prepared by the action of a mixture of various

quantities of methylene dichloride and nitrogen on an alloy of copper and silicon

at 300-400C. This gives a product mixture, from which pentachloromethylenedisilane

and hexachloromethylenedisilane have been isolated (Bibl.l). When a mixture of di-

chloramethane and nitrogen is passed over 'a copper-silicon alloy at 300°C, cyclic

compounds containing the methylene group attached to two silicon atoms are formed.In

this case hexachlorocyclotri(methylenesilane) was obtained.

In collaboration with .D.Frenkel, I have prepared hexachloroethylnedisilane

by passing dichlorethane over a copper-silicon alloy at 2800 C.
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I IA number of compounds containing the grouping - Si- Cu2 - Sii the moclcule

have been synthesized by the Grignard reaction (Bibl.2) followed by treatment of the

reaction product with sulfuric acid and HF:

(CH3),SiOSi(CH3)2 CH-MgCI + (CH8)2SiCI2 ---

H.0
.-- * (C1s)ISIOSi (CH,)CHSi (CI 13)2CI ->[(CH 3)sSiOSi(CH)tCHtSi(CHa)IgO----

HF+H.SO, FSi(CH,),CHtSi(CH),F + (CHs)SiF + !-I,0

Preparation of difluorotetramethylmethylenedisilane. In a 3 liter flask 126 g

of magnesium, 200 ml of dried ethyl ether, and a small crystal of iodine are placed,

and a solution of 1080 ml (5 mols) of pentamethylchloromethyldisiloxane (boiling

point 151-1520 C) in 1 liter of dried ether is added. The formation of the organo-

magnesium compound is slow at first. The reaction is accelerated by adding a few

drops of ethyl iodide to the mixture. The addition of the pentamthylchloromethyl-

disiloxane takes about 6 hours, after which the mixture is held a few hours longer

at the boiling point.

The Grignard reagent so prepared reacts rapidly with dimethyldichlorosilane.

The reagent prepared from 5 mols of pentamethylchloromethyldisiloxane in added to

a solution of 665 ml (5.5 mols) of dimethyldichlorosilane in 800 ml of dried ether

over a period of 2 hours. A certain amount of heat is given off during this addi-

tion. When the addition of the Grignard reagent has been completed, the reaction

mass is heated for 15 minutes. The reaction product is then poured onto ice, and the

ethereal layer is separated, washed, and dried over sodium sulfate. The ether is

then distilled off, yielding 1130 g of an oily substance, which is added, with stir-

ring, to 1100 ml of strong sulfuric acid. During this addition, a certain mount of

HC1 is evolved, probably owing to the continuing hydrolysis of the incompletely by-

drolyzed high-molecular chlorosilanes. The maximum temperature during the addition

is 680 C. The cooled solution of the oily substance in the sulfuric acid is placed in
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flask and a stream of anhydrous HF is passed in and bubbled directly through the

solution for 2 hours. The HF is rapidly absorbed, and gasaois trimethyifluorosilane

is given off at the same time. Soon after the passage of the ITF is coNrmenced, an up-

Fer layer containing the organosilicon compounds begins to separate. When the ab-

sorption of the HF has been completed, this upper layer is rapidly removed and frac-

tionated. A fraction in the boiling range l11-ll60C, amom.ing to 532 g, is collect-

e,'. PIis consists of difluorotetrabethy.Lethylenedisilane.

If 2 rols of organomagnesium compound for each mol of dimethyldichlorosilane

is taken, then, when the reaction is conducted similarly, compounds with mixed

siloxane-silicocarbon chains are formed.

To a Grignard reagent, prepared as described above from 2.5 mols of pentamethyl-

zhlorometh.ldisiloxane in 550 ml of dry ether, 145 ml (1.2 mol) of dimethydichlor-

o-ilane is added over the course of 30 min. The mixture is then heated to boiling

for 2.5 hours. The reaction product is poured on ice, and the ethereal layer is sep-

arated, washed, and dried over sodium sulfate. The ether is distilled off, together

with the hexamethyldisiloxane formed as a by product. The oily residue is slowly

distilled at 50 Mn up to 2350 C, and the distillate so obtained is fractionated. The

fraction boiling in the range of 99-IOIOC (57 mm) is a compound of the structure

(Cl l ).,SiOSi(C 13))ICI 1,Si (CH3)2

wdle the fraction beiling in the range 175-177°C (55 mm) is

(CI I.,)'SiOSi(CI I'),CI 12S1(CH,)'CHiSi(CH 3)OSi(CI),

The yields of these fractions are respectively 7.22 and 10 % of the weight of the

oily substance taken for distillation. The high-boiling residue (159 g) which is

not distilled in vacuo, is dissolved in 160 ml of conc. sulfuric acid and treated

with HF as described above. On distillation of the reaction product only 99 g of
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liquid, boiling point l11-I150 C is obtained. This fraction consists of difluoro-

tetramet:/Iillkt ielisilane, F(CH3 ) 2SiCH 2Si(CH3 ) 2F. The yield is 48 % of theoret-

ical,

Dif iuorvt eit-aethylmeth:,lenedisilane has a pleasant odor recalling that of the

silanols. it is slowly hydrolyzed, and may be kept in a closed glass vessel, in

which only insignificant signs of the etching of the glass are observed. On the hy-

drolysis of this compound in an alkaline medium, tetramethylmethylenedisilanediol is

formed; when tn.e hydrolysis is conducted with heating or in an acid medium, an oily

substance is separated.

Hydrolysis of difluorotetramethylmethylenedisilane. Under cooling, 15 g of

tetranethyldifluoromethylenedisilane is shaken with an excess of dilute alkali solu-

tion, forming two layers, a solid and a liquid. The solid layer is filtered off,

yielding 7 g of white needles, which, after recrystallization from benzene, have

the melting point 84-860 C, and are, HOSi(CH3 ) 2CH2Si(CH3 )20 H, tetramethylmethylenedi-

silanediol. This prodict is soluble in acetone and CClI . It is also somewhat soluble

in water. dhern heated to a tmnperature somewhat a ore -T.e r e't.:t; point, or when an

aqueous solution is acidified, it is converted into a polymeric oil. Difluorotetra-

methylmethylenedisilane may also be hydrolyzed by heating. For this purpose, 1.3

mols of the product is boiled 3 hours with a solution of 3 mols of KOH in 1 liter of

water. The oil separated is washed with a saturated solution of NaCl and then with

water. The washed oil is shaken with 10 ml of conc. sulfuric acid and then washed

again with water. After drying over calcined potassium carbonate and filtration, the

filtered oil is of the following composition.

I(CH*)*SCH&Si(CH,)2In

Vacuum distillation of the oil yields a cyclic product of boiling point 103-1040C

(20 m) and melting point 28-290 C, of the composition:
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[(CHs)sSiCHSi(CH,)sO]j

The chlorine derivatives may be prepared from the difluoride by the reaction:

FSi(CHs)2CHfSi(CHs)jF + Si(CHS)ICI AICI-

FSi(CH,),CH.Si(CH,)C1 + CISi(CH8)CHjSi(CHa)jCI + (CH#)SsiF

Preparation of dichlorotetramethylmethylenedisilane. A solution of 0.2 mol of

difluorotetramethylmethylenedisilane and 0,5 mol trimethylchlorosilane is boiled 3

hours. During the boiling of the mixture traces of trimethyifluorosilane are driven

off and caught in a trap chilled by solid carbon dioxide. The reaction does not pro-

ceed without the addition of aluminum chloride. After adding 1 g of aluminum chlo-

ride and heating the mixture to the boiling point of trimethylchlorosilane, an ap-

preciable quantity of trimethylfluorosilane suddenly begins to condense in the trap.

The trimethylchlorosilane driven off is returned to the reaction flask in small por-

tions. The reaction temperature is held at about 3 0OC. Fractionation of the reaction

mixture under reduced pressure yields two fractions with the respective boiling

ranges of 71-72oC(50m) and 95-96oC(50 ,u,).The first fraction is fluorochlorotetra-

methybmethylenedisilane, FSi(CH3 )2 CH.Si(CH3 )2 CI in 26% yield, while the latter

fraction is dichlorotetramethylmethylenedisilane, ClSi(CH3 )2 CH2 Si(CH3 ) 2 CI, in 47%

yield. The mixed chlorofluorotetranethylmethylenedisilane undergoes a dispropor-

tionation reaction already during the process of distillation under atmospheric

pressure.

The methylene groups between the silicon atoms are bound rather firmly to the

silicon. Concentrated sulfuric acid, HF, and a boiling alkali solution all fail to

break this bond; but it is sensitive to the action of the atmospheric oxygen at el-

evated temperatures. One of its oxidation products is formaldehyde. In the absenue

of oxygen, such compounds are thermally stable.

Compounds with alternating silicon and carbon atoms in the molecular chain
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may also be prepared by the action of lithium (tibl.3)

Chloromethyltrimethylsilane reacts with lithium to form lithiumethyltrimethyl-

silane. These organometallic compounds have been used by various investigators in

the synthesis of alkyl-substituted silanes:

2(CH 3)3SiCH.Li + (C,) 2S1iCI2 = (CH3)ISiCHjSi(CH,)CH2Si(CH,), + 2LiCI
(CI3) 3SiCH 2Li + CISi(CH,)C12CI = (CH,) 3SiCH2Si(CH,),CH2CI + LiCI

2(CH 3).,SiCII 2Si(CH).CH 2Li + (CI1 3) 2SiCI2 -

= (C113)3SiCIgSi(CH3)2CH 2Si(CH3)2Cl-Si(CHa)2CHtSi(CHI)s -v 2LiCI

When 0.155 mol of dimethyldichlorosilane is poured over a period of P5 min.

into 0.5 mol of (CH 3 )3SiCH2Li, diluted with 500 = of pentane, and the mixture is

heated 12 hours, after which the pentane is distilled off, octamethyldimethylene-

trisilane CH 3[(CH3 ) 2SiCH 2 2Si(CH3)3, decamethyltrimethylenetetrasilane,

CH3 (CH 3) 2SiCH2 3 Si(CH )3 and dodecamethyltetramethylenepentasilane,

3 32 23 33
CH C((H )SiCH 3Si(CH ), are formed.

Preparation of polyalkylmethylenehalosilanes (Bibl.3). 1. After 7 hours of

heating at 3750C, under pressure of 50-70 atm, of a mixture of 885 parts of

(CH3)3SiCl and 23 parts of AlCl 3, a certain quantity of CH2[Si(CH3 )2 C1] 2 is formed;
boiling point 176-1770C (75, m); refractive index n20. 1.016.

A solution of 179 g of ClCH2Si(CH3 )2OSi(CH3 )3 in 300 g of ether is poured, over

a period of 2 hours, into a mixture of 23 g of magnesium and 50 g of ether. The mix-

ture is then heated 0.5 hour, and a solution of 2j.2 ml of (CH3 )2SiC12 in ether is

added to the Grignard reagent so formed. The mixture is heated 1.5 hour, and is then

hydrolyzed 0.25 hour by ice water yielding 200 g of (CH3 )3SiOSi(CH3 )2CH2Si(CH3 )3 in

the form of an oil, of which 100 g is now mixed with 500 ml of cold sulfuric acid

and 117 g of CaF2 . The product so prepared is extractel wth pentane, giving P43 g of

CH2(Si(CH3)2F 2 ; b.p. IUh-.16oC ; specific gravity d2 0  0.920;r

20
nD - 1.3780.

Preparation of polyalkylethylenesilanes. To 4.0 g of lithium foil, in 1000 ml
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of boiling pentane, period of 2 hours, 125 g of trimethylchloromethylsilane is added.

The pentane is then gradually distilled off over a 10-hour period. The yield of

(CH3 ) 3 SiCH2 Li is about 86 of theoretical. When 0.86 mol of trimethylmethyll t4hium-

silane in 1 liter of pentane is heated 8 hours with 0.8 mol of diethyldi-(chloro-

methyl)-silane, C1CH2 Si(CH3 ) 2 CH2 CI , cnloromethylpentamethylethylenedisilane in 81%

yield is obtained. On heating 12 hours, l-chloromethylhexamethyldiethylenetrisilane

is formed. On heating /.8 hours, 2-chloromethylnonamethyltriethylenetetrasilane in

6(j, yield is obtained.

Heating a solution of (CH3) 3 SiCH2MgCl with (CH3 )3 SiCH2 Cl in amyl ether to 1300C

gives hexamethylethylenedisilane, (CH3 )3SiCH 2CH2Si(CH3 )3. The yield is 40% of theo-

retical.

The polymethylmethylenesilanes may also be prepared by the condensation of

chloromethyldimethylchlorosilane with sodium in toluene. The reaction takes the

following course:

nCICHSi(CH)$CI + 2nNa - P [CH*Si(CH), + 2nNaC

In this case the polymeric product [CH2 S'(CH3 )2 ] n is formed, where n w 55. A product

with such a degree of polymerization is soluble only partially in hydrocarbons. In

the presence of trimethylchlorosilane, the growth of the pol,'--er chain is stopped.

On comparing the physical properties o7 polymers with alternating silicon and carbon

atoms (cf. Table) with the literature data for the poydimethylsiloxanes. it will he

noted that the elevation of the boiling point for each (CH 3 )2SiCH2 group is greater

than it is for each (CH3 )2 SiO group.

The variation in the viscosity of polymers with alternating silicon and carbon

atoms with the temperature is more pronounced than in the case of polydimethylsilox-

anes. The homologs studied have a higher heat of evaporation than the corresponding

polydimethylsiloxanes. All these data compel the inference that the associative in-

termolecular forces are more pronounced in polymers with alternating silicon and
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ini carbon atoms than in polydirethylsiloxanes.

Tal!e 80 gives the physical properties of compounds with alternating silicon

and carbon atoms in the chain (cf.p.692).

IO4'-.OLECULAR ORGANOSILICX

The literature describes a large number of low-molecular organosiloxanes, con-

tairing both like and unlike radicals. The disiloxanes have been studied in the

rreatest detail. Linear and cyclical polysiloxanes containing 10 and more silicon

atoms in the molecule have also been isolated and characterized.

The methods of preparing them reduce down to the hydrolysis or cohydrol ysis of

the corresponding monomeric compounds, or to the thermal and catalytic rearrangement

o: disiloxanes and cyclic polymers. These methods have already been discussed in de-

tail in Chapters IV, V and VI.

i'.drolysis of triethylchlorosilane by water leads to the formation of hexaethyl-

disiloxane (i!.', 5, 6). Cn hydrolyzsis, in an acid medium, of trialliqchlorosil-

anes co-tairling mixed organic radicals attached to the same silicon atom, organosil-

oxanes are also formed. Thus. for example, tetramethyldiethyldisiloxane is formed

from dimethylethylchlorosilane (Dibl.7). Trimethyltriethyldisiloxane could be iso-

lated b' the combined hydrolysis of trlmethylchlorosilane and triethylchlorosilane

in an acid medium (Bibl.8). On hydrolyosis of triphenylchlorosilane, tribenzylchloro-

silane and trilylchlorosilane in an acid medium, hexaphenyldisiloxane, (Bibl.9),

hexal-enzyldisiloxane (Bibl.l0), and hexaxylyldisiloxane (Bibl.1l) are formed, res-

nectively. On the hydrolysis of alk;-l-aryl-halcsilanes, for instance, of methyldi-

r hen-lchlorosilane, tetraphenyldimethyldisiloxane is formed (Bibl.12), while tetra-

nhenyldieth ldisiloxane is obtained as a result of the hydrolysis of diphenylethyl-

chlorosilane (Pibl.13). Diethylphenylchlorosilane is hydrolyzed in an %cid medit'n,

forning tetraethyliipheryldisiloxane (Bibl.]L). Tetrabenzyldimethyldisiloxane is

forme! by the hydrolysis of dibenzylmethylch~orosilane (Bibl.15), while tetrabenzyl-
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Table 82

Physical Properties of Organosiloxanes Containing Chlorine and Various

Functional Groups and Radicals

Name 1Fornul a
(11o romethyl pent aietiyl di siloxane CICHs(CH.,) 2Si0Si(CH) 1

Di - (ciiloromethyl ) - tetran'ethyl disi loxane CICH 2(CI-Is) 2Si0Si(CH3)2CHi2t

1, 2- I - (dichiorornethyl ) - tetramethyl di si loxane C.ICH2I(CHSI),iS1(CH:i3ICHCI

1, 3-Li- (chioromethiyl) -hexanethyltrisiloxane IHjC,2iiC:)C2I

1, 4- Dii- (chloromethy 1) - Oct anetibyl tetrasi loxane CC121(C H3)2Si 0] 4S iC HACHCI

1, 5- F'i- (chioromethyl) - dec are thyl pent asiloxane .ijS(H)Cj-

1,6-ri- (chiloromnetl - dodecamethylhexasiloxane- (IH(CH, ,iIS(-,.Cr

CHsC

Oct aiethyl -2, 3- di -(chi oromethyl) -tet ras loxalC I tCHS)3SiOI(CH,.)CH2CISiUI 2Si(CH.,b).

Nonanethy 1-2, 3.1- tri -(chi oromethyl) - (Ci:),Si(C-l)Cli12CISi0J.iSi(CH.),
pentasiloxaie

I -ciiviethiyl- 2, 3, 4 5- tetra- (cioromethyl )- (C'I1.1). 1SiOI(Ci,)CiiCISOI 4Si(CH1),
hexasi loxane

1,2, 3-'in- (ohloromethtyl)1-pentarnethyl trisiloxaneIu~Iic ~((I~SLHC)~(~i 2 Jt.

1,2 23,4-let ra- (chioromethyl) -hexarsthyl -
ieiraioxane (li(ls.SO(lCi(,~o.S(H).~:

1, 2,3 34 5-Peitdi- (chioromethyl) -hcptamethiyl- ;IaCf)SO i-.)ICsJSCasCI(
pent asi loxatie

1, 2-11.ii- (c-cloroethil)-tetraniethioxydisiloxane (:I(:112((;Ii 3)2Si01((I I ,ISi0J 3Si(CIi.,)2CH$(

1,2- Ili- ( - chli roethiyl ) -tetrunethoxydi si loxanie jCH 3CHCISi(OCIi)js20
1, 2-1 - ( -cioroeth) 1)- tetraethoxydisi loxane I jCHICICH.Si(OCI 102120

1, 2- Ili - ( - chi oroethy 1) - tetraropoxydisi loxane ICHzCICHtuSi(OCaI-I*)u,0
Ni - (pent achioroethyl ) -tetrachlorodisi loxan IC[I1CICHaSri(0C3Hs),12()

1, 2-l'iliydiroxymethyl tet ranetiyl disi loxane (,(AC2CIA)Si0S(C 2CI)CI-

1, 2-Iiydroxy-tetrapelyldisiloxane fHOCH2$CH3j)fSij,(

C&rboxynetliy ipentarnethyl disi loxane 1i"0CAI ,)2Si 120

Acetoxyniethyl pentwarnthyl disi loxane tCH3).tSi0Si(CH3)gCH.2 COOI-I

1, 2-Phacetoxynmethyl tetranethyl disi loxane (CK,)3Si0Si(CH3),CH,0C0CH.,

1, 2-Dimthiyltetrunthoxydisilox8Iie I j ICH,OAH3i0

1, 3- Pimethiylhexiuethoxytrisi loxane III(CH 34SiO 20CH,

1, 2-DimetltyI tetrabutoxydi siloxane C 3 ,,S 2

1, 2-imethyl tetrargnyloxydisiloxafle 1C.,CH0)Sij.V

ydoytt enz Iisi o xane II-I0(C.Ilah2SII2O

1, 2- Dihydroxydiethylphenldish loxane jIi~0(CsH&C1II-)Si 1.:0

1, 2-Di-(nit roptiey1 c~kboxymethyl)- 1,2- I I10((C.:ISK)S.Hasi J.()

tetraniet yldisi Ioxane gONCl 4 ()0C' 1.-iS(CI1,) 2 0

1, 3- Dihydroxyhexaphenyl trisiloxane

1, 3-Dihydroxyhexabelzyl trisi loxane fIO(Co I l) 2Si0I~bi(CI 1)
1 lOW(AI I sCH02Sio]Sil Cot nI~(~
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Table 82 (cont'd)

1t4nq SoiI~nq P.~nt ..- 'v. Uetrt. nd olecularbl.
OC dO nap - 0G~ti

PontC C 4 "D htcto at Vic- Ai. 114"CI

- 151,6-151.8 0,9105 1,4108 - - - 22
-90 110 ,0n) 1,034 1.4383 58,5 3,54 0,76 2,

- 150 (40 mm) 1,2213 1,4660 - - - 22
-79 142 (40 mm) 1,020 1,4283 77,1 4,55 1,00 22
-94 168 (40 mm) 1,00 1,4231 959 5,61 1,20 22.
-85 19 0 (40 mi) 1,002 1,4200 114,8 6,80 1,41 22

-77 223 (40 m) 0,996 1,4173 133,2 - - 22

-85 102 (40 mm) 0,918 1,4058 72,5 2,46 0,70 28

-77 162 (40 mm) 1,006 1,4212 95,5 6.02 1,18 28

-85 210 (40 mm) ,063 1,4311 !18,9 9.83 1,67 28

-77 251 (40 am) 1,100 1,4375 142,2 21,17 2,68 2

176 (40 Am) 1,322 1,4465 81,8 2,75 1,44 28
(55,8*) (99,40) 28

167 (5 .,") 1,157 1,4520 104,4 4,97 2 45 28
(a5,81) (i$.40) 26

210 ( mm) 1,182 ,53 128,2 80 ,1 28
(g, 8") (99,4) 28

105 (2 a.) 1.176 1,4284 - - - 27
-- 132-133 (5mm) 1,089 1,4243 - 27

- 133 (3 m) 1,189 1,4333 - 27
- 134-1 3 5 (I am) 1,091 1,4280 - - 27
- 180-181 (7 am) 1.045 1.4330 - - 27
- 178-183 (1 .. ) - - - - - 27
-5 0,975 1.4358 - - 23
113 - - - - 4,17

17 - 1,4140 - - 23.
180 (785 mm) 0,902 1,4040 - - - 23

- 250 0,993 1,4215 - - - 23
- 62 (1 rm) 1,0179 1,3812 - - - 30

82 (2 mm) 3,0488 1,3867 -- - 30
- !0(20 Pw,) .- 1,3886 - - 30
- 160 (4 mm) 0,9104 1,4111 -- 30

175-177 (2mm) 0,9066 1,4198 - 30
I-1 - - - - 4,14
76(o 26
87,5 4-,- 1426

183-! -9- - - 30
Ill .... 29
92,0 0. I0
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diethyldisiloxane is formed from dibenzylethylchlorosilane (Bibl.16). On the hydrol-

ysis of benzylethylbutylchlorosilane, dibenzyldiethyldibutyldisiloxane is formed.

The presence of an unsaturated organic radical in the chloride molecule does not

change the course of the hydrolysis reaction. On hydrolysis of allyldimethylchloro-

silane in an acid medium, diallyltetramethyldisiloxane is formed in good yield. The

formation of polymeric products on account of a reaction at the place of the double

bond has not been observed (Bibl.18).

The only hexaalkyldisiloxane with a triple bund in the organic radical that is

known today is hexaethynyldisiloxane, synthesized by Vol'nov and Reutt (Bibl.19).by

hydrolysis of the reaction mass obtained after the reaction between SiCl and

acetylene magnesium bromide, by the following technique.

Preparation of hexaethynyldisiloxane. To 1 ool of CHsCgBr, dissolved in ether,

0.175 tol of SiC1 is gradually added. After the addition has been completed, the

mixture is heated 3 hours on the water bath, and is then decomposed by water. The

ether layer is separated and the solvent distilled off. The residue, consisting of

hexaethynldisiloxane, is recrystallized from ethanol.

Heaethynldisiloxane forms yellowish-white crystals of melting point 19-200 C,

which are readily soluble in ether, benzene, toluene, petroleum ether, and chloro-

form.

Table 81 gives the physical properties of certain low-molecular organosiloxanes.

The organosiloxanes with a chlorine atom in the radical are of particular in-

terest, for chlorine has a substantial influence on the physical and other proper-

ties of these compounds, increasing the force: of intermolecular interaction (cohe-

sive forces). Chloromethylmethylsiloxanes of three types may be prepared:

CaIQ-iS(cI Ia00- (Si(CII&WsO-j-StCH)CHtCI

(CH,),SiO-[-Si(CH,)(CHCI)O--J -i(CH),,
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Polymers of the first type have been prepared by 2 hour boiling of a mixture

of 178 g (1.24 mols) of dimethylchloromethylchlorosilane and 46 g (0.62 tol) of

hexamethylcyclotrisiloxane in aqueous-alcoholic solution. The reaction mixture was

then washed with water, dried over calcium chloride, and fractionated.

Polymers of the second type have been prepared by 3.5 hour boiling of an

aqueous-alcoholic solution of a mixture of 162 g (1 mol) of hexamethyldisiloxane

and 163.5 g (1 tol) of chloromethylmethyldichlorosilane. The reaction mixture was

then washed with water, dried over calcium chloride, and fractionated.

Polymers of the third type have been prepared by reacting a mixture of 2 mole

of dimethylchloromthylchlorosilane and 1 tol of chloromethylmetyldichlorosilane,

followed by addition to aqueous alcohol. The mixture so obtained was then stirred.

Its further treatment was similar to the preceding.

It is interesting to note that the degree of polydisperseness of the reaction

products is the same in all three cases, and it was only in the preparation of poly-

mer of the first type that traces of cyclic products were found in the reaction

mixture. This phenomenon is to a certain extent in contradiction to the literature

statements that cyclic polymers are formed in cases where the system is in the equi-

librium state. It is possible that the formation of polymers in this case may be

hindered by the large size of the CHC1 group.

The polymers of the first group have specific refractions and activation

energies of viscous flow that are very close together.

The chlorine content of the polymers was determined by heating a weighed sample

portion of the polymer with a known quantity of a solution of KOH in diethylene

glycol in a closed flask at 150-1750 C, and titration of the excess alkali against a

titrated solution of acid. The polymers of the third grv p form gels when this de-

termination is made.

Titration of alkali against acid is difficult in the presence of a gel and

gives fluctuating results. The molecular weight of polymers of the third type was
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ebulliometrically determined. The values of the molecular weights were found by

extrapolation of the experimental data to zero concentration.

Table 82 gives the physical properties of organosiloxanes containing chlorine

together with various functional groups in the radicals.
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CHAPTER X

HIGH-MOLECULAR CaMPOUNDS CONTAINING SILICON

Silicon forms high-polymer compounds of two types, inorganic and organic. This

Chapter is devoted mainly to the chemistry of the high-molecular organosilicon com-

pounds.

Organosilicon polymers are complex compounds, whose molecular chains are con-

structed of alternating silicon and oxygen atoms, or of silicon and carbon, silicon

and nitrogen, silicon and sulfur, etc., side organic radicals or groups being pres-

ent at the same time.

Organosilicon high-polymer compounds constitute a new branch of the chemistry

of polymers, which possess properties of exceptional practical importance; they are

heat-resistant, moisture-resistant, have low dielectric losses and high electrical

resistivities, high electrical breakdown strength, exceptional anti-sparking and

anti-arcing properties, considerable compressability under high pressures, good re-

sistance to freezing, etc.

A large variety of high-polymer products are already being produced today on

an industrial scale: rubbers of exceptional thermal stability and resistance to

freezing; resins for the production of heat-resistant lacquers and plastics, and

liectrical insulation; liquids with a low temperature-dependence of viscosity, for

water-repellent treatment of materials; lubricating oils with low freezing points

and high thermal stability.

Organosilicon polymeric compounds broaden the range of working temperatures to

from -1000 C to +3000C, which lie far beyond the limits within which organic poly-

mers can be used. These properties are due primarily to the chemical composition

and the structure of the molecular chains, in which the silicon atom is most often

bound to oxygen atoms. This structure was previously known only in high-polymer
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inorganic products, such as glass, quartz, etc.

The high-polymer organosilicon compounds whose molecular chain consists of al-

ternating atoms - Si - 0 - Si - 0 - Si -, known today under name of polyorgano-

siloxanes, are widely available. These polymers are of very great technological im-

portance, and therefore will be given particular attention in this Chapter.

Before beginning our discussion of polymeric organosilicon compounds, it ap-

pears to us to be advisable to discuss the oxygen-containing inorganic polymeric

silicon compounds of the type (Sio 2)n and water-glass, and also to acquaint our-

selves, from the example of carborundu, with the properties of polymers containing

the Si - C bond. Acquaintance with these substances will enable us to compare their

properties with those of the polymeric organosilicon compounds, and to understand

certain specific peculiarities of the formation and chemical properties of the poly-

organosiloxanes, which is the branch of greatest practical importance and theoret-

ical interest in the chemistry of the organosilicon polymers.

Organosilicon polymers may be divided into the following groups, according to

their chain structure: polymeric compounds whose chains contain silicon - oxygen -

silicon; polymeric compounds with chains containing silicon - carbon - silicon -

oxygen; polyorganometallosiloxanes with chains containing silicon - oxygen - metal -

oxygen - silicon, Si - 0 - Me - 0 - Si.

Polymeric Compounds with Silicon - Oxyen - Silicon Chains

Organosilicon polymeric compounds with molecular chains constructed of silicon

and oxygen atoms may be classified as follows:

1. Derivatives of orthosilicic acid esters:

OR OR OR

- R -R (8R

linear polymers
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--SI-

() OR ()

'OR,.A
-Si-

Three-dimensional polymers

2. Derivatives of monoalkyl-or monoaryl-substituted esters of orthosilicic acid

or of monoalkyl-or monoaryl-halosilanes:

R 0) R

R R

1)0 0
R I I

I I I I
R 0 R
I I I

Polydimensional polymers

3. Derivatives of dialkl-(diaryl)-substituted esters of orthosilicic acid or

of dialkyl-(darl)-halosiianes:

R R R

linear polymers

The cocondensation of alk7l-(aryl)-silanetriols with dialkyl-(diaryl)-

silanediols leads to the formation of compounds with molecules consisting of

siloxane chains of cross-linked structure:
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R R R R R

I P

& i~ I~ I

cross-linked polymers

Polymeric Compounds with Silicon - Carbon - Silicon - Oxygen Chains

fy the introduction of organic groups into molecules with siloxane bonds, a new

class of high-molecular organosilicon compounds with a mixed siloxanocarbon chain

ma.- :'e prepared:

R R
I I--OSii-4)

SR

Pol,orga iometallosiloxanes

Pol: meric compounds with silicon - oxygen - metal - oxygen chains are obtained

coh:-drol:-sis of al1,yl-(ar,'l)-halosilanes with metallic salts.

Pol,-orpanometallosiloxanes have the following structure:

R R
... i- -,-o--

I I
R o R

.,ere ' A!, Ti, etc.

PCIIZIIC INO1GATIC C01!0LNDS OF SILICON

Ir the macronolecule of silica (SiC2 ) n and of the silicates, each silicon atom

is vound to four oxygen atoms, while each o4,gen atom is bound to two silicon atoms.

bus . i-n (SiO2) n, all the bonds betweer ad,Aacent atoms are completely saturated by
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',he .aler:es of silicon and o)Tgen (Tibl.l).

71e lattices of solid Sic2 and solid CO2 differ sharply from each other. The

C 2 lattice is molecular.

SiC (silica) does not constitute a single molecule, but a high-polymer com-

poun:d with a high melting point (16250C).

The energy of the single bond C - 0 is 75 kcal, while the energy of the Si - 0

.o,1 amourts to 89 kcal. This difference in the bond energies is due to the charac-

ter of the Si - C bond being considerably closer to an ionic bond than the C - 0

bond. owing to the fact that silicon is more highly electropositive (the energy of

ionization of silicon being 71.. kcal less than that of carbon).

Lower Oxy.-9en Comronnds of Silicon

The lowest representative of the silicon oxides is SiO. In vapor form, SiO is

an individual compound, as has been established by X-ray analysis. Its spectrum has

absorption hands at 2'4l.1P, 23k2, 2299, 2256, 2215 1. (Si02)n remains solid up to the

melting point, but when heated above 17000 C, .it begins to sublime vigorously

(7ibi.2).

2,nartz

Silicon dioxide is trimorphous; it is encountered in the form of the minerals:

quartz, tridymite ind christobalite. These minerals also form a few other interme-

diate forms. In tridymite and christobalite the optical properties change in jumps,

in the former, at 1170 C and 1630C; in the latter, at 190PC and 280°C; the volume of

quartz changes so greatly at around 5750C that on further heating (above this tei-

perature) its crystals partially crumble away. At ordinary tumperatures quartz is a

stable form. If silica gel is heated with water containing carbon dioxide to 2750C,

onl, quartz crystals are obtained. At 8750 C quartz passes over into tridymite, but

the reverse transformation of tridymite into quartz, in the absence of a solvent,

has not yet been observed. Solvents encouraging the transformation of tridymite into

F-TS-9191/V 704



quartz are molten alkali-metal chlorides, borax, and especially tungstates or vana-

dates of the alkali metals.

The transition temperatures of the various modifications of quartz are as fol-

lows:

575'C 87(' C 14706C 17100Ito;o
b-auartz .melts

The transformations of a- and O-quartz into each other are accomplished without

disturbance of the external form of the crystals. Since the individual particles

still preserve their mutual positions, the transition in one direction or the other,

at temperatures above or below 5750 C, takes place easily.

The modifications with the lowest vapor pressure at a given temperature are

stable. It must be noted that the transition of low-temperature modifications into

high-temperature modifications, or in the opposite direction, is accomplished with

great ease and rapidity within one and the same variety of silica, for instance the

transition from a-quartz into O-quartz. This is because such a transition involves

only a shift and rotation of the silicon-oxygen tetrahedra in the crystal. For the

transition of one variety of silica into another, for instance from a-quarts into

a-tridymite, the bonds between the separate silicon-oxygen tetrahedra must be broken,

and new bonds must be formed. This makes such transitions extreely slow, as is

proved by the fact that all varieties of silica exist in the form of minerals for

hundreds of thousands of years.

The structure of the low-temperature modifications of crystalline silica has

not yet been definitively elucidated.

Tridymite and christobalite have a hexagonal and cubic structure respectively,

and therefore their densities are close together. Quarts, however, has a consider-

ably more compact structure, and accordingly has a higher density and a higher re-

fractive index.
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Table 83 gives the physical properties of the different modifications of sili-

con dioxide.

Table 83

Physical Properties of the Different Modifications of Silicon Dioxide
RIfktdtlve Indn

Modi ticaton Density r N

ai-Qiartz 2,600 1,5400 1,53 7
a-Tridmyite 2,28 1,4775 - 7
c-Christobalite 2,210 1,466 - 7
P-Quartz 2.650 1,553 1 1,544! --
01-Christobalite 2,30 - ! -

2,320 1 1,487 I 1,4841
(uartz glass 2,20 1,458 -

Amorphous fused glass (quartz glass) was formerly considered a supercooled liq-

uid or a microcrystalline substance. Against this view, evidently, are the high

softening point and the great hardness of fused quartz.

The melting point of a-christobalite is 17130C; at this temperature it under-

goes transition into a viscous quartz glass.

Silicon dioxide has no definite melting point, because it contains several mod-

ifications at the same time, in an inconstant quantitative ratio; on heating, the

substance gradiially softens, like glass; at 150OPC it already becomes plastic, and

when heated still further it may be drawn out into thin filaments. Around 17800C it

becomes completely liquid. Even before the time of fusion has arrived, therefore,

vessels of silicon dioxide may be fashioned; by this method of manufacture they are

not transparent, like "quartz glass", which is first brought into a state of com-

plete fusion, but has the appearance of an opaque quartz porcelain with a silky lus-

ter. If silicon dioxide is vaporized at a temperature over 1750C (the boiling point

under atmospheric pressure is 2230 0C), then the vapor only partially condenses in

the form of tridymite, while the remainder forms a glassy mass. This glassy mass is

distinguished by its very small changes with temperature fluctuations; its coeffi-

cient of expansion is only 1/18 that of glass, so that heated quartz vessels may be

cooled by rapidly plunging them into water without danger of crack~ng them. Accord-
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ing to present ideas, amorphous quartz glass is a system of silicon-oxygen tetra-

hedra bound to each other through common oxygen atoms and having a disordered ar-

rangement (Bibl.4). These ideas are based primarily on the study of X-ray pictures

of these glasses.

Properties of Quartz

Modulus of elasticity at 00C, kg/m 2  10300

Tensile strength, kg/mm2  16.3 (12.6)

Coefficient of expansion at OC 0.0000071,.8

Specific heat, cal(C 0.18

Silicic anhydride (Si02 ) in the form of crystals may be prepared artificially

from silica gel in an alkaline medium. Such a crystal is formed on the cover of a

bomb to which a thin quartz plate has been attached. Such a plate gradually becomes

thicker owing to the deposition on it of silica from the solution.

Silicon dioxide, especially in crystalline form, is little subject to the ac-

tion of chemical reagents (except alkalies). The action of alkalies on silica may be

explained by the fact that it is the anhydride of silicic acid. The chemical activ-

ity of silica toward various reagents depends on the form of the silica (Bibl.5),

and increases in the following order:

quartz < tridymite < christobalite < fused quartz < hydrated silica

Quarts dissolves vern slowly in water; the temperature of the water affects

the rate of dissolution, as does, to a lesser degree, the pressure.

Silica gel dissolves relatively fast in water, and its solubility does not de-

pend on the method of preparation of the gel. Only the time required for the solu-

tion to reach full saturation depends on that method. Apparently the relative sur-

face area of the gel particles is of primary importance.

Of the acids, only HF acts on quartz. The rate of dissolution of silica in hy-

drofluoric acid depends on the activity of the particular form of silica involved.
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Silica gel forms colloidal solutions in weak hydrochloric and sulfuric acids.

Fluorine is the only halogen that acts on SiO2 under ordinary conditions. When

mixed with carbon, at a red heat, silica also reacts with chlorine (Bibl.7) and

bromine (Bibl.8).

Sulfur, H2S, or CS2 , acting on silica at 800-1100°C, forms long silky crystals

of silicon disulfide (Bibl.9). At high temperature, nitrogen also acts on silica,

forming silicon nitride (Bibl.lO).

Certain halogen compounds also act on silica. When silica is heated with ammo-

nium fluoride, SiF is formed (Bibl.ll). SiCl is formed when PC13 or PC15 act on

silica (Bibl.12). SiF is formed from silica under the action of PF3 or CF/4. Accord-

ing to Demarie (Bibl.13), CCU4 also acts on silica at a red heat, slowly forming

SiCl . There are statements, however, that Cclt acts only on SiO2 that is chemically

combined with Al 20 and therefore treatment with CCIl at a red heat has been pro-

posed as a method of removing the free and bound SiO2 from bauxites.

The rate of dissolution of silica in alkalies depends on its activity; quartz

is dissolved very slowly, silica gel very fast. Finely powdered quartz is also dis-

solved relatively fast. Silica dissolves very slowly in hydrated oxides of alkaline-

earth metals (Bibl.15). Ca(OH)2 in aqueous solution acts on silica, a fact which is

used in practice in the manufacture of sand-lime brick. Calcium silicates are formed

by such action.

Silica gel reacts appreciably with calcium oxide at 16000 C, while fused quarts

reacts very little; christobalite forms a silicate at V+00 0C. Silica gel reacts

w th bariur oxide already at 900°C; but with magnesium oxide no signs of reaction

can be detected at that temperature. The action of the alkali-metal carbonates, on

fusion is similar to that of the alkalies themselves (Bibl.16). Sodium sulfate be-

gins to react with silica at a temperature between 1120 and 1130°C.

In reactions taking place in aqueous solutions, the principal role is played

by' the fact that silicic acid has exceptionally weak acidic properties and is dig-
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placed from its salts even by carbonic acid. On fusion, the most essential property

of silicic acid is its nonvolatility at high te.peratures, which results in its dis-

nlacin even strong acids, like sulfuric, from their salts.

Silicon Pydroxides

The hydrates of silicon dioxide are obtained, not y direct addition of water

to te dioxide -y a different method. In contrast to 1,23C3 they are more sta-

-.e; and. the fact that they are always obtained in the colloidal state is particu-

larly characteristic. They are weak acids, weaker even than carbonic acid. since in

one and the same group of the periodic system, the elements of negative character

always weaker with increasing atomic weight. The alkali salts of silicic acid are

strongly dissociated. This is confirmed by the fact that the heat of neutralization

of a dilute solution of the acid by NaOH is almost zero, and the electrical conduc-

tivity of the solution is almost the same as that of the caustic soda it contains;

in 1/.8N solution, hydrolysis of the sodium salt may be considered to be practically

complete; while hydrolysis of salts of weaker bases is detected only at higher con-

centrations. A solution of sodium silicate thus contains at the same time free

caustic soda, colloidal silicic acid, and unhydrolyzed sodium silicate. The caustic

soda can be removed by dialysis from such solutions, while the silicic acid does

not pass the membrane.

2y dialysis of a solution of sodium silicate a very pre colloidal solution of

silicic acid can be prepared.

The hydroxides of silicon may also be prepared by the action of acids on sodim

silicate:

Si(ONa)4 + 4HCI ---- Si(OH)4 - 4NaC

In this case the hydroxides are often obtained, not ii, the form of a solution,

but in the form of a gel; depending on the concentration, the solution either re-
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mains transparent or gels. For instance, if a 10 1 solution is poured, with shaking,

into HCI of the same concentration, a completely transparent sol may be prepared,

which can then be separated by dialysis from the NaCI.

A solution of silicic acid at first contains acid of low molecular weight,

which polymerizes only after a certain time. This is due to the gradual rise in the

freezing point of the solution after the HCI is added to the water glass to be dis-

solved, and also due to the passage of rather considerable quantities of silicic

acid through the membrane on immediate dialysis (Bibl.17).

According to some determinations, the molecular weight of silicic acid in its

sols is as much as 50,000. The rate of po.lymerization of silicic acid depends on the

hydrogen ion concentration. If SiCl is hydrolyzed, the HC1 formed rapidly induce's

polymerization. But if silver oxide is adcde when SiCl 4 vapor is passed into the wa-

ter to hold the pH constant in the range 2 - 2.5, then a liquid is obtained which,

according to cryoscopic determination, coatains as much as 80 % of monamolecular

silicic acid and a solution of the dimer of silicic acid. In this case the HCl must

be completely eliminated. (Bibl.18).

The dimer of silicic acid, to which the formula O[Si(CH)3] 2 has been attributed,

passes completely through the dialysis membrane; polymers of silicic acid with a

higher molecular weight also pass the membrane, but more slowly. Protein is precip-

itated by polymeric silicic acid containiag not more than six silicon atoms in the

molecule.

The existence of two different hydrates of silicic acid is known (Bibl.17): the

hydrate of metasilicic acid H2SiO,(probaly polymerized and therefore insoluble),

and the hydrate of disilicic acid, HSi2 05 . These two hydrates, prepared by decom-

posing their synthetic sodium salts by conc. sulfuric acid, differ not only in the

course of the dehydration curve, but also in the fact that the meta-acid, according

to the X-ray picture, is amorphous, while the di-acid has a crystalline structure.

The gels of silicic acid formed from silicon tetrahalides by hydrolysis at O°C,
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contain the hydrate (Sio2 H2 0)x (Pibl.19). If the reaction of formation of silicic

acid is conducted in an anhydrous medium (Bibl.20), then a precipitate containing

only slightly more water than (Si2 H 20)x is obtained instead of Si(CH)&, which should

have been formed according to the equation:

SiC6 + 4(C.H,),COH -- Si(OH). + 4(C@H,)OCCI

Gels prepared by precipitation always contain electrolytes that were present in

the solution. They can be removed with more or less trouble. For instance, it is

rather easy to remove the sodium chloride from the gel prepared by the action of HCl

on sodium silicate, by dialysis, but it is extremely difficult to free the gel from

the sodium ion, which indicates the presence of a sodium compound. Sola not contain-

ing alkalies may be prepared by boiling an ester of orthosilicic acid with water:

Si(OCH,)a + 4H1O --- * Si(OH), + 4C@H*O-i

On evaporation, the sols also form a gel. But the concentration of these sole

is lower than the concentration that can be attained by the action of electrolytes.

It may be brought up to 14%, and the imediate formation of a gel does not occrr.

The ease of gelation increases with the concentration of the solution, and also with

the temperature at which the experiment is conducted.

The action of acids, salts and alkalies does not cause instantaneous coagula-

tion of a sol of silicic acid, and sometimes gels are even made more stable by such

treatment; in other cases their precipitation sets in after a certain time has

elapsed, and is accelerated with decreasing content of these substances.

In a study of the structure of the gel of silicic acid, Van Binlen showed

that its properties do not depend on the water content alone. The vapor pressure of
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gels at various water contents was determined; for this purpose the gels were kept

over sulfuric acid of known concentration (having a definite water vapor pressure),

and then, when the loss of weight of the gel had become very small after its pro-

longed stay over this sulfuric acid, the water-vapor pressure of the gel was taken

as equal to the water-vapor pressure of the sulfuric acid. Various gels of the sili-

cic acids were dehydrated; then these gels were rehydrated by keeping them over sul-

furic acid of higher water content. It was found that dehydration and hydration are

not always reversible. The gels of the silicic acids may be very rich in water, in

contrast, for instance, to the gels of certain hydrates of metals. Under certain con-

ditions, a silicic acid gel may contain, to each ool of Si02 , up to 330 mole of wa-

ter, which may in part be removed by mechanical squeezing. With a content of 30 mole

of water per tol of 8i02 a gel may be cut, with a content of 10 mole of water per

aol of Si02 , it becomes brittle, while with a content of 6 mole of water per tol of

Si02 , it can be ground into a dry powder.

In Figure 34, the corresponding water vapor pressure is plotted on the ordinate

axis, and the water content of the gel on

the abscissa axis. If the dehydration of

b) 4 4 a silicic acil gel containing much water

begins at the point A0, the vapor pres-

sure will fall sharply (with the loss of

water) until the point 0 is reached. At
Fig.34 - Curve of Water-Vapor Pres-

this point, as it were, a change-over
sure of illicic Acid Gel

takes place; the existence of this point
a) Water content of gel;

was formerly taken as a proof of the ex-
b) Water vapor pressure

istence of definite hydrates. But the

position of this point may vary markedly, 'according to the experimental conditions,

and it can be shifted at will more or less to the left. At the point 0 the silicic

acid gel begins to show turbidity. The turbidity increases at first, and then de-
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creases, disappearing entirely at the point 0. Van Benuelen calls the points 0

and 01 "turning points". When the second turning point 01 has been passed, on fur-

ther lowering of the vapor pressure, the water loss again considerably decreases,

the curve is inflected upward, and terminates at the point A, corresponding to a

product containing a very small amount of water.

Then hydration begins (curve Z). From A3 to 01 the process of hydration comp-

pletely corresponds to the preceding process of dehydration. The two curves 01A3

and A 301 coincide. Here the processes of liberation and addition of water are re-

versible. But at the point 0 this reversibility ceases: an increase in the water-

vapor pressure results in the formation of products (points on the Z curve) with a

lower water content than those that were formed during dehydration (the point A )

at the same vapor pressure. On further increase in the water-vapor pressure, the wa-

ter content rises somewhat, but a higher pressure is always required for rehydra-

tion than was required to obtain the dehydration product of the same composition.

The point 02 at which the turbidity disappears, observed on the Z2 curve, lies far

above the point 0 at which this phenomenon was observed on the first path. If hydra-

tion is continued beyond this point, water is still absorbed, but not enough to form

a product containing 300 mols of water per mol of SiO2 (curve Z ).

Similarly, if dehydration stops at the point 0, and then rehydration is per-

formed, it will proceed, not back along the path A1 , but along the path Z instead.

Even if the point C has not been reached in the dehydration, and it is stopped at

the point A1, a renewal of hydration leads not to A0 , but to Z5 . Consequently 0 A3

is the only part of the curve that is reversible.

In general the curve of dehydration is not the same in all silicic acid gels,

nor Jo the turning points lie at one and the same position. Their position probably

depends on mary factors, for instance on the method of preparing the gels. on their

age, on the rate of dehdration and on the temperature at which it proceeds. The

point 0 is reached the earlier (lies the more to the left) the lower the concentra-
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tion of the solution from which the gel was precipitated, the more rapidly the de-

h.-dration was conducted. the shorter the tie elapsed since the preparation of the

el, and the lower the temperature during dehydration. If the point 0 is very close

to G1, the A curve almost coincides with the Z curve.

A silicic acid gel that has long been calcined at a high temperature will not

in &ereral again absorb water. It follows that the turning points are not points of

phase-transition. and it may be supposed that most of the water is not bound chemi-

cally, but is held by adsorption, which is the firmer, the less water there is.

lo explain the existence of turning points, indicating a change in the charac-

ter of the adsorption under certain conditions, the structure of gels must be con-

sidered in detail.

A silicic acid gel prepared from a very dilute solution, when viewed under the

ultranicroscope, is at first floccular, but afterward becomes granular. But if the

7el is dried, turbidity begins to appear at a 4C% water content. It has been stated

above that. on further drying, this turbidity again disappears. If a transparent gel,

obtained in this way, is impregnated with benzene, then its structure at this time

will recall a honeycomb. It is interesting to note that the structure of a gel re-

calling a honeycomb begins to be visible only at this middle stage of filling with

liquid, but not when the gel is either dried out, or is in a strongly swollen state.

This fact was long explained by the difference between the refractive indees of the

air filling the cavities of the honeycomb and that of the wet wall in the middle

stage of dehydration. There are rather well-founded objections to this explanation.

Owing to the different refractivity of the dry wall and the air, a dried-out gel

should appear completely white and opaque, for instance like kaolin, which has a

similar structure.

We may postulate a state of the gel in which water and water vapor is nonuni-

formly distributed in it. In this case, the appearance of turbidity should be ob-

served, depending on the difference between the refractive indices of the vapor
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and liquid.

Py assuming such a distribution of liquid water and water vapor in the gel, the

fact that the Z curve in Fig.3h. lies above the A curve may be explained. It was

thought previously that the cells of the gel undergo deformation when it is dried,

and that this deformation is not eliminated by a new hydration, so that a higher

pressure is now required to fill the cells to their former state of filling. Together

with this explanation, which is probably true in part, there is another factor that

enters into the situation. The liquid meniscus formed when the liquid rises (path Z)

in an unwetted capillary tube is more curved than the meniscus formed by the liquid

on the reverse path in the wetted capillary (path A). The pressure necessary to form

a curved meniscus is higher than that required to form a more planarimeniscus.

In addition to the capillary lowering of the vapor pressure on the formation of

the meniscus. there is also undoubtedly an effect of the lowering of vapor pressure

due to the formation of a hydrogen bond between the hydrogen of the water and the

oxygen of the gel, as well as that due to adsorption of the water.

Water Glass

The preparation of pure silicates from aqueous solutions is impossible, owing

to the extremely weak acid character of the poysilicic acids, as well as their ten-

dency to form colloidal solutions and to precipiate out of these solutions in the

form of gels. Fresh silicic acid gels readily dissolve in alkali to form silicates

(Bibl.21).

Alkaline salts may be prepared by fusing silicon dioxide with alkalies or nar-

1-onates, but in this case the carbonic acid is only partially displaced from the

carbonates if no measures are taken to remove it from the surrounding atmosphere;

but deep decomposition already takes place when these melts are treated with water.

Such a fused silicate (soluble glass) was first prepared by Van Helmont in the 17th

century'. Another method is used today to prepare water glass, or soluble glass.

Preparation of water glass, or soluble glass. A mixture of 150 g of white sand,
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100 g of soda, and 3 g of charcoal is ignited at a high temperature. The mass so

obtained is leached with water, forming a heavy sL apy liquid with a strongly alka-

line reaction. To purify it in the laboratory, the water glass may be precipitated

from the aqueous solution and again dissolved in water. This operation is repeated

until the required degree of purity has been attained.

Table 84 gives the composition and
Table 84

properties of a few technical samples
Composition and Properties of

of water glass.
Specimens of Water Glass

It will be seen from this table

b) C) that the composition of water glass

so, SIC), does not correspond to the formula

Na SiO by which it is usually arbi-
1,235 4,12 .;.4 j:2 .8
1.325 3,) 3.62 J3, 4 trarily designated.1.375 3,() 2.92 M. 5
1.39 1.,: :1,21 38,4
1.42 .1.:1 :.21 40.M It is hardly possible to speak of
1,5 2! i 2.W2 44,5
1.56. 2.5 2.38 46,7
1.6 2." 1 95 48,7 a formula for water glass at all. The
- 2.01 Il(i 14. .r

idea that it is a colloidal solution

a) Specific gravity; b) holar ratio; of silicic acid peptized by caustic

c) *eight ratio; d) Concentration of alkali would probably be more accurate.

solution in % by weight On standing, water glass gradually

absorbs carbon dioxide from the air and forms a silicic acid gel. The deposition of

the gel also takes place on neutralization with acids, on addition of salts like

NH Cl, etc.

When long heated with water, water glass may be completely dissolved, but its

solution will contain mainly silicic acid peptized by alkali, together with free

alkali. Even under the action of carbon dioxide, water glass is completely decom-

posed, and silicic acid is thrown down. When subjected to the action of heavy met-

als, very voluminous slimy precipitates are thrown down, containing silicic acid

and the heavy metal; but the question as to how far these precipitates really do
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consist of heavy-metal silicates instead of a mixture of gels of silicic acid and

heavy-metal hydroxide has not as yet been investigated.

Carborundum

Carborundum is a compound of silicon and carbon. It may serve as an example, to

some extent, of the stability of the Si - C bond.

The formation of silicon carbide by the reaction between silicon and carbon has

been described in a number of papers (Bible22). It acquired practical importance,

however, only after it was prepared by Arecon in 1890 in an attempt to crystallize

carbon by dissolving it in aluminum silicate on heating it in an electric arc fur-

nace. The product obtained was called carborundum, since it was considered to be a

compound of carbon and aluminum. The product was only found later to be similar in

physical and chemical properties to silicon carbide. A number of patents were taken

out on the preparation of carborundum, and based on them the industrial production

of this extremely important artificial abrasive was comenced (Bil.i.23).

Silicon carbide was discovered in nature by Loissan in 19U,,-1905, who found it

in an iron meteorite, separating about 110 e of insoluble residue from a block

weighing 183 kg by treating it with various acids. In this residue he found trans-

parent and black diamonds, graphite, and, finally, green hexagonal crystals identi-

cal with carborundum.

Mixtures of bronoform (sp.gr.2.9) and methyl iodide (sp.gr.3.) were used to

isolate the silicon carbide (Bibl.Z.). The crystals floated in a mixture of sp.gr.

3.2, and sank in a mixture of sp.gr.3; they did not burn in a stream of oxygen at

loOc.

Although silicon combines with carbon at a temperature as low as 1200°C, form-

ing an amorphous green powder of silicon carbide, crystalline carborundum is formed

only at 1950°C, while it dissociates at 22) 0 C. The possibility of slow formation

of carborundus at lower temperatures, however, is still not excluded (Bibl.25).

There are references to the formation of carborundum at a temperature as low as
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15, O(. Carborundum in the form of light green crystals was obtained by the reac-

tion of carbon and silicon vapors in an electric arc (Bibl.26).

As an example of an industrial method of producing carborundum, a method that

did not differ fundamentally from the modern methods may be given (Bibl.27).

Preparation of carborundum. Carborundum is prepared in furnaces built of re-

fractory brick (dimensions 3 x 1.5 x 1.5 m). The short walls are 60 cm thick and

carry electrodes each consisting of 60 carbon rods (size of the rods, 75 x 750 ram),

connected with the feed wires through copper caps fitting into the openings of

square copper plates attached by bolts to the outside of the walls. Only the two

short walls and the sole of the furnace are stationary, while the side walls are

put up after charging and taken down to remove the product.

During charging, the furnace is half filled with the materials, which must not

come in contact with the electrodes; a cylindrical core about 54, cm thick is then

built up of pieces of coke, 12-18 m in size, between the electrodes, and the charg-

ing of the furnace to a height of 2.!. m is completed. The electric current passing

through the coke forms ntmerou3 arcs producing a very high temperature. The percent-

age composition of the charge is as follows:

Coke 3s.2 Sawdust 9.9

Sand 51.2 Salt 1.7

The salt is used as a flux. The sawdust increases the porosity, thus facili-

tating the evission of the carbon monoxide formed by the reaction

SiO2 + 2C --- * Si + 2Co
Si + C SiC

About 6 tons of carbon monoxide are evolved from a single charge, and is

burned above the furnace.

The carborundum is taken out in the form of large blocks, which are first bro-
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Len uap and washed with water in a crusher, then heated with sulfuric acid (J". : 2)

for 3 days at 1000C, and then washed again with water. The carborundum is sized by

mearis of screens. and the finest sizes by elutriation.

When carborundum is produced in furnaces sinLilar to those we have just describ-

ed. a layer of soft graphite is formed around the core. Next comes a layer of crys-

talline carborundzu, and, last of all, a layer of amorphous carbide.

Pure carborundimi is colorless, the best technical grades are light green, while

the less pure grades are black. The crystals are most often hexagonal plates. The

structure of the crystal lattice of carborundum is similar to that of the diamond,

.-u4 half the total number of carbon atoms in it have been replaced by silicon atoms.

the interatomic distance Si - C is 1.90 X.

The specific gravity of carborundum ranges from 3.1716 to 3.2]A, depending on

the content of impurities, mainly of iron silicide. The Mohs hardness of carborundum

is aboi.t 9.5, higher than that of corundum, but lower than the hardness of the dia-

mond. Diamond scratches carborundum, but carborundum scratches certain varieties of

the lianond.

The electrical conductivity of carborundum is low at ordinary temperatures, but

rises rapidly on heating. It has no magnetic properties.

Carborundtm possesses ver, high chemical resistance. According to 'oissan, hy-

drogen nitrogen, and carbon monoxide do not act on carborundum; oxgen up to

10000C likewise has no effect on carborundum; air begins to oxidize it between

1000C and 13500C. 'dater vapor and carbon dioside act only at their dissociation

tem.perat:ires, at 1775-i8000 C. The action of chlorine at 6009C is superficial, while

complete decomposition takes place at 12000 C. Up to 900C, SiCl and elementary hy-

drogen are forr.ed, and at 1O00-1100C CMl4 is also formed. The vapor of NaCl does

not act on carborurdum up to 1000°C.

Boiling hydrochloric, sulfuric or hydrofluoric acids, or a mixture of nitric

and hydrofluoric acids, all fail to act on carborundum, but phosphoric acid of
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sp.gr.l.75, on heating to 2300C for 3 hours, converts it into a gel (Bibl.28).

When silica is fused with carborundum at 2000-250O°C, elementary silicon is

formed (Bibl.29):

2SiC + SiO, --- 3Si + 2C0

Carborundum forms metallic uilicides: with copper oxide at 8060C, with iron or

nickel oxide at 13000 C, with manganese oxide at 1360°C, and with chromium oxide at

1370C.

Fused caustic alkalies, carbonates,alkali-metal sulfates, borax, calcium or

magnesium oxide, and cryolite, at 1OO°C, decompose carborundum; sodium silicate and

lead chromate act similarly. Potassium chlorate and nitrate, on the other hand, have

no perceptible action on carborundmn when fused with it.

HIGH-MOLECULAR ORGANOSILICON COMPOUNDS

The study of high-molecular organosilicon compounds is rather complicated, ow-

ing to the difficulty of isolating them in the chemically pure state.

The composition and structure of polymers must very often be judged on the ba-

sis of a study of the chemical processes leading to their formation, and of the

physico-chemical properties of the poljmers.

Present views on the mechanism of hydrolysis and condensation of the hydrolysis

products are completely established with respect to the esters of orthosilicic acid,

the halosilanes, the alkyl-(aryl)-chlorosilanes, and the alkyl-(aryl)-substituted

esters of orthosilicic acid, provided these processes take place with insufficient

water. These processes have been discussed in the relevant Chapters. In this Chap-

ter we shall present considerations on the general principles of the mechanism of

the processes of formation of organosilicon resins, elastomers, and other products.

Resins and elastomers are formed during the process of hydrolysis or cohydroly-

sis of monomeric organosilicon compounds. with an excess of water, followed by con-
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version of the hydrolysis products into high-molecular substances by heating or the

action of catalysts. As a result of these processes the composition of the reacting

molecules is modified; when the monomeric molecules interact, water or some other

substance is given off, and complex compounds are formed.

The most convenient method of studying the processes that take place on the

formation of polyorganosiloxanes during the hydrolysis of alkyl-(aryl)-chlorosilanes

or substituted esters of orthosilicic acid is to conduct the hydrolysis by the ac-

tion of water in a quantity insufficient to complete the reaction. This method,

first used in 1938 to study the mechanism of hydrolysis of alkyltriethoxysilanes

(Bibl.30), and later for dialkyidiethoxtysilanes (Bibl.31), has enabled us to estab-

lish the fact that when an organosilicon compound reacts with an insufficient quan-

tity of water, the following reaction takes place at the initial instant:

R XSi/X +RH--- R \S, i

R'/  X OH

where R - a radical

R? - a radical, alkoxy or other group:

X - a functional group (alkoxy group or halogen).

The hydrolysis is accompanied by inmediate condensation, forming the siloxane

bond:

RR'SiXOH + I IOXSiRR' -- RRIXSi--O.-SiXRR' + H.) (2)

Continuation of the process of partial hydrolysis and stepwise condensation

leads to the formation of a polyorganosiloxane of predominantly linear structure:

RR'XSiOSiXRR' + HO --- ' RR'XSIOSIRR'-OH + HX (3)
R

2RR'XSiOSiRR'OH + HOSIXRR' -- RR'XSic4iOSiRR'X + H(

F-TS-9191/V 721



etc. The reaction product of the partial hydrolysis is a mixture of polyorganosilox-

anes, homologous polymers of the general formula X(RRtSiO)xSiRR9X, terminated by

functional groups.

This mechanism of the partial hydrolysis of dia3Jqildiethoxysilanes and alkyl-

triethoxysilanes has been completely confirmed by investigations of the process of

hydrolysis of dimethyldiethoxysilane and methyltriethoxysilane (Bibl.32), and also

of dimethyldichlorosilane (Bibl.33), SiCl 4 (Bibl.34), and orthosilicic acid esters

(Bibl.35). When 1 mol of dimethyidiethoxysilane reacts with 0.75 rol of water in an

alkaline medium, the reaction product is a mixture of polydimethylsiloxanes of the

general formula

('2HO(Si(aoOI$CgH.

The functional groups in the products of partial hydrolysis retain their chem-

ical nature. For example, the chlorine atom, under the action of ethylene oxide,

readily forms chloroethoxy group.

CI(SiRtO)SiR2CI + 2CHCI~o CCHsCHO(SiRsO)ASiR OCH CH,C

Like the corresponding reaction of the alkylchlorosilanes, the process proceeds to

completion at a temperature of 50-600 C.

A study of the velocity and themal effect of the reaction of hydrolysis with

e~ses of water enabled me to establish (Bibl.36) that, in contrast to hydrolysis

in a nonaqueous medi by insufficient water, leading to the reactions of partial

hWdrolsis and stepwise condensation, complete hydrolysis takes place at the very

beginning of the process, with hydrolysis by an e=ess of water, and is accompanied

by almost simultaneous formation of all the hydroxyls.

Coparison of the properties of various classes of organic and organosilicon

compounds containing oxygen shows that such organosilicon compounds are distinguish-
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ed by an incomparably greater tendency to polymerization. While the aldehydes, RC/0

.0

and the ketones, R C - 0 are substances that are completely stable in the monomeric2

form, the corresponding organosilicon compounds, RSi O and R2i - 0 have not yet
Pi and 0 2S ae o e

been isolated in the monomeric form, but are well known in the form of elementary

units (structural units) of the molecular chains of polyorganosiloxanes.

Study of mass-spectrograms obtained in the analysis of the cleavage products of

octamethyloyclotetrasiloxane (CH3 ) 2 8iO4 aMd of a polydimethylailoxane elastomer has

established the formation, in the ionization chamber of the mass spectrometer, of

considerable quantities of dimethylsilicone (CH ) SiO+ and its dimer [(CH ) SiO]*.
3 2 3 2 2

This was the first confirmation of their existence. Without mentioning all the frag-

ments so obtained, I shall point out only those that characterize the cleavage of

the siloxane bond of the polymer. Their quantities are given in percent of the total

quantity of cleavage products obtained in the given experiment.

Compounds isolated on analysis Content in percent of total
of cleavage products of tetramer cleavage products

iCHa),SiO+..............5.
i(CHs)uSiOsi+ .2

I(CHj,)SiOI+  ............. 5,6
I(CHW)SiOIt 6.2

Fragments of the tetramer, in various stages of dehydrogenation, were also

found.

The polydimethylsiloxane elastomer was taken in two forms: in its original

state and in the form of a vulcanized resin with TO as a filler. A study of the2

resin on the mass spectrometer established the presence of the following compounds:
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Content at Content at
150 25000

(CHS)tSiO +* .. 4. 4j(c ,),s io j + 3 , 7... : , 4 ,2'

(Sio). . . 2., 2,6(so)+ . . .. , 5 3.6

Analysis of the original elastomer gave about the same picture. Consequently

the cleavage of the tetramer and the elastomer proceeds by the elementary units of

the main structural unit of the polymer chain. From 1 to 1h members are detached in

the elastomer. Three and four members immediately combine into a ring to form the

trimer and tetramer, and in the ionization chamber they are deprived of the methyl

radicals.

On the mass-spectrographic analysis, at 200°C, of a polydimethylphenylsiloxane

resin whose molecules consist of the units:

CH, 0

(:H,

I was able to detect the following particles (Bibl.37):

(c3 ) 2Sio+ 4.2

C H SiO 4 4.665 2

On cleavage of polydiethylsiloxane, diethylsilanono, (C2 H)iO, is fored;

on cleavage of polydibutylsiloxane, dibutylsilanone, (C&H9 )2 SiO; on cleavage of

diamylsiloxane. diamylsilanone, (C5 Hll) 2 iO*.

The hydro.yl derivatives of carbon, containing a single OH group attached to

the carbon atom, for instance the alcohols, are stable substances. The correspond-

ing organosilicon compounds, the silanols (for instance, the trialkIylsilanols), are,
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in contrast, unstable compounds, and often condense into siloxanes at the very in-

stant of their formation.

It has not been possible to prepare compounds with two OH groups attached to a

single carbon atom, since aldehydes or ketones are formed instead.

Silicon, in contrast to carbon, is able to hold two hydroxyl groups or more, as

is confirmed by the existence of orthosilicic acid, Si(OH)!, in aqueous solutions

(Bibl.8), and still more by the preparation of dialkyl-(diaryl)-silanediols, as well

as that of phenylsilanetriol and dichlorophenylsilanetriol in the free state. The

cleavage of water from the molecules of the dialkyl-(diaryl)-siloxanes, in contrast

to organic compounds, results in the formation, not of monomeric products but of

polymeric ones, the polyorganosiloxanes.

Organic compounds with three hydroxyl groups attached to a single carbon atom

split off water to form organic monomeric acids RCOOH (chloral hydrate, C 3 CC(OH) 3 ,

is an exception). The alkyltrisilanols possess a tendency still greater (than the

mono- and dihydro.V compounds) to form complex polymeric molecules.

Taking account of the formation of dialkylsilanones and RSi00 particles ob-

served on the cleavage of polyorganosiloxanes, and also taking account of other ex-

perimental data, the following basic hypotheses my be advanced, defining the mech-

anion of the process of complete hydrolysis of organosilicon compounds and of their

conversion into high-molecular products.

The RR9SiXOH (cf.Reaction (I)) formed at the initial instant of the hydrolysis

of a dialkylhalodisilane ,a dialkylchlorohydroasilane, or a dialkylalkoxyhydro.V-

silane, may then react either according to the pattern of stepwise condensation (2)

or according to the pattern of complete hydrolysis (5):

RR'SIXOH + HjO -- - RR'SI(OH), + HX (5)

The unstable intermediate product of the reaction, the dialkylsilanol, is capa-

ble of entering into a reaction of stepwise intermolecular condensation to form a

F-TS-9191/V 725



linear dihydroxypolorganosiloxane:

2RRSi(O) - RRSI(OH)--O-iRR(OH) + HO
'?RSi(OH)(SiRR(OH) +j(O),SIRR - -- RRSi(OH)OSIRROMiRR(OH) + HSO Otc. (6)

or the reaction of intramolecular dehydration:

RRSi(OH). --- * RRSI-O + HIO (7)

The unstable monomer formed is immediately polymerized, giving a mixture of cyclic

low-molecular or high-molecular polydiallylsiloxanes:

xRRSi=O --- *- (RRSI-0), (8)

Thus there may in fact be two competing directions for the reaction:

A. Stepwise condensation of the products of complete or incomplete hydrolysis,

leading to the formation of pol3ymers of linear structure (of. Reactions (2) to (6)).

B. Intramolecular dehydration of the products of complete hydrolysis, forming

unstable monomeric dialkyl-(diaryl)-silanones, which polymerize imediately, giving

a mixture of cyclical low-molecular and high-molecular polyorganosilxanes (cf.

Reactions (7) and (8)).

Under the conditions of partial hydrolysis, as a rule, the reaction proceeds

only according to scheme A. With complete hydrolysis, both competing directions A

and B take place, and, according to the conditions, the reaction may be directed

mainly either by pattern A, in which case the cyclisation is held to a minimum, or

mainly by pattern B, in which case the products will be predominantly cyclic poly-

mers. Examples to illustrate the influence of the reaction conditions on the pre-

dominance of one of these patterns or the other will be discussed in detail below.

The experimental data on the hydrolysis of various organosilicon compounds are in

agreement with this system, although the definitive elucidation of the mechanism of
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the process does involve a number of serious difficulties, due to the exceptional

activity of monomeric organosilicon oxygen-containing compounds in the reactions of

condensation and polymerization.

There are two facts that confirm the view that the process of formation of

high-polymer organosilicon compounds includes not only reactions of condensation but

also reactions of polymerization.

On the hydrolysis of trifunctional organosilicon monomers in a strongly acid

medium, in the presence of a solvent, the formation of polymers with rings in their

structure is observed. The possibility of the formation of cross-linked polymer

molecules from cyclic polymer molecules depends on the size of the organic radical.

With increasing size of the organic radical, the predominance of intramolecular con-

densation is observed, owing to the steric hindrance connected with the large di-

mensions of the organic radical. The reaction of hydrolysis and condensation of tri-

functional monomers may be represented as follows:

+H11.-H poIywe,:atlen
RSICI, RSI(OH) * RSiO(OH) -- IRSiO(OH)I.

R OH R /O1I R /OIl
Y Si Si

/ \ / \ / N() ) 0 0 9 !

.. R /R\ i/ HR\ i "i/

HO ) 0 0 0 OH

A polymeric molecule with hydroxyl groups in its cyclic units is capable of

the reactions both of intramolecular and intermolecular condensation with cleavage

of water. In the former case, with the intramolecular cleavage of water, the tran-

sition of the polymer to an infusible, insoluble state should be observed.

The predominance of one or the other of these reactions largely depends on the

size of the organic radical attached to the silicon atom. In the case of an aromatic

nucleus, which creates steric hindrance to intermolecular condensation, the rate of
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transition of the polymer into an infusible, insoluble state will be slowed. This

explana+ion is confirmed by the fact that polymethylsiloxane resins pass over con-

siderably faster into an infusible, insoluble state than polyphenylsiloxane resins

of the same functionality, ana prepared under identical conditions.

Thus, on the hydrolysis of trifunctional compounds in an acid medium, in the

presence of indifferent solvents, we observe the formation of polymer chains con-

taining rings.

When high-molecular polyorganosiloxanes are heated to 400°C, processes of ther-

mal rearrangement take place: the siloxane chain of the polymer molecule is broken

down, and volatile low-molecular polydialkl-(aryl)-siloxanes are liberated, mainly

trisiloxane (R2SiO)3 . The composition of the structural unit is preserved, and thus

we have here a typical process of depolymerization.

The reaction of depolymerization has been investigated on the example of poly-

dimethylsiloxane, prepared by hydrol sis of dimethyldichlorosilane and followed by

distillation to remove the volatile low-molecular polymers (Bibl.33), and also on

the example of polydiphenylsiloxane (in the latter case the process was run in

vacuo, and the hexaphenyltrisiloxane was distilled off).

The reaction of depolymerization of polymethylsiloxane prepared by hydrolysis

of methldichlorosilane, CH3 SiHC1 2 , has recently been described. The reaction prod-

uct is trimethylhydroxycyclotrisiloxane, (CH3 SiHO)3.

In the presence of a 1% solution ol alkali at 3000 C, the depolymerization re-

action of a polyorganosiloxane consisting of mono- and bifunctional structural units

may likewise be conducted. In this case the reaction product is a polydialkylcyclo-

siloxane (RR"SiO) x, where x = 3 or I.

The presence of a monomeric dimethylsilanone in the cleavage products of poly-

dimethylsiloxane was discovered when it was heated to 2500 C (under residual pres-

sure of 106 mm Hg) and the reaction products were conducted to the ionization cham-

ber of a mass spectrometer.
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Taking account of the existence of a monomeric dimethylsilanone (Bibl.37), it

may be assumed that on heating of a high-molecular polyorganosiloxane: its depoly-

merization first occurs, forming an unstable monomeric dimethylsilanone R 2SiO, which

immediately polymerizes; thus forming a mixture of cyclical polydialkylsiloxanes,

from which the low-boiling compounds are removed from the sphere of the reaction by

being distilled off, while the high-boiling compounds are again depolymerized, so

that the end products of the reaction consist only of low-molecular compounds.

The existence, alongside of the condensation processes in the formation of

polyorganosiloxanes, of polymerization processes as well, is confirmed by the high

poydispersion of the products. On fractionation of a polydimethylsiloxane by frac-

tional precipitation from a solution in ethyl acetate and acetone (Bibl.39), five

fractions were obtained, whose molecular weights, osmometrically determined, ranged,

according to Scott, from 2.9 x 105, for the second fraction, to 2.8 x I06, for the

fifth. Thus the coefficient of polydispersion for the polymer as a whole exceeds 10.

On fractionating a polyethylsiloxane elastomer, I obtained a distribution curve in-

dicating a still higher degree of polydispersion (Bibl.36). According to data of

A.Ya.Korolev, K.A.Andrianov, et al (Bibl.10), the polydispersion determined in a

polydimethylsiloxane with the average molecular weight of 74,000, is very high. The

molecular weight of individual fractions of this polymer ranged from 21,000 to

1,290,000 (Table 85).

The differential distribution curve by molecular weight is found to be strongly

blurred. The ratio of the molecular weight of the highest molecular fraction to the

lowest molecular fraction is 61.4. Two maxima are also observed on the differential

distribution curve.

A study of the structure of linear polydimethylsiloxanes and an investigation

of their molecular weight, determined viscouimetrically, osmometrically, and by the

diffusion method, allowed evaluation of the degree of asymmetry of the molecule and

calculatimn,- - ifs absolute dimensions. With increasing ,u.aeculai weight oj. rfne
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fraction, the degree of asynetry of the molecules, that is, the ratio between the

semiaxes of the asymmetric macromolecule, varies (Bibl.40) over the range from 9.6

to 53.2. Thus, in the polydimethylsil-
Table 85

oxane elastomer, with increase of molec-
Composition of Polymethyldisiloxane

ular weight from 21,000 to 1,290,000,
with the Average Molecular Weight of

the major axis of the macro-increases
7 0 12.3 times, while the minor axis in-

A) b) ) creases only 2.2 times. This shows that

- -000!E i -the increasing molecular weight of the

2 12,5 406000 Plastic
3 30,6 144000 Very plastic fraction is connected with the increased
4 1,.4 57 00O5 2,3 I 1 001Vsoslqi
4 24,3 21000 Viscous liquid degree of asymmetry, and, consequently4

Viscous liquid

a) Ntumber of fraction; b) Yield% with the growth of the molecules primar-

c) Molecular Weight; d) Form of product ily along the long axis.

Rochow (Bibl.41) made an electron-

microscope study of the molecular weight of a polydimethylsiloxane elastomer (under

100,000 enlargement) and concluded that the molecules were large. But these data of

Rochow cannot be considered entirely reliable, owing to the blurring of the bounda-

ries of the observed particles and the difficulty of precisely determining their ac-

tual dimensions from the micrograms obtained.

It has been noted in the literature (Bibl.41 2) that the coefficient of polydis-

persion for rubbers amounts to 5 - 7, but that it is considerably less for conden-

sation polymers. For organosiloxanes, formed by a combined polymerization-condensa-

tion process, a high degree of polydispersion is a natural consequence of the two

reactions proceeding simultaneously.

The data we have presented confirm the correctness of our hypothesis that poly-

merization reactions play a substantial role in the formation of poyorganosiloxanes,

alongside of condensation reactions.

Let us consider the conditions influencing the predominant direction of the
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process in either the pattern of stepwise condensation (A) or the pattern of intra-

molecular dehydration and pojmerization (B).

The principal factors resulting in the predominance of one or the other of

these two competing reactions, are the acidity of the medium and the presence of

solvents.

On the complete hydrolysis of bifunctional compounds in a neutral or alkaline

medium (for alkylchlorosilanes, in the presence of higher alcohols), linear poly-

dialkylsiloxanes of relatively high molecular wight are for the most part formed.

The presence of alko.Vl groups as the end groups is characteristic for the products

of hydrolysis of the substituted esters, while the presence of hydroal groups as

end groups is characteristic for the products of hydrolysis of the alkylchlorosil-

anes (Biblo.3).

The yield of low-molecular cyclic polysiloxanes is low under these conditions,

which is evidence of the predominance of the stepwise condensation reactions.

Such a course of the process of hydrolysis may be explained by the blocking

of a certain nuber of functional groups by metal ions, in the presence of alkali,

as follows:

-0-SIR--OH + NsOH ---- --O-SIRNA + HO

and, in the case of alkyIchlorosilanes, as follows:

-0-SRg-CI +MOH --- ' -0-&AR, +H*) + NaCI

* The possibility of blocking reactive groups by metallic ions is confirmed by the

fact that on the reaction of alkcltrietho.silanes with concentrated alkalies,

compounds containing one, two or three blocked hydrojl groups have been obtained

(Bibl.36):
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The grouping so formed is relatively stable, since the oxysodiwm group is hy-

drolyzed only slowly in an alkaline medium. On the hydrolysis of alkllchlorosilanes

in the presence of alcohols, alkoxyl groups are similarly formed:

R R

-4 1--CI + R'OH --- 4 1-R' + HCI
I I

which are likewise relatively stable, since the hydrolysis of the substituted esters

(and in particular the comletion of such hydrolysis) requires conditions consider-

ably more drastic than those demanded by the process of complete hydrolysis of the

alkylchlorosilanes.

The eidstence of relatively stable blocked functional groups at the instant of

hydrolysis reduces the quantity of the intermediate products of complete hydrolysis#

namely the dialkylsilanediols, so that the probability of the reaction of intramo-

lecular dehydration may be considerably diminished. But the reaction of intramolecu-

lar dehydration proceeds even 4.n these cases, since the reaction mixtures always

contain cyclic polymerisation products.

Thus, for instance, on hydrolysis of dlmethyldichlorosilane by 6N smonia solu-

tion, the yield of low-molecular cyclical products is reduced to 20% (against 5',%

on hydrolysis in an acid medium).

The nuaber of papers devoted to the investigation of the process of complete

hydrolysis in a neutral or alkaline medium is very snall, which is obviously due to

the difficulty of isolating and studying the high-polymr reaction products. The

most convenient approach to the consideration of this complex process is by compar-

ing the properties of the polymers formed on hydrolysis with water in various quan-

tities close to the theoretical. Such an investigation (very much simplified) has

been performed on the hydrolysis of dimetbyldiethoxysilane (Bibl.Q).

Polymers prepared by the hydrolysis of dimethyldiethoxysilane by water, in
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quantities from 0.921 to 1.072 mol per mol of dimethyldietho.Vsilane, were frac-

tionally distilled in vacuo to separate the volatile portion from the nonvolatile,

and to investigate these portions and the quantitative relation between the charac-

teristics of each separate portion.

The results of the work show that, with increasing quantity of water entering

into the reaction, there is a decrease in the relative quantity of the volatile por-

tion, which evidently consists of the low-molecular products of incomplete hydroly-

sis, and a sharp fall in the number of ethoxy groups in both volatile and nonvola-

tile portions, which indicates that the hydrolytic processes have on the whole been

completed. The refractive index, the density, and, in particular, the molecular

weight and viscosity of the nonvolatile portion of the polymer increase sharply,

which indicates that the processes of condensation have on the whole been completed,

and also indicates that the process of complete hydrolysis under the action of water

in quantities over 1 mol obviously proceeds in the direction of the formation of

linear polymers of molecular weight ove' 20,000, with ethox groups (0.55) at the

ends. The nmber of ethoxy groups in the volatile portion also decreases sharply,

but the percentage of the volatile portion still reaLis rather high (14Z), which

points to the existence of a cyclisation reaction. It may thus be concluded, on the

basis of the experimental data, that the process of complete hydrol;sis of dimethyl-

diethoxymilane in an alkaline medium proceeds primarily by Scheme (A), and that the

reactions of intralecular dehydration and polymerization (P) are of secondary im-

portance.

The course of the process of hydrolysis in an acid medim differs substantial-

ly from the process of hdrol ysis just discussed. Both in the case of the substi-

tuted esters of orthosilicic acid (drolysis in presence of acid), and in the case

of the aLUql-(aryl)chlorosilanes (hydrolysis by water without neutralization of the

RCl), the process of coplete hydrolysis leads to the formation, mainly or entirely,

of cyclic pol dialsiloxanes of low molecular weight.
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A number of cyclic polydiethylsiloxanes, [Si(C 2H)2 03x have been detected in

the products of complete hydrolysis of diethyldietho qsilane in an acid medium

(Bibl.38).

When dimethldietho.Vsilane is hydrolyzed by aqueous ethyl alcohol in the pres-

ence of HC, the principal product is a mixture of cyclic dimethylsiloxanes,

[Si(CH3 )20]x; polymers with 4 to 12 silicon atoms in the ring have been isolated and

studied (Bibl.L15).

Various dialkyl-(diaryl)-dichlorosilanes, on hydrolysis with water (without)

neutralization of the HCl liberated),
Table 86

yield the low-molecular cyclical poly-
Yield of Cyclic Polsiloxanes on

siloxanes indicated in Table 86.
Hydrolysis of Various Diorgano-

It will be seen from the data pre-
dichlorosilanes

sented that, on hydrolysis in an acidI )
b) medium, low-molecular cyclic polyorgano-

d) "I e) siloxanes are mainly formed. We may

(CHs)S1C1 57 I l it. 3 to 9 point out that with increasing acidity

C.K.CHOSICIS 90 3 . 4,5dW6
(c )SICIa, 62 3 4 of the medium the yield of low-molecular

CeHCHsSiCIg 76 31 cyclic compounds increases (Bibl.33)
4HCKS1CI, 77.5 3 4

a)Alkylbhlorosilane foruulai b) Yield of Thus, for example, when dimethyldichlo-
cyclic polysiloxanes; ) umber of Si Atom;
d) n pr iop. oIm ud; e)in split-off rosilane is hydrolyed, not by water

but by 61 H01, the yield of cyclic products increases from 57 to 7W.

As already pointed out, the presence of an inert solvent exsart a great influ-

ence on the course of the process of coMplete ydrolysis. Thus, when water acts on

a solution of daetbyldichlorouilane in 3 to 2 parts by volume of ether, the yield

of cyclic low-molecular polyners Increases to 97-98%. Obviously, in the presence

of an inert solvent, the individual molecules are further apart, so that the proba-

bility of effective collisions between them, and of the reaction of intermolecular

condensation, diminishes. There is, accordingly, a considerable increase in the
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probability of the competing reaction of intramolecular dehydration and formation

of a monomeric dialkylsiloxane, which imediately polymerizes, mainly yielding a

mixture of cyclic polydialkylsiloxanes of low molecular weight.

In this way, the proposed mechanism of the reaction on hydrolysis in an excess

of water allows explanation of the experimental data indicating the formation of

considerable quantities of low-molecular polydialkylcyclosiloxanes in acid medium,

and also in the presence of inert solvents.

A combined condensation-polymerization process of conversion of organohydrox-

silanes into polyorganosiloxanes takes place not only in bifunctional systems, but

also in systems with a higher functionality (cohydrolysis of R2SiX.2 and R'Six). As

in bifunctional systems, here, too, according to the conditions, the.process may

proceed either in the direction of stepwise hydrolysis and condensation, forming

high-molecular polymers of cross-linked structure, or in the direction of the forma-

tion of cross-linked rings of lower molecular weight.

The process of formation of cross-linked polymers is extremely complicated, so

that no works devoted to the investigation of the reaction conditions of hydrolysis

and their influence on the structure of the polymer have yet been published in the

literature. It may, however, be said without doubt that the questions of the block-

ing of reactive groups by metallic ions or by alko.V groups are of no less impor-

tance for the trifunction _ compounds than for bifunctional ones, and that the prop-

erties of the hydrolysis product depend to an even greater extent on the acidity of

the medium, and, in particular, on the presence of higher alcohols during the pro-

cess of hydrolysis.

If the condensation of the hydrolysis product is conducted by heating it and

simultaneously blowing air through it, the process of formation of polyorganosilox-

anes may be still further complicated by the additional reaction of oxidation of

the organic radical, followed by formation of a siloxane bridge, cross-linking the

molecular chains:
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-RtiO-SiR-O-SiRr.- -Rt~O-SiR-OSiR.-

IR 0)

RoSiO--R-SiRr- -RSiO-iRO-SiR,-

and also by the liberation of the oxidation products of the radical (aldehydes, wa-

ter, CO2 and H2). Reactions of this type are of great importance in the process of

preparing resins, and may ultimately lead to the formation of infusible and insolu-

ble products. For the polymethylsiloxanes, the by-products of the reaction are for-

maldehyde, CO and H2, for polyethylsiloxanes, acetaldehyde, etc.

Polyorganosiloxanes may contain the same or different radicals attached to a

single silicon atom:

R R R R R R I R R
I I I I I I

Such polymers are prepared by hydrolysis of bifunctional compounds with the same

radicals attached to a single silicon atom, in the former case, and with different

radicale so attached in the latter.

Cohdrolysis may yield polymers with different radicals attached to different

silicon atoms.

R R' R R'

R R,

By the .cohydrolrsis of several organochlorosilanes with different radicals, pole-

mers with an even more complex combination of uits in the chain may be prepared.

In spite of the complexity of the process, and of certain peculiarities in the

formation of polyorganosiloxane resins and elastomers, the similarity between their
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structure and that of organic polymers and silicates must be noted.

Not only linear polymers, but cyclic and space polymers as well, have a certain

similarity of structure to the polyorganosiloxanes and silicates (cf.Figs.35,36,37).

Figure 35 shows models of linear molecules or organic polymers (paraffin, poly-

ethylene), polyorganosiloxanes (liquids, elastomers, and thermoplastic resins) and

silicates (water glass).

Figure 36 shows models of molecules of cyclic structure: polycyclohexane, poly-

organosiloxane (liquids and resins), and siloxane (quartz).

Figure 37 shows models of molecules possessing a spatial structure: organic

space polymers, thermoreactive polyorganosiloxanes, and siloxanes.

It must, however, be pointed out that the analogy between these forms of poly-

mers is confined to the similarity in the arrangement of the atoms in the molecule

alone. While in the silicates the silicon atom is located at the center of a tetra-

hedron whose vertices are occupied by oxygen atoms, in the polyorganosiloxanes or-

ganic radicals occupy one or two vertices of the tetrahedron, which makes deforma-

tion of the tetrahedron possible and gives flexibility to the molecule as a whole.

One of the most Important properties of polyorganosiloxanes, their low viscosi-

ty-temperature dependence, may be explained by the absence of hydrogen bonds between

the molecular chains (Bibl.46), as well as by the free rotation of the structural

units about the siloxane bond (Bibl.a7). Both these circumstances prevent the crea-

tion of "tight packing" of the molecules, and are responsible for the low degree of

interaction between the molecules.

Free rotation of the structural units (CH3 ) 2 3i-O has been established by X-ray

study of so rigid a molecule as octamethyldicyclopentasiloxane:

(CHl)ISi-O /O-Si(CH,),

(Cj / \ '
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The following data were found for this molecule,. angle between the ring planes

200; Si - 0 distance, 1.64 1 (against 1.83 X in the silicates). The Si - C distance

is equal to the aum of the covalent radii (1.90 X).

2 24 2

M N

S )

0- Si 0-C 0-H 0-Si e-C
o- a) N- b) o- a) .- H O-S * O-C0- A) 9-H

Fig.35 - Structure of Fig.36 - Structure of Fig.37 - Structure of

Linear Molecules of Cyclic Molecules of Spatial Molecules of

Polymers: Polymers: Polymers:

1 - Polyethylene: 1 - PoJycyclohexanes; 1 - Organic Space Polymers;

2 - Polydimethylsiloxane 2 - Polyorganocyclo- 2 - Polyorganosiloxanes;

3 - Polydisodiumo.siloxane siloxanes; 3 - Siloxanes 3 - Siloxanes (quartz)

a) Owgen; b) Metal

Physical Properties of Orzanosilicon Poljners

Organosilicon polymers have a low viscosity-temperature coefficient, and their

elastic properties vary little with temperature. Thus, for instance, the variation

in the viscosity of liquid linear polyorganosiloxanes is 1/50 the variation in the
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viscosity of petroleum oils.

The modulus of elasticity in a polydimethylsiloxane elastomer varies by a fac-

tor of 1.8 over the temperature range 0-8OC, while that of natural rubber varies by

a factor of 100 over the range 25-64 0 C.

Liquid polydimethylsiloxanes of viscosity from 0.65 to 1000 centistokes are

compressed by 7.3-10% under a pressure of 1000 kg/cm2 , while hydrocarbons (for in-

stance, dodecane) are compressed by 6.02%.

The unusual properties of linear polyorganosiloxanes are related to their chem-

ical structure, and to the form and volume of the molecule. The fact that the volume

of the silicon atom is greater than that of the carbon atom makes the organic groups

attached to it more mobile and gives flexdbility to the molecular chain of the

polymer.

On replacement of the ozygen in organosiloxanes by other atoms or groups, the

forces acting within the molecule are modified, leading to the production of com-

pounds with different physical properties. This will be clear from Table 87.

Table 87

Relation between the Physical Properties of Polymers of the Type

(CH 3) 3Si-A-Si(CH3) 3 on their Composition and Structure

--0-- 00 -67 0.65 2115
-NH- 114 13 - -

126
-- CH,- 134 -70 0,89 2640
--3 - 166 - --

/- 240(,qpavm.) -48 -- -

/'- -- 240( , ) -26 2,.5 3530

/-\ 240( * ) -72 - -
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The structure of the molecular chair, also affects other properties. Thus, for

instance, polymethylsiloxanes and polydimethlmethleneeilanes of molecular weight

1200 have a surface tension of 20.2 and 26.0 dynes/cm,, respectively, at 250 C. Their

electrical properties also differ (Bibl.14). This will be seen from Table 88.

The side groups affect the properties of a polymer. Table 89 gives the proper-

ties of a linear decamethyltetrasiloxane and its ethyl and chloromethyl analogs

(Bibl.14).

The intermolecular forces, determined from the variation in the swelling of

various polymers, and expressed in the form of density of cohesion energy, are as

follows:

Density of cohesion

energy, cal/cm3

Polydlmethylsiloxane elastomer 54

Polyisobutylene 60

Polyethylene 62

Natural rubber 64

Polystyrene 80

Buns No. 88 90

PolyvizWlchloride 90

A study of the campression of films of polydimethylsiloxane polymers on water

(Bibl.49) has shown that the o3gen atom attached to a silicon atom orients itself

toward the water. Calculations show the ilme of the structural unit (CH3 ) 2 i0,

taken arbitrarily as a parallelepiped, (Bibl.50), in 132 1. The thickness of the

film is 5.0 A, and the area of the base of the structural unit is 22.9 1. On com-

pression, the film thickens to 12.7 A. These data allow the hypothesis that the

molecules of polydimethylsiloxanes have the shape of spirals, each turn of which

consists of six structural units, and that the axis of the spiral is parallel to

the plane of the water.
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Table 88

Electrical Properties of Polydimethylsiloxanes and

Polydimethylmethylenesilanes (Bibl.44)

Nimt0| plymr O~l. i 1I Tanqenr at diotetric less anqle

Name oj poymer Constant 2 6 I
a at I0 cycles I at 10yles at 10 cycles

Polydimethyluiloxanes 2,75 0,0006 0,0003 0,0007
Polydimethylmethylenesi anes 2,49 0,00065 0,01205 -

Table 89

Physical Properties of Polymers of Various Structures (Bibl.48)

Stwuve W"6eshy at Activation Tnae Yhj'.

SS-c Ueeqy oj
is Cetiaoehe | viafcus lew Fc

(CHs)*SiIOSi(CHs)161(CHs)s 1,53 2510 -76
(CH*)sI-jOSi(CH,)$jOSi(CHs)t 2,35 2500 -120

(CH&)sSi-SiCH*),IJSi(CHg), 3.5 3120 -- 94

~C H,CI

(CH,),Si- k- ' I i(CHO) 30 32956 -77

Studies of polyorganosiloxane films in water, and of mono-layers of polyorgano-

siloxanes on glass and ceramics, have made it possible to establish that the polymer

molecules are so arranged that the oxygen of the siloxane group is directed toward

the glass, while the hydrocarbon radicals are oriented in the opposite direction.

This explains the high marginal angle of wetting (Bibl.51) of such a surface by

water (90-110° ).

The orientation in cellulose fibers is probably similar (Bibl.52).

The surface tension of polyorganosiloxanes at thin air and water interfaces

has been measured, and on this basis the energy of adhesion to water has been cal-
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culated. Polyorganosiloxanes have an energy of adhesion to water that is close to

that of the hydrocarbons (on3y 15% greater than that nf +he hydrocarbons), and they

are therefore not very strongly adsorbed on a water surface. The energy of adhesion

has a maximum when the poldimethylsiloxane molecule is completely adsorbed by the

water and its long axis is parallel to the surface of the water. It has a minimu

when some of the Si and 0 atoms of the molecule are no longer adsorbed by the water.

The adsorption of polydimethylsiloxanes by water is explained by the polar na-

ture of the Si-O bond.

A very important peculiarity of polyoethylsiloxane molecules is their ability,

in mono-layers, to coil into spirals and again to uncoil. This phenomenon may serve

as a basis for explaining the low viscosity-temperature coefficient of polyorgano-

siloxanes, which is explained by the opposing action of two factors:

1) the decrease in viscosity with increasing temperature, owing to the increas-

ing intermolecular distances;

2) the increase of viscosity with increasing temperature, owing to the length-

ening of the spiral polyorganosiloxane molecule.

The former effect is observed in all liquids, while the latter is manifested

only in long, chainlike molecules, free from steroic hindrances to coiling.

The methyl-substituted polysiloxanes have a greater tendency to coil than all

other substituted polysiloxanes. The ethyl derivatives have this property to a less-

er degree.

The high viscosity of the organosiloxanes is connected with the tendency of

their molecules to coil into spirals, owing to the relatively large size of the sil-

icon at=, as a result of which the free rotation of the chains and substituent

groups is facilitated. The absence of this capability in the hydrocarbons is ex-

plained by the small size of the carbon atom by comparison with the silicon atom.

The thermal stability of the polvorganosiloxanes and their resistance to oxi-

dation depends to a considerable extent on the organic radical. The presence of the
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phenyl group increases the thermal stability of the polymer at high temperatures

and to the action of atmospheric oxygen. This will be seen from Table 90, which

wives the thermal stability of polydimethilsiloxane and polyphenylmethylsiloxane.

Table 90

Behavior of Polydimethylsiloxanes and Polyphenylmethylsiloxanes

on Heating

Pufati. O Tempmt
Name of polymer oexidlatt" WC HCOOH HCHO

I i hra I !

Polydimethylsilozme 168 200 1724 225 36
Polyphenylmethylxsilezme 168 200

168 225 3

168 250 14
168 275 42
24 300 Is

Spectral studies in the infrared region show that only the metbyl groups are

oxddized (Bibl.53).

To explain the properties of the polyorganosiloxanes, an analogy may be drawn

between their structure and that of quarts or silicates. While in the chain-for

mstasilicates we have the fibrous structure of asbestos, the low viscosity-tempera-

ture coefficient in organosiloxane polymers is explained by the very wall inter-

molecular forces by which the interaction between the molecular chains is effected.

In silicates, owing to the cross-linking, we observe the laminar structure of mica;

while the polyorganosiloxanes of analogous structure constitute disordered systems,

resins.

In the molecular chains of mica, feldspars and glasses, the silicon is partly

replaced by alunium, titanitum, and other metals, and in glasses, frequently by

boron, phosphorus, etc., as well. It is well known that the quality of glass depends

on th6 o4ements of which its molecule is composed.

In one of my papers (Bibl.5) I pointed out, for the first time, the possibil-
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ity of the synthetic introduction of other elements, such as titanium, aluminum, mag-

nesium, boron, etc. into the molecular chain of the polyorganosiloxanes. In this case

polymeric compounds are obtained with molecular chains - Si - 0 - M - 0 - Si - 0 -

where M is the metal Al, Ti, Mg, B, etce.

This new class of polymeric compounds, termed organosilicates" or polyorgano-

metallosiloxanes, is of great theoretical interest.

The partial substitution of silicon in organosiloxanes by its analog germanium

is theoretically interesting. But it will be possible only when we succeed in bring-

ing an alklchlorogermanium into the reaction of cohydrolysis with organochloro-

silanes. The silicon in the polymer chain may be partially replaced by boron, but in

this connection it must be borne in mind that in boron the fourth coordination bond,

to which another substituent can be attached, is free. Boron forms a bond with groups

ienabie to hydrolysis.

A substance has recently been prepared which was isolated in the form of an

iLtermedia e compound on preparation of polydimethylailoxane, in the presence of BF3

as a polymerization catalyst. This new cotpound was also formed from trimetbyleth-

oxysilane under the action of boric acid in the presence of an acid esterification

catalyvt (p-toluenesulfonic acid). It boils at 90PC and has the following structure

(Bibl.55):

It was found subsequently that pherlboric acid and a solution of trimethyl-

bromosilane in heptane at 960 C form pherlbroxide; the water split off during this

intrmolscular condensation then acts on nore triethylbromosilane, forming triethyl-

silanol and HBr. At 140C, in addition, a wall quantity of a viscous colorless oil

containing boron is also formed. The following structure is attributed to it

(Bibl.56):
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The introduction of metals into polymers prepared from eaters of orthosilicic

acid has also been described, but their composition has not yet been established

(Bibl.57).

Interesting observations have been mde in a study of the effect of ferric chlo-

ride on dimethylsiloxane polymers under action of ultraviolet rays. It was found

that under the action of ultraviolet Light and ferric chloride (Bibl.58)

I I
the - Si - 0 - Sl - bond is broken.

I I
It has been established that ferric chloride, like sulfuric acid and its salts,

breaks down cyclic polyorganosiloxanes and converts them into linear ones. Ferric

chloride may therefore be used as a catalyst encouraging the conversion of cyclic

polymers into linear polymers and the fotation of cross-linked polyorganosiloxanes

(Bibl.59).

Cobalt, manganese, zinc, lead, calcimm siccatives and others have been described

as catalysts for hardening the polyorganosiloxanes (Bibl.60).

Zgolmeric Organosilicon Liguids

Organosilicon polymeric products may be obtained in the form of liquids trans-

parent as water; they are chemically inert and resist heat and oxidation (Bibl.61).

Liquid polyorganosilomanes consist of molecules of either linear or cyclic

structure. On hydrol sis of a mixture of dlalkyldichlorosilanes and trialkylchloro-

silanes, followed by condensation of the kdrolysis products, linear polymers are

formed:
R - R -, R

-RSi(OH)t + 2RsSiOH R 1- R K i-]-O"i-R + (z + I)H*O
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The value of x, that is, the degree of polymerization of the product, depends on

the condensation conditions and on the proportions of the reagents. An increase in

the quantity of trialkylsilanol in the reaction leads to a decrease in the value of

x, since a trialkyL.L slanol encourages the breaking off of the molecular chains. At

the molar ratio of 5:2 between dialkilsilanol and trialkylsilanol, x - 5; at the

ratio of 10:2, x - 10, etc.

In an acid medium, cyclic polymers are mainly formed, according to the reaction:

R,

3Rgs,(o, ---. I~l1R +31itO
00

The number of silicon atom in the rings may vary, depending on the reaction

conditions. The cyclic polyorganosiloxane$ entering into the composition of the liq-

uid polymers may have 10 silicon atoms or more in the ring.

Liquid poysiloxanes may also be prepared by hydrolysis of the dialkyl- and

trialkyl-substituted esters of orthosilicic acid. When the hydrolysis is run with

insufficient water in the absence of an acid, liquid polymers containing alkoxy

groups are obtained. The reaction of formation of liquid polymers under these condi-

tions may be represented in the following general form: (Bibl.62):

r - x
.lv,Si(0R'), - j 1iO - R'OSi- -1- -0- -- OR + R'OfI

In this case the quantity of water is the factor controlling the growth of the mol-

ecular chains.

Polysiloxane liquids are odorless. Their viscosities, boiling points, and

freezing points vary within wide limits. These properties, and their other physical
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properties, depend on the degree or condensation and on the size of the organic rad-

ical entering into the composition of the polymer molecule.

Polmetbhylsiloxane Liuids

On hydrolysis of a mixture of dimethyldichlorosilane and trimethylchlorosilane,

liquid products that readily distill under reduced pressure are obtained. They are

colorless liquids with low boiling points, insoluble in water and aliphatic alcohols,

but soluble in aromatic hydrocarbons,

I dichloroethane, an ethanol-benzene mix-

-- ture, etc. They are chemically inert and

b) -do not dissolve natural or synthetic

.! 1rubbers, plastics, etc. Polymethylsilox-

NA' E M N AT N WWWWAWN ane liquids not containing ethoxy groups

are prepared from a mixture of dimethyl-
Fig.38 - Relation between Dielectric diethwysilane and methltrietho~'silne
Constant of PoIlydimethylsiloxanes of by pouring a mixture of 0.9 mol of di-
Various Degrees of Polymeriation and metyldiethozysilane and 0.1 tool of
the Teaperature methyltriethoxysilane into half its vol-

Degree of polymerisation: 1 - polymer- ime of 2N HCl at a temperature not over

iation 0; 2-1; -2; 4-3; 5-4; 6-5; 45oC. The product, after hydrolysis, has

7-6; 8-24; 9-48; 10-151; 1-polymer-
a low viscosity, but after carbon dioxide

Isation 356
gas is blown through it, and it has been

a) Tuemperature, OC; b) Dielectric
boiled with conc. alcoholic HCI, its

constant at 1000 cycles viscosity rises. If not over 10 % of

methqltriethoygilane is taken for the hydrolysis, the gelation of the hydrolysis

product will not take place on heating to 100°C for 600 hours. The freezing point of

the product is - 840C.

A nuber of liquid polymethrlsileane polymers have been prepared. Table 91

give, their properties.
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Table 91

Properties of Polymethylsiloxane Liquids

YWsii'ly 11reze Pejit ulinq %hlot Flash PWnt Osp. y o
A4~ 11C C C At95' Wk ¢at~selm C " °C(Kx I000)

o,65 -58 99.5 --1,11 0,761 1,598
1,0 -38 152 37,8 0,818 1 ,451
1,5 -76 192 71,1 0,852 1,312
2,0 --84 230 90,6 0,871 1,247
3,0 -70 70-100 (0,5 m) 107,2 0,896 1,170
5.0 -70 120-160 (0,5 mm) 132,2 0,918 1.095
10 -67 200 (0,5 ,e,) 176,7 0,940 1,035
20 -60 220 (0, m) 271,7 0,950 1,025

M0 -55 250 (0,5 mm) 232,2 0,955 1,000

The pbysical and electrical properties of these polymers have been studied. The

dielectric constant has been determined for a nuber of linear polymers containing

24, 48, 151 and 356 silicon atoms in the ahain. These determinations have shown that

the dielectric constant at 1000 cycles ranges from 2.0 to 2.8 (depending on the mo-

lecular weight and the test teperature. When the temperature is raised from 250C

to 150C, the dielectric constant decreases (Fig.38).

Figure 39 shows the dependence of the specific gravity of polydiaethylsiloxanes

on the degree of polymerisation and on the temperature. The specific gravity of all

polydimetkllsiloxanes in less than 1, and decreases regularly with increasing tem-

perature from 250 C to 1500 C.

The dielectric constants and the densities approach a constant quantity as the

number of silicon atoms in the polymer molecule increases.

Figure 40 gives the relation between the dielectric constant of polymethyl-

siloxane liquids and their viscosity, while their content of volatiles is shown in

Fig.-4l (determined by heating at 200°C for 46 hours).

A definite relation edsts between specific gravity and dielectric constant

(Bible63). With increasing number of silicon atoms in the polymer molecule, both

these characteristics at first increase, and then approach a limit, after which
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they reain almost unchanged with further increase in the rnumber of silicon atoms

in the molecule.

The temperature-dependence of the specific volume of polydimethylsiloxane 11

Fig.39 ~ ~ ~ ~ ~ ~ ~ ~ ~~21 7-0 .eedc of th Spcii .i4 .eedneoteDeeti

a)3 - epeatence b)t Specifi gravitypneneofte ileti

Gruid. derese regulartbly with insg Cieofstat mf olculebth i liane iq

lie pTemperte adecreegrn spcfc uois grater Vincotely a opu

than inthe cyc iaIn bouevle a) spcfc oiye of a5C leinarokep; i

greater;a 2tat of a cyclicer 4-ipen b Dot igteseti constan of 2iliC ats

qidis orseeul with inraincrig miss of tholclee differlenc beheen thican

specific volume of cyclic and linear compounds lessens.

Figure 42 shown the temperature variation In the volsm of polymt!ylsiloxne

liquids of different viscosities. The viscosity of polydinetktlsilozanes depends on

temperature: there is a linear relation between the logarithm of the viscosity and

the reciprocal of the absolute temerature. This linear relation shmws that the
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polydimethylsiloxanes are Onormal" liquids with a very low degree of association.

In linear polydimethylsiloxanes the association is greater thai, it is in the cyclic

4O 1 - 1-U I I 1l .0I N 1~V. 50 o 'l'-dt0 040 0 ,IF I.A1

a)b)

Fig.4l - Relation between the Volatile Fig.42 - Relation between Tenperature-

Content of Po1~di~nehylsiloxane iq- volume Variation in Polymthylsiloxane

uids and their Viscosity Liquids and the Viscosity of the Polymer

a) Viscosity, centistokes; 1-Liquid of viscosity 0.65 centistoke;

b) Content of volatile portion, % 2-3 centistokes; 3-50 centiatokes; 4-

From 100 to 1000 centistokes
a) TemperatureC b) Relative varia-

tion in volume

compounds. This is confirmed by measurements of viscosities, molar and specific vol-

The temperature dependence of the viscosity of po2thmethylsilowae liquids and

of petroleum oils is shown in Fig.43.

Pol)imethlsiloxane liquids are considerably less volatile, have higher flash

points, and are more resistant to oidation, than petroleum oils of the same vis-

aosity. They freeze at lower temperatures.

Polusthlsiloxane iquids with the required characteristics are prepared by

separating narrow cuts of product by fractional distillation, and selecting the

fraction of the desired viscosity. On hydrolsis of dimethyldichlorosilane and tri-

methylchlorosilane, hexmethldisiloxane and cyclic coreounds, trimer, tetraer,
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pentamer, etc., are always formed besides the linear polymers.

A convenient method of preparing liquid polymers wit., linear molecules is the

rearrangement of polydimethylsiloxanes

oooM by the action of sulfuric acid in the

presence of hexamethyldisiloxane. For

2W this purpose, the product of hydrolysis

30 of dimethyldichlorosiloxane in an acid

medium, for instance octamethylcyclo-

tetrasiloxane, is mixed in proper pro-

portions with hexamethyldisiloxane (cal-

culated for the formation of a chain of

the required average length), and about0,70

ON4 by volume of conc. sulfuric acid is
fa .....

added to the mixture. The average chain

-34 X7 a5 0 / , m length is determined very exactly by the
a)

proportions of the reagents (of the cy-
Fig .,3 - Temperature-dependence of

clic polymer and the hexamethyldisilox-

the Viscosity of Various Polymethyl- ane). The mixture is shaken at room tem-

siloxane Liquids (The Figures on the
perature until equilibrium is establish-

Curves Indicate the Initial Viscos-
ed (when constant viscosity is attained).

ities at 20°C).
After equilibrium has been reached, 20%

a) Temnperature,°C; b) Viscosity,

by volume of water is added, and the
centistokes; c) Petroleum oil; d)

shaking is continued for several hours.
Petroleum oil for hydraulic system

An oil is formed during the hydrolysis

of the sulfuric acid groups. The acid is removed, and the oil is neutralized and

dried. Under the proper pressure, the volatile products can easily be distilled off

from the equilibrium mixture. This makes the remaining polymers still more uniform.

The properties of linear polymers with 2 to 11 silicon atoms in the molecule have

F-riS-9191/V 751



been studied, showing a linear relation between the logarithm of the vapor pressure

and the reciprocal ,f the absolute temperature. The logarithm of the vapor pressure

also has a lBnear relaticn to the number of silicon atoms in the polymer; and the

vapor pressure of linear polymers is lower than that of cyclic polymers with the

same number of silicon atoms. The latent heat of evaporation is in linear relation

to the number of silicon atoms in the polymer. It is smaller in cyclic polymers than

in the corresponding linear compounds, and this difference increases with the number

of silicon atoms in the polymer.

The heat of evaporation of linear polvdimethylsiloxanes is determined by the

empirical formula:

4t1 ,1 0OF 4,70 + 1,65x

where x - number of silicon atoms in the chain.

The heat of evaporation of cyclical polymers is calculated by the formula:

AH/'/,C .5,45 + 1,3.5x

where x is the number of R 2SiO structural units.

At the same temperature, a linear polymer has a lower vapor pressure than the

corresponding cyclic polymer.

It has been found that the logarithm of the absolute viscosity is a linear

function of the logarithm of the number of units in the chain. The corresponding cy-

clic polymer always has a higher viscosity than the linear polymer, and its viscosity

varies more rapidly with the temperature.

Two experiments were performed to determine the relation between the composi-

tion of an equilibrium mixture of polydimethylsiloxanes and the conditions of its

preparation (in the absence of a solvent, and in its presence).

In the first experiment a mixture of 177 g of hexamethyldisiloxane and 323 g of
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octamethylcyclotetrasiloxane was treated with 5 ml. of conc. sulfuric acid and shaken

on a shaking machine for 21 days at room temperature (Bibl.614). The equilibrium state

was followed from the change in the viscosity of the solution. During the first 5

days, the viscosity increased from 1.01 to 2.5 centipoises, and thereafter remained

constant. After 21 days the mixture was washed with water to remove the acid, dried

over anhydrous sodium carbonate, and fractionated.

In the second experiment a mixture of 177 g of hexamethyldisiloxane, 323 g of

octamethylcyclotetrasilioxane, and 80O g of carbon tetrachloride was taken. To the

mixture 16 g of antimony pentachloride was added, after which it was shaken 23 days

on the shaking machine at 250C. In 8 days the viscosity of the mixture increased from

0.901. to 0.932 centipoises, thereafter remaining constant. After termination of the

experiment, the mixture was washed with water to remove the antimony pentachloride,

the CCIl was distilled off, and the residue was fractionated in a column.

When the carbon tetrachloride was distilled off, some of the hexamethyldisilox-

ane in the mixture was also volatilized. Special experiments showed that 6.6% of the

hexamethldisiloxane was so distilled with the CCl 4.

The starting mixture contained (by weight) 35% of hexamethyldisiloxane and

64.6% of octamethylcyclotetrasiloxane. The percentage compositions of the mixture

obtained after the action of sulfuric acid (Experiment 1) according to the above

technique, and of antimony pentachloride (Experiment 2) in CC 4 solution, were as

follows.
Yield,%

Experiment I Experiment 2
Linear polymers:

tetramr 0 0 0 0 . 0 0 0 0 0 0 0 0 9 0 0 h 9.7 10.5
pentamer 0 0 0 9 . 0 0 0 & 0 * 0 0 0 9 0 * 10.0 9.00

heptamer . . . . o . . . . . . . . . . . . 7.8 5.5
octamer. o 9 9 * * * o e o e 9 e 6.6 4.3

Cyclic polymers:
tetramr . 0 9 0 • 0 * .. . 3.1 21.3

pentaier . • . • . • • . • . • . . . . . . O.8 7.2

Cvclic hexa-, hepta- and octamers were found in small quantities.
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It is interesting to note that the data obtained by calculating the theoretical

composition of the mixture, based on the Flory method, were in agreement with the ob-

served values (with deviations not over 1.2% in either direction).

We now present a description of the method of calculating the composition of a

mixture of polydimethylsiloxanes in an equilibrium system (Bibl.6,). Notation used:

M - end groups (CH3 )3 SiO;

D - unit of chain (CH3 ) 2SiO;

x, y - number of units in orginal molecules

z - number by which the number of units in the molecules formed has varied;

r - molar concentration of cyclic polymers containing y units in the molecule.

The reaction between the linear polydimethlsiloxanes, leading to equilibrium,

may be described as follows:

MD2..2M + MDV.. 4M - LDMX+1-M + MADV,... 3.M

The equilibrium constant of this reactioi; may be expressed in terms of the con-

centrations of the components of the mixture, and does not depend on the values of

x, y and z.

A-- c1,+,. ,,_, . (1)

The experimental data are very close to the theoretical. Thus, the value of the

equilibrium constants of linear polymers for 15 equilibria studied deviates, in the

maximm case, otly by 0.32. In spite of the applicability of the Florv method to an

infinitely long chain, satisfactory correspondence between theoretical and experi-

mental data is also observed in this case.

For the reaction of conversion of a linear polymer into a mixture of a cyclic

and a linear poluer with shorter chains

F-TS-9191/V 754



ML~x+U_2M,:Dy + MD 2_2M

The equilibrium constant should depend on y, that is, on the number of units in the

ring. The equation of the equilibrium constant in this case will be of the following

form:

c- (2)

Since no cyclical trimer was found in the process of establishing equilibrium

or in the equilibrium system, it must be concluded that, for y<4, the equilibrium

constant K = 0.
y

For y - 4, 5, and 6, the equilibrium constant varies. On the basis of experi-

mental data, the curve of the relation between K and the value of y was plotted.y

'(3 -11.0(0,40)y fo,. y > 3 (3)

It should be noted that this equation holds only for the given system, and that

in any other case the values of the coefficients will be different.

Equation (1) should correspond to the relation

C=AP (4)

where A and P are constants for a given equilibrium system of po3methylsiloxanes.

If, now, we substitute the values of C and C in eq.(3), then we get:
y x+y

y .1-: 4: 0., , (5)

Cancelling out pX, we get

11, (0, TPS, for 4 (6)
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Since there are two (Coi3 )3Si groups in each linear polydimethylsiloxane, the

total molar concentration of these groups in the mixture of polymers in the equili-

brium state will be equal to :

, f . .,.(7)

The total molar concentration of the (CH3) 2 SiO groups will be made up of the

sm of these groups in the linear and cyclic polymers:

1) - E (8) ). ! r
x.-2 U-~4

Substituting the value of C for eq.) and of y from eq.(6), we obtain:
x

2AP'.
(I -P)

AP+ .14,0 x (O.40P)'-330(u,4UP)* (9)
Ofi )+ (I --o.4oP),

Knowing the total concentration of ths 1, and D units, A and P may now be cal-

culated, after which, by substituting the values so found in eqs.(4) and (6), the

concentration of any dimethylsiloxane polymer in an equilibrium system may be found.

Starting out from these equations, the degree of polymerization of the mixture

of polymers in a given equilibrium system may also be calculated. If the degree of

polymerization is defined as the ratio of the sum of the concentrations of all the

elementary units 11 and D to the sum of the concentrations of all cyclic and linear

polymers, then the following relation is obtained:

EXc., + wry
OP -2 p- 4

i C.. + Ir
x-2 ',--4
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Substituting the corresponding values in this equation, we get:

A(2P2 - PS) 44(0, 40P)4 - 33(0, 40P)s

OPIAPS II(0,40P)'

ZEerimental determination of the degree of condensation of the system coincided ex-

actly with the theoretically calculated value. The fact that no cyclical trimer was

found in investigating the equilibrium polydinethylsilozane system points to the ex-

istence of great stresses in the sizmembered. ring constructed of silicon and oiwgen

atoms. The silicon-ozygen angle in polj'dilethylcyclosilaxanes is 160+15 0 . Thus, in

the sixrembered ring, whose angle is almost 1090202, there are great stresses.

High stresses may originate in the rings of cyclic hydrocarbons owing to the

interference of substituent groups or hydrogen atoms. In the case of polysiloxane

rings, the substituent groups are further apart ancl interact less with each other.

When a trifunctional mnamr,, intbyltrichlorosilane (Dibl.65) is introduced in-

to the process of ookqdrolysis of dinetbyldicblorosilane with trimethylchlorosilane,

the silomn groups obtained are more or less branched (depending on the relative

nmbr of trifunctional units introduced). In this case each branch is closed by a

(CH 3) 3S group, which preserve the chemical stability of the l4iuid.

The branched polrmthsione are also subjiect to rearrangement under the

action of sulfuric acid. When this occurs, great changes in molecular size are ob-

served, and under appropriate pressure large quantities of light fractions are dis-

tilled off f. The viscosity-twqerature coefficient of the polymer so obtained does

not emeed 0.67 (for oils based on - joabcs 0.8-0.9)9 and the freezing point

sometimes goes as low an -W9C. The change, of physical properties in this case may

be explained mainly by the formation of cyclic macr lecules.

The slight change, of viscosity of a polysiloxane oil with the temperature may

be vividly illustrated by the following example: if a po:Ijmethylsiloxane oil and a
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standard hydrocarbon oil have the same viscosity at 1000 C, then, when both are

cooled to -350C, the viscosity of the former will increase 7 times, and that of the

latter 1800 times. The slight temperature variation of the viscosity of polymethyl-

siloxane oils makes them particularly advantageous for use as working liquids in

hydraulic system. They do not react with the ordinary metals, maintain their color

and do not oxidize at 200°C. They have satisfactory lubricating properties.

Polyethylsiloxane Liquids

When a mixture of diethyldichlorosilane and triethylchlorosilane is hydrolyzed

by water in an acid medium, as in the hydrolysis of the methylchlorosilanes, liquid

polymers with a wide boiling range are obtained. The quantity of the high-boiling

fractions depends on the conditions of hydrolysis, and increases with the ratio be-

tween the quantity of diethyldichlorosilane to that of triethylhlorosilane.

The liquids obtained by the hydrolysis of a mixture of diethyldiethoxysilane

and triethylethoxy silane boil over a wide range of temperatures.

Table 92 (of. p.759) give the principal physico-chemical properties of poly-

ethylsilozne liquids.

The liquids prepared from the ethyl-substituted esters of orthosilicic acid

have a higher viscosity than liquids boiling at the same temperature but prepared

from the ethylchlorosilanes. The existence of an ester value, due to the presence

of ethoxy groups, is characteristic for them.

The presence of ethoxy groups sharply affects the viscosity of the polymer. This

will be clearly seen from Fig.44, showing the viscosity-temperature dependence of

liquids with boiling points close together but prepared: some from ethylchloro-

silanes, others from ethyl-substituted esters of orthosilicic acid.

Studies of the dielectric properties of the liquids prepared from a mixture of

diethylsilanol and triethylsilanol have shown them to possess high volume resistiv-

ity, which, however, depends on the test temperature and the molecular weight of the

liquid (cf.Fig.45).
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Table 92

Properties of Polyothylsiloxane Liquids

Boiling Point, Specific Viscom- Refrac- Acid Freezing Flash Fire
Grvt ity tive Value Point,,OC Point,0 C Point,0 C

Graity Centi- Index,I{ jstokes nD

Liquids prepared from a mixture of diethyldichilorosilane and

triethyltrichorosilane

40 - 80 (8Srn 0.8327 1.020 1.4.471 2.95 Under -110 40 56

80 - 100 (8 -) 0.8661 2.00 1.4360 1.87 Under -110 78 100

100 - 150 (8 -) 0.9045 3.3 1.4375 1.59 Under -110 100 110

150 - 237 (8 mmu) 0.9835 10.2 1.4405 2.05 Under -11O 110 160

Over 237 (8 am) - - 1.4491 4.8. -4.0 208 255

Liquids prepared from a mixture of diethyldiethoxysilane and

triethyletho M ilan.

150 -200 (6m)I - 9.50 - 0.85 -109 125 145
200 -282 (8 m)[ - 87.43 -1.57 -94 153 214 _

An advantage of theme liquids is the fact that in them this dependence is con-

siderably loes pronounced than in purified transforimer oils, owing to the fact that

their viscosity-temperature coefficients are lower than in mineral oils.

Figure 46 shows the temperature-dependence of the tangent of the dielectric

loss angle at 50 cycles. The dielectric losses in the high temperature region very

strongly depend on the parity of the liquid.

Figure 47 shows the teamerture-dependence of the tangent of the dielectric

loss angle at various frequencies.

At temperatures above 00 C, the tangent of the dielectric loss angle and the

dielectric constant maintain constant values for each of these frequencies. At low
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temperatures, the tangen of dielectric loss angle begins to increase, and ap-

proaches a maximun, which indicates the existence of orientatiun losses. The axis-

J2

b)b)

4- -

4 . a -Wo 9 W

A)

Fig .441 - Temperature-dependence of Rel- Fig.45 - Temperature-dependence of

ative Viscosity of Polydiethylsiloxane the Vole Resistivity of Polyethyl-

Oils with Different Boiling Points: siloxane, Liquids:

1 - oil from ethylchlorosilanee (bp. 1 - liquid of b.p. 150-2io 0 C (S m);

lO00 C atle m)'- 2 -oil frometbyl- 2 -liquid of b.p. 200-2150C (8 mm)

chlorasilanes (bep. 150-20&0C at 1 ma) a) Temperature,0 C; b) Volume Resist-

3 - oil from ethyl-substituted eaters ivity, ohms/a

(b-p. 100-20 0C at 1 em); 4 - oil from

ethyl-substituted eters (bep. 150-

200C at 1 mm)

a) Temperature, 0C; b) Relative vi -e-

cosity

tene of orientation losses coels us to a ae that their appearance must be due

to contminations, either owing to polar ON or OR grou a raining in the composi-

tion of the molecule, or owing to the Si-O bond. At higher temperatures, at all

frequencies, only displacement losses,, not depending on the teperature, are ob-

served. No losses of conductivity up to 10C are manifested (Bibl.66).

Figure 48 shows the relation between the viscosity of poyorganosiuxane liq-
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uids and the average molecular weight.

As will be seen from the following data, liquid- polymers containing- a--arge-

0/ . . .. . . . . . .

b)

Fig.46 - Dependence of the Tangent of the Dielectric

Loss Angle of a Polydiethylsiloxane Liquid on: Pur-

ity and Test Temperature

1 - Liquid before purification; 2 - Liquid purified

by adseorbents

a) Temperature, °C; b) Tangent of dielectric lose angle

number of ethoxy groups have considerable dipole momnt*:

Dipole mamnt

1018

(c2n5 )8o3si4(oc2H5)2 .................... 2.60

(C2H 5)10 4 Si5 (OC2n5 )2 ................... 2.98

(c2H5)6o5 i6 (oc2H5 )8 .................... 3.28

(C2u5)5o± 5(oc0 5)7 .................... 3.50

(c2H5 ) 706Si 7 (oc2H5 )9 .................... 3.56
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0,0 I O\ I I I 

b))

Fig.47 - Temperature dependence and Fig. - Relation Between Viscosity of

Frequency dependence of Tangent of Various Polyal7silozane Liquids and

Dielectric Loss Angle of Polydiethyl- their Average Molecular Weight:

siloxane Liquid (Fraction of b.p. 1-ISI(CH,oj); - CHl(CH,)ojc..j;
a - CH4 -I(CH O, I(CHj)I:

150-200 0C, at 8 un): -- ;OICH,IOCO|C.H..

1 - 50 kilocycles; 2 - 100 kilocycles; a) Average molecular weight;

3 - 500 kilocycles; 4 - 1000 kilocycles b) Viscosity at 250 C, centistokes

a) Teiperature,0C; b) Tangent of

dielectric loss angle

Polyalkvlarrlailoxane Liguids

Poyalkylarylsiloxane liquids my be prepared by the tqdrolysis of pheuleth'l-

dichlorosilane, a phenylethldialkozysilane, or by co-bydrolysis of the correspond-

ing dialkyl- and diaryldiehloro- or dialko.silanes.

The kqdrolysis of phmnletbIdchlrosilane is conducted in two stages. In the

first stage it is slowly poured into a mixture of ethanol and water; the polymer so

obtained is an oil of viscosity not exoeeding 60 conistokes.

In the second stage, this oil is treated a few hours at 130-40°C with solid

caustic soda (the solar ratio of the caustic soda to the slicon is 1:25).

After the treatment, %who product is washed and dried. The viscosity of the

product is now 5000 contistokes.

Similar products are prepared by the hydrol"ysis of phenylastbyldichlorosilane;
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before treatment with 9a0H its viscosity is 332 centistokes, after treatment, 1100

centistokes.

Liquid copolymers have also been prepared by this method from the following

1.- 7 products: phenylmethydiethoyesilane +

smell SiCl ; phenylmethbydiethojsilane + di-

b) - 2 methyldiethoxsilane; phenyImethbydi-

1 4 chlorosiiane * phe nvldimethylchlorosil-

/ /o '00 /ooo 'ooot ane; phenylethyldichlorosilane + tetra-

ethoxysilane; ethyltrichiorosilane *
Fig.49 - Relation between the Viscos-

diethyldichlorosilane and dimethyldieth-
ity of Polysiloxane and Organic Lubri-

oxysilane.
cants and the Rotary Speed of a Fric- A copol ymer consistin of 4.0 aool

tional Connection: of po lyphenlet hylcyc losiloxane
1 - Mineral oil (initial viscosity

'.6,000 centistokes); 2 - Polymethyl- (C6 H5 CH 5sio)1 , 49 ol. of po2 C6HC2et0,l.
cyclosiloxane [(CH3 ) 2 3iO0J and 1 tool

siloxane (initial viscosity 12,500
of trimethylsilanol (CH.).,SiOH, is rec-

centistokes); 3 - Mineral oil (initial

cmended for use as a lubricant.
viscosity 2000 centistokes); 4 - Poly-

The viscosity of polyorganosiloxane
methylsiloxane (initial viscosity 1000

centistoke) liquids is considerably less depedent

on the rotary speed than that of organic
a) Rotary speed, rpm;

liquids.
b) Viscosity, poises

Figure 49 shows the relation be-

tween the viscosity of lubricants of organic and po]yorganosiloxane liquids and the

rotary speed of a frictional connection.

Polyorganosiloxane oils have very valuable properties. They are inert, remain

unchanged in the presence of oxygen and of the metals and plastics used in technol-

ogy. They, do not change color in the presence of atmospheric oxygen at temperatures

up to 250PC. In the absence of atmospheric oxygen, for instance, in a closed or
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evacuated space the oil does not change its color even at considerably higher temp-

eratures. The use of inhibitors increases the resistance of the oils to oxidation

by atmospheric oxygen. The polyorganosiloxane oils, when heated up to 150oC, show no

effect on copper, bronze, brass, aluminum, magnesium, iron, steel, tin, lead, cad-

mium or chromium. In turn, these metals do not act on the oils. The oils are rela-

tively inactive with respect to weak solutions of acids and alkalies, but they do

react with concentrated alkalies a.d acids. Owing to the combination of these prop-

erties, the polyorganosiloxane oils find widespread application as hydraulic fluids,

shock-absorber fluids, oils for vacuum pumps, as well as lubricating oils; and

greases, etc., are also manufactured from them (Bibl.66).

Polvorianogiloxane eosins

The composition and structure of the molecules from which organosilicon resinr

are prepared predetermine the characteristic features of their properties. Thus tht

heat-resisting qualities of organosilicon resins depend on the size and nature of

the organic radical (Bibl.67)° For example, po2jlmers containing aromatic radicals

have greater thermal stability than polymers containing aliphatic radicals. The ra-

tio between the nahber of organic radicals in a resin to the mbor of "lcon atoms,

the degree of po3ycondensation, and the structure of the polymer, all have a great

influence on the elasticity of the resin. An increase in the nmber of radicals in

the molecules of the starting organosilicon compounds (up to the ratio R/Si2) fa-

vors the production of resins having good elasticity.

The degree of condensation of the product and the structure of the polymer ob-

tained are of the greatest Importance. The elasticity of a linear polymer increases

with its average molecular weight. The ela tcity of linear polymers is higher than

that of space polymers, but if a linear polymer has a very small number of side

bonds to a large number of units in the chain, then the elasticity of the resin will

be sharply increased.

In the initial stage of condensation, resins are soluble in organic solvents.
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They are readily soluble in alcohols, in benzene, toluene, ethyl acetate, amyl ace-

tate, dichloroethane, and acetone, and in mixtures of these solvents. As the degree

of condensation of the products increases, their solubility in the alcohols dimin-

ishes, but their solubility in aromatic hydrocarbons and in mixtures of such hydro-

carbons with higher alcohols remains unaffected and is even somewhat improved.

The solubility of resins of the same degree of condensation increases with the

size of the organic radical. The degree of condensation and the polymeric structure

exert a great influence on the solubility of resins. As a rule, the solubility of

resins decreases with increasing degree of condensation. The solubility falls with

particular sharpness on the formation of polymers with a three-dimensional structure.

The oxidation of the higher polyalkylsiloxanes is considerably more rapid than.

that of the lower ones. The rate of cleavage of the alkyl groups from the uiloxane

chain by means of oxidation may be best measured by the time taken by the polymer to

crumble and disintegrate at a specified temperature. Polymethylsiloxane has a high

heat resistance at 20 0C, while polyamylsiloxane crumbles and disintegrates rela-

tively fast at this temperature. The benzyl radical, like the butyl and amyl radi-

cals, is cleaved from the silicon more readily than the methyl radical during oxida-

tion. The phenyl radical is very firmly bound to the silicon atom. Resins with mole-

cules containing the phenyl radical possess high thermal stability. They are oxi-

dised with considerably greater difficulty, and require more severe conditions to

detach the phenyl radical by oxidation.

The attachment of a second phenyl radical to a single silicon atom considerably

reduces the susceptibility of polydiphenylsiloxanes to the action of solvents. Poly-

phenylsiloxane resins are more brittle than polymthyl and poyethylsiloxane resins.

The polyphenylmethyliloxanes and polyphenylethylsiloxanes have the highest heat-

resisting power, and at the same time also have the highest elasticity. The products

of copolymerization of phenylsilanetriol and dimethylsilanediol or diethylsilanediol

have a higher elasticity than the products of cocondensation of phenylsilanetriol
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with diphenylsilanediol.

The polyorganosiloxane resins have a low sensitivity to the action of water;

their water resistance increases with the size of the organic radical entering the

composition of the resin molecule.

Pol.vmethylsiloxane Resins

The hydrolysis of a mixture of methyltrichlorosilane and dimethyldichlorosilane

by water leads to the formation of hydroxylcontaining products, which on heating are

converted into resins.

To obtain thermoreactive resins, the ratio between the number of methyl radi-

cals and the number of silicon atoms in the starting mixture must be less than 2.

Under this condition the polymers will have a network molecular structure. By vary-

ing the ratio between the methltrichlorosilane and the dimethyldichlorosilane taken

for the hydrolysis, the number of cross-linkages between the molecular chains may be

varied. This may be accomplished as well by oxidation of the condensation products

by air or peroxides (Bibl.68). In particular, polymethylsiloxane resins containing

three-dimensional molecules may be produced by the hydrolysis of dimethyldichloro-

silane, followed by oxidation with air in the presence of a catalyst, and in the pro-

cess of polycondensation the composition of the resin may be brought to the desired

R/Si ratio.

Polymers (resins) with a network structure may also be prepared by hydrolysis

of a mixture of dimethyldichlorosilane and methyltrichlorosilane or SiCl 4 , followed

by polycondensation of the hydrolysis products. In this case, the desired R/Si ratio

in the resin may be attained by selection of the proper quantities of the components

of the mixture, without using oxidation, since the cross-linked structure is obtained

on account of the structural units formed by methyltrichlorosilane, and not by oxi-

dation of part of the methyl groups, as in the first method.

The method of oxidation has the advantage over the method of cohydrolysis of

not requiring the use of solvents during the hydrolysis. The second method requires
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the hydrolysis to be conducted in the presence of solvents capable of dissolving

both the products of hydrolysis and the resin produced as a result of hydrolysis and

condensation. In the absence of solvents, and with a small amount of water, a high

concentration of HCl will be obtained, which leads to the coagulation of the resin.

Preparation of polymethylsiloxane resins (Bibl.69). 1. A mixture of 181 parts

by weight of butanol and 139 parts by weight of metylchlorosilanes is boiled 1.5

hours under a reflux condenser, until the evolution of HUl has ceased. After the mix-

ture has cooled, 325 parts of water are added to it, and it is heated 3 hours. The

oil so obtained is separated from the water layer. If the methylchlorosilane taken

for the hydrolysis contains very little trimethylchlorosilane (chlorine content

63.6%), then the resin formed from the oil so separated hardens in 3 hours at 190 0 C,

forming a flexible film that is heat-resisting at 2060 C.

2. A solution of 100 g of methylchlorosilanes in 70 g of toluene is poured dur-

ing a period of 5 min., with stirring, into a mixture of 200 g of ice, 70 g of water,

and 70 g of butanol. The stirring is continued for 10 min. more. The temperature

rises during the hydrolysis to 50 0 C. The hydrolysis product is then condensed or

used in the uncondensed form. The cohydrolysis of 5.5 mols of a dialkyldichloro-

silane with not more than 1.5 ols of SiCi may be conducted by the same mthod.

3. A mixture of 90 parts of dlmethyldiethoxysilane, 10 parts of methyltrieth-

oxysilane, and 100 parts of a mixture of ethanol and HC1 (in ratio 1:1), is heated h

hours in a flask with a reflux condenser. Then 10 parts of trimethylethoxysiloxane

is dropwise added, and the heating is continued for another hour. The product is

washed and the low-molecular substances are removed from it by distillation up to

230°C. The viscosity of the product so obtained is 45.5 centistokes at 25°C. Gela-

tion of the resin takes place on heating 256 hours at 200C. If the trimethyleth-

oxysilane is added to the mixture before hydrolysis, then the end-product will have

a viscosity of 21.9 centistokes, and gelation will occur on heating 63 hours at

20&C.
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Polymethylsiloxane products prepared from methbylchlorosilanes C(Ci3Si ratio 1.2;

1.3; 1.4 and 1.5) immediately after hydrolysis are colorless liquids of sp.gr. from

1.20 to 1.06. The time required for them to harden at 1000 C ranges from 2 to 24

hours.

The refractive index of the resin is in linear relation with its content of

methyl groups.

Resins with a, CH3/Si ratio less than 1.2 are tacky and sirupy liquids, which

harden at room temperature, or on moderate heating, into a solid brittle glassy mass.

At a CH 3/Si ratio over 1.7 (in the products to be hydrolyzed), oily products are ob-

tained, which are converted into soft gels after heating a few days or weeks at

2000C (Bib!.70).

All polmethylsiloxane resins have a high thermal stability and good resistance

i, oxidation. Specimens of polymerized resins, heated to 550C in vacua or to 500°C

a stream of hydrogen, are not disintegrated and do not fuse for a long time.

I:!ating the resins in air at 2000C causes no appreciable disintegration, while at

30O0C it leads to slow oxidation.

On the thermal decomposition of polymethylsiloxanes no carbonaceous residues

are formed (that is, there is no charring), which encourages their use for electri-

cal insulation under conditions where a corona discharge may occur, or in high ten-

sion fields.

Polymethylsiloxane resins have the following dielectric properties:

Dielectric constant

at 260 C 3.7

at 56 0 C 3.6

Tangent of dielectric loss angle at 60 cycle frequency

at 260C 0.008

at 5600 0.0045
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Polyethylsiloxane Resins

The polyethylsiloxane resins possess higher solubility, less hardness, and less

tendency to polymerization, than the polymethylsiloxane resins. To obtain hard, in-

fusible and insoluble polyethylsiloxane resins, the polymers must contain a smaller

number of ethyl radicals per silicon atom than there are methyl groups in the poly-

meth-lsiloxane resins. The optimum C2H5/Si ratio in the polyethylsiloxane resins

lies in the range from 0.5 to 1.5.

If this ratio is lower than 0.5, then the resin polymerizes rapidly, turning

into a glassy product that easily disintegrates at high temperatures. Such resins

have a highly branched, cross-linked structure, and become insoluble already at the

early stages of condensation, which makes their utilization difficult. The excessive

shrinkage, owing to the relatively large quantities of water liberated during the

course of the condensation, causes internal stresses making the mass of the resin

brittle and weak, and leads to its disintegration.

If the C2H5/Si ratio in the polymer is ovir 0.5, then such a polymer will have

a resinous appearance and will have little resemblance to brittle glass. With in-

creasing value of this ratio, the softness and elasticity of the polymer increase.

Polymers with a C2H5/Si ratio of 1 to 1.5 are plastic. They are more difficult

to convert into the hard state, requiring the use of catalysts. Polymers with two

ethyl radicals attached to a single silicon atom are typical elastomers.

The resins prepared from ethyl-substituted esters of orthosilicic acid and

ethylchlorosilanes have been studied in greater detail.

The relationship between the viscosity and molecular weight of the polydiethyl-

siloxanes has been established. For this purpose, polydiethylsiloxanes were sub-

jected to repeated fractionation under high vacuum or to repeated fractional disso-

lution and precipitation, resulting in fractions consisting of molecules of approxi-

mately the same degree of condensation.

The constant Km entering into the equation of viscosity has been determined
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for them.

i-- -= K .M

C H
12 5

This constant, for the -Si-0- unit of the chain (Bibl.75) in alcohol is1
C2H5

-4 5 1-41.45 x 10 ; in benzene it is 1.43 x 10.

Using this constant, the variation of the average values of the molecular

weight of polyethylsiloxanes was studied, both in the process of the reaction of

formation of low molecular products and in the process of formation of high molecu-

lar products.

The viscnsimetric determinations of the molecular weight of resins prepared

from diethyldiethoxyilane, after the action of 1, 1.5, 2, and 5 mols of water, show

that the average molecular weight as-a rule increases with the quantity of water

taken in the reaction. Figure 50 shows the relationship between the average molecu-

lar weight of polycondenation products obtained from diethyldietho.Vsiloxane and

the quantity of water taken for the hydrolysis.

It will be clear from Fig.50 that the average molecular weight of the polymer

after 10 hours of condensation is 3700. The conduct of the reaction for a longer

period leads to the formation of higher molecular products with an average molecular

weight of about 6000 (Fig.51).

The increase of the average molecular weight is slowed as the condensation

deepens. This will be seen from the slope of the curve. The slowing in the rise of

the average molecular weight on prolonged condensation is due to the decrease in

the nmmber of reacting particles, and to the decrease in the mobility in the mole-

cules owing to the increased viscosity of the polymer.

The relatively low average molecular weight of the above resins is explained

by the fact that they were prepared under conditions when, during the process of
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the reaction, the alcohols liberated on the hydrolysis of the ethoxy end groups were

not removed, but remained in the reaction medium. The action of aqueous alcohol on

diethyldiethoxysilane, with simultaneous removal of the alcohol formed during con-

densation, leads to the formation of products with considerably higher average mo-

lecular weight.

On fractionation of polydiethylsiloxane resin by dissolving it in various sol-

vents, followed by fractional precipitation, nonuniform fractions were obtained.

409

b)2z"" b) -zx I
Ma r! zzX72X 12 - 1

0 ~ 1 2 0* •' / Jn
22I IV VI**J XX4V

Fig.50 - Relation of the Molecular Fig.51 - Relation between Molecular

Weight of the Hydrolyzates of Diethyl- Weight and Time of Condensation

diethoxysilane to Time of Condensa- a) Time of condensation, hours;

tion, and to Quantity of Water Taken b) Molecular weight

for the Hydrolysis of 1 mol of di-
The difference in the solubility

ethyldiethoxysilane:
and other physical properties between

1 - 1 mol of water; 2 - 1.5 mols of
the individual members of the homolo-

water; 3 - 2 mols of water; 4 - mols
gous polymer series of polyethylsilox-

of water
aries is exceptionally small, and it de-

a) Time of condensation, hours;
creases with lengthening molecular

b) Kolecular weight
chain. This circumstance makes it prac-

tically.impossible to separate completely uniform individual polydiethylsiloxane

compounds. Thus, even after 28 precipitations of a resin (resin with average molec-

ular weight of 2628 and average degree of polycondensation 25), it was not possible
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to isolate an individual product. The separation of the resin into fractions was

performed by its fractional precipitation by petrolemn ether from a benzene solution.

Table 93 gives the results of the study of the fractions of a resinous product

of average molecular weight 2628.

Table 93

Characteristics of Fractions Obtained from a Resin of Molecular Weight 2628

yi.el I 1 P I hV I Avar -tE yea

rlkt Areve~nni .lr ¢edm t heaI IV y alu

____| 'A wse,, i v' s'ty i |'"' I y " ,, thJ)

Ofqinal lin 70 0, 1509 2628 1 2602 25 3,61 3.42 250(1
3 6 18 0.1012 1758 1 1742 17 5,29 3.16 1701

.'1 12 0.1155 1985 1. )1 19 4,35 4,52 2068
4 10 0,1545 2685 2663 2i 3.21 3.38 2803'
3, 8 0.1951 3371 3324 33 1 2,85 2.70 31541
2 10 0,2364 4009 4076 1(1 2.28 2.20 3941'
I 5 0,27', i 4802 4806 17 1,78 1.87 1'1

Table 9 gives the results of a study of the fractions of a resinous product

of average molecular weight 6282.

Table 9

Characteristics of Fractions Obtained from a Resin of Molecular Weight 6282

I o PAY.1,1 i4-

*mAa hs;,A 28 11.120 6282 6115 (i 1,58 1,42 58(KI
6 8 1),192 - 10105 94 0,92 0,89 9800
5 5 ),170 -- 8947 87 094 1,101 9574
4 4 (),151 - 7947 77 0,01 1,13 840
3 2 0,112 -- 5894 57 1,42 1,53
2 3 (1092 - 4842 47 1,98 1,86 46001
I 3 0,0944 -- 4431 43 2,14 2,03 420

It may be concluded from these experimental data that the resins prepared from

diethyldietho~qsilane consist mainly of a mixture of molecules of the following

type:
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,H. CH - CH,

I ! I I j

CS& CIHS C1 H

Consequently, when hydrolysis is conducted in a neutral medium, using an amount of

water close to the theoretical, practically no formation of cyclic polymers is ob-

served.

In studying the process of formation of resins from diethyldichlorosilane and

dietlsilanediol, the viscosimotrio method was also used to determine the average

molecular weight of the poimuer. The constant * - 1.45 x 10-4, determined previ-

ously for the products of hdrolysix and condensation of diethyldiethoxyuilane, was

used to calculate the molecular weight of the polymer formed. The resins exumined

were prepared from dietbyldichlorosilane by treating it with 3 mols of water at 850C,

and from diethylsilanediol by treating it 3 hours at 850C.

The molul3ar weight was determined both for the end product and during the

process of polycondensation of the resins

After 10 hours of condensation, the molecular weight of a resin from diethyl-

silanediol reaches 00W, and that of a resin from dietbyldichlorosilano 4650; fur-

ther condensation leads to the formation of product difficultly soluble in the usual

solvents.

By fractional dissolution of the resin prepared from diethylsilanediol, two

fractions could be separated (of. Table 95).

Table 95

Characteristics of Fractions of Resins Prepared from Diethylsilanediol

I W I n~a sdl. 1 jmmh.t aa -" j £e~ ig

Ort,', rosin 24.2 0, 157 5401 5387 52
hodg SN in, akeob. 12,4 0,132 4551 4341 44

?,udkms, b.ein e 8.1 , 6483 6278 64-71
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Here, as in the preparation of the products of hydrolysis and condensation of

diethyldiethoysilane, the values of the molecular weight determined viscosimetri-

cally and chemically are in good agreement. This indicates the linear structure of

the molecules entering into a composition of the resin.

Resins from Ethyltriethoxsilane

In studying the structure and molecular weight of the resins obtained from

ethyltriethoqsilane, the viscoslmetric and chemical methods were also used, but,

as was to be epected, the viscosimetric method gave less satisfactory results. This

is probably to be explained by the fart that the hydro3ysis of ethyltrietho.silane

leads to the formation of both branched and network molecules.

The determination of KM for the

J- 1 product of hydrolysis and condensation
*7X

- of ethyltriethoxysilane was performed on
W

S- '- saples prepared by the hydrolysis of

W ethyltriethoe oilane by small amounts of

I I V & water. The fractions were separated by

distillation in high vacuu (Bibl.71).
Fig.52 - Molecular Weight of Hdroly-

The small amnmts of water were taken
sates of Ethyltriethoxsilane vs. Tim

with the object of preventing the forms-

of Condensation and vs. Quantity of
tion of branched molecules.

Water taken for Hydro is of 1 mel of
The elementary unit of the polymer

Ettyltriethoxysilane:

1 - I mol of water; 2 - 19.5 ols of I
chain formed, -Si -0-, has the molecular

water; 3 - 2 mols of water; I

a) Time of condensation, how$rs;
weight of 1IS.

b) Molecular weight
For the products of hydrolysis and

condensation of ettyltriethoxysilane in bensnes, KM - 1.75 x 10"4, and in alcohol

K- 1.57x lCi.
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A viscosimetric study of the average molecular weight of the products obtained

on treatment of one gram-molecule of ethyltriethoxysilane with 1, 1.5, 2, and 3 mols

of water, shows that the molecular weight increases with the amount of water taken

in the reaction (Fig.52). The increase of the average molecular weight in unit time

decreases as the process of condensation deepens. It should be noted that, with in-

creasing quantity of water taken for the hydrolysis of ethyltriethoxysilane, the

value of the average molecular weight of the condensation product, determined vis-

cosimetrically, is somewhat lower than the average molecular weight of the resins

prepared from diethyldiethoxysilane under the same conditions, while the rate of hy-

drolysis for ethyltriethoxysilanes, as had been shown previously, is considerably

higher. This discrepancy is explained by the formation of branched molecules during

the hydrolysis and condensation of ethyltriethoxysilane.

Table 96 gives the characteristics of the fractions prepared from such resins.

Table 96

Characteristics of Fractions of Resin Obtained from Ethyltriethoxysilane

lis e. maq nwt "A. -We;,t
Pr~io ofman (d~t9Y# '(Joemio~ed Avmqe dyw

Original resin is 0,098 2128 200 17-18
Fraction soluble in 2 0,064 "1935 1783 16

petroleum ether
Fraction soluble in 48 0.110 2671 2035 22

bensene 6,5' 0152 3812 3127 32
Fraction sol.in

ethanol

The initial products of hydrolysis and condensation of ethyltriethoxsilane are

readily soluble in alcohol, benzene, alcohol-benzene mixtures, and toluene, but

their solubility decreases with increasing degree of condensation of the products.

On heating, they easily undergo further condensation, owing to the free hydroxyl

groups. They undergo further condensation with particular ease when the heating

takes place with access of air and moisture.
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A number of substances may be used as catalysts of the process of hardening the

resins. Such compounds include esters of boric acid, substituted orthoboratee, anti-

mony halides, metallic oxides, phosphorus halides and oxhalides, sulfuric acid, bo-

ron halides, amines, activated aluminum, and activated silica gel. The amount of

catalyst may range from 0.1 to 50% of the weight of the resins. When dimethylsilane-

diol is mixed with half the volume of ethyl borate and the mixture is heated to

1900 C, a hard polymer is formed in 10 minutes, while without ethylborate, a few

hours are necessary for the resin to harden. Liquid polymethylailoxane, mixed with

20) by volume of ethyl borate, hardens on heating to 1700 C for 30 minutes, while

without ethyl borate this product is hardened under similar conditions only in a

period of several days.

The use of the esters of boric acid as catalysts in preparing resins for elec-

trotechniial articles is recommended. The use of alkyl borates is recommended as

catalysts for the polymerization of alkylsilanols, and that of aryl borates for

arylsilanols.

The influence of the catalyst on the rate of hardening of polymethylailoxane

will be seen from the following data.

Temperature, CC Time of Hardening

Without Catalysts 175 15 Days

Antimony Pentachloride 15-20 Immediately

Sulfuric Acid 15-20 Immediately

Diethylamine 120 1 Hour

Polyorianosiloxane Resins Containing Hiher Organic Radicals

The hydrolyzates of propylchlorosilanes, butylchlorosilanes, amylchlorosilanes,

and hexylchlorosilanes, or of propyl, butyl, amyl, and hexyl-substituted esters of

orthosilicic acid in the initial stage, are colorless or yellow viscous liquids.

These liquids on heating form resins capable of conversion into infusible products.
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The ability of these resins to pass into the infusible state depends on the reac-

tion condition and on the R/Si ratio. With decreasing ratio between the number of

radicals and the number of silicon atoms, the rate of hardening of the resins in-

creases. The size of the organic radical has a substantial influence of the proper-

ties of the resins.

PolyalIWlsiloxanes of the type (RSiO1 ,5)x, which are formed by hydrolysis of

alkyltrichlorosilanes or mono-substituted esters of orthosilicic acids, are infusible

glassy polymers. Among them, the polypropylsiloxanes are insoluble. The polyamlsil-

oxane resins will be soluble in ether and benzene, if the hydrolysis was run with in-

sufficient water, and the hydrolyzates will contain linear polymers of the type

[RSi(OR)J n . On complete hydrolysis, stable polymers suitable for use as lacquers

are formed.

The heat-resisting properties of organosilicon resins are considerably better

than those of organic resins, and depend on the size of the organic radical. With

the growth of this radical, the heat resistance diminishes. With one and the same

radical, the heat resistance of the resin increases, according to Martens (Bibl.75)

with the Si/R ratio.

Polyarrlsiloxane Resins

On the hydrolysis of dipheryldichlorosilane. in contrast to the hydrolysis of

dimethyl- or diethyldichlorosilane, crystalline products are easily formed. The hy-

drolysis of diphenyldichlorosilane in cold water in the presence of a solvent leads

to the formation of diphenylsilanediol, which may be recrystallized and prepared in

the pure form with a melting point of l°C. If the crystals are dissolved in ether

and heated with a small amount of concentrated HCl, then hexaphenylcyclotrisiloxane,

I(C6 H5 ) 2 SiO]3, is formed in high yield.

If the diphenylsilanediol is dissolved in boiling alcohol and a few drops of

aqueous alkali are added to the solution so obtained, then, after cooling, crystals

of octaphenylcyclotetrasiloxane are thrown down, which are easily separated from
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the liquid. Evidently in the presence of powerful bases the tetramer is formed al-

most exclusively during the condensation of diphenylailanediol, while strong acids

condense this monomer only to the timer. If diphenyldichlorosilane is hydrolyzed

incompletely, for instance under the action of only a quarter of the amount of water

necessary for complete hydrolysis, then a number of dichloropolydiphe nylailoxanes

are formed; among them, dichlorotetraphenyldisiloxane and dichlorohexaphenyltrisil-

oxane have been isolated in the form of cryltalline substances. These substances,

being soluble in a rixture of alcohol and the hydrocarbon, are hydrolyzed very

slowly, and form the corresponding dihydroxypolydiphenylsiloxanes under the action

of cold water. As a result of the cohydrolysis of phenyldichlorosilane with di-

phenyldichlorosilane in an acid medium, oily liquids, or liquids containing a cer-

tain quantity of crystals, are formed. An elevated temperature during the hydrolysis

and a strongly acid medium favor the formation of oils with a high content of crys-

talline substances (cyclic phenylhydroxsiloxanes).

Oils not containing crystalline products or containing only a small amount of

them, are easily converted into resins on heating. Oils containing a large quantity

of crystals form waxy products on heating, possessing the sharp transition from the

solid to the liquid state, on melting, which is characteristic for waxes. Thus,

from phenyltrichlorosilane and diphenyldichlorosilane, according to the conditions

of the cohydrolysis and condensation reaction, either resins or waxy substances can

be obtained.

As stated above, when the initial products of hydrolysis and condensation of

alkylchlorosilanes are oxidized by air at 200-300°C, the organic radical is detach-

e d from the silicon atoms, forming aldehydes or acids. The polyarylsiloxanes do not

cleave the phenyl radical under such conditions, but when treated by treatment with

strong hydrochloric acid at 170-180Q it has been possible to cleave the aryl radi-

cals in the form of benzene, while aliphatic radicals are not cleaved by such treat-

ment.
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The heating of the initial products of hydrolysis and condensation leads to an

increase in their viscosity and to the formation of infusible and insoluble resins.

The condensation of arylsilanols can also be accelerated by using dehydrating

agents.

The polyphenylsiloxane waxes and resins have very high dielectric properties:

Wax Resin

Tangent of Dielectric Loss

Angle at 106 Cycles 0.0008 0.003

Dielectric Constant 2.6 3.1

The polyphenylsiloxane resins burn with a smoky flame forming carbon and SiO2

The phenyl radicals are not cleaved from the silicon by heating in air to 1000 C for

several hours. By chlorination of the aromatic nucleus in an arylchlorosilane, the

properties of the pol3phenylsiloxanes prepared from them may be sharply modified.

On the chlorination of phenyidichlorosilane in the presence of catalysts, one or

more chlorine atoms may be introduced into the phenyl radicals. The chlorophenrl-

trichlorosilane so obtained is then hydrolyzed, and the hydrolyzates are subjected

to condensation by heating. In this case hard resins are formed which melt at a

higher temperature than polyphenylsiloxanes, and have a higher resistance to fire.

When three chlorine atoms are introduced into the phenyl nucleus, the product com-

pletely loses its combustibility.

The chlorinated polyphealsiloxans resins possess a high resistance to oxida-

tion. They are soluble in chlorinated hydrocarbons and other organic solvents, but

their fusibility and solubility depends on the degree of condensation. These resins

have excellent electrical properties, and the dielectric losses in them amount to

only 3% at 20O°C. Polytrichloropherqlsiloxane has a resistivity P v - 109 ohms/cm.

The dielectric constant increases with the chlorine content of the polymer, reaching

3.5 at 250 C for poltrichlorophenylsiloxanes.

F-TS-9191/V79



The chlorophenylhlorosilanes after hydrolysis are easily condensed on heat-

ing (Bibl.72).

Method of DreDarinx Do2ychloroDhefloiloxane resins. Diphenydichlorosilane is

mixed with a catalyst (0.5% of iron powder or 0.1% of antimony pentachloride) and

is chlorinated at 70-120°C until the gain in weight of the chlorinated product cor-

responds to the introduction of 6 to 10 chlorine atoms into the molecules. The prod-

uct is distilled in vacuo. The chlorinated dipherldichlorosilane is a solid sub-

stance. It is hydrolyzed by water without a solvent. Di-(chloropheny])-silanediol is

a white flocculent mass which is separated and washed with water until all the acid

is removed, and is then heated at 125-150PC until a colorless liquid is obtained.

Further heating at 175-250PC, for not less than 1 hour, leads to the formation of a

resin.

The chlorinated polyarylsiloxanes may be combined with organic resins and heat-

resistant materials may be prepared in this way. These resins are easily and well

plasticized. Pigmnted with graphite, they are particularly suitable for coating

metal pipes.

Atoms of fluorine, bromine, or iodine may be introduced into the aromatic

groups. The polyfluorophenylsiloxanes are particularly interesting as heat-resistant

resins for work at high temperatures.

The chorosilanes used for preparing resins may contain chlorinated aryl radi-

cals in combination with al3ql radicals. The polymethylchlorophenylsiloxanes, for

instance, are of a certain interest; if the aryl radicals in them contain 3,, 4, and

5 chlorine atoms, then such resins are fire-resistant.

Other polyarylsiloxanes, like the po3iphew7l-, polMl l- and polynaphthyl-

siloxanes, are soluble vitreous brittle substances.

Polyditolylsiloxane resin prepared from ditolyldichlorosilane is a low-melting,

hard, brittle substance soluble in acetones, hydrocarbons, and chlorinated hydro-
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carbons. The high-polymer product of condensation of p-to3vlsilanetriol is soluble

in -nmatic hydrorarbons.

The polypheno.Vphenylsiloxanes particularly are extremely important resinous

products which may be prepared from the p-bromodiphenyl ester by the action of a

Grignard reagent. The large size of the phenoxyphenyl radicals affects the rate of

condensation. These products are condensed very slowly, and only prolonged heating

converts the crystalline mass into high-polymer polysiloxanes. Polymers containing

one phenoxyphenyl radical per silicon atom are hard,brittle resins of a brownish

color, having high resistance to heat and good dielectric properties. These resins

may be made fire-resistant by using organochlorosilanes with one or two chlorinated

pherl nuclei in their production.

Polyalkylarylsiloxane Resins

As already stated above, the polyalkylsiloxanes with a high R/Si ratio are oily

liquids or elastic polymers, capable of polymerization on heating. These products

possess good adhesive properties. The optimum R/Si ratio for polymethylsilzane is

1.5, and for polybutyl- or polybenzylsiloxane, 1.0. Polyarylsilxanes with high

R/Si ratios are brittle, vitreous, soluble, and fusible products. This shows that,

on the hydrolysis of arylhydroxysilanes, cyclic products which form three-diaen-

sional molecules only with difficulty are formed. Polyarylsiloxane resins are too

brittle for use as coatings or impregnating agents. Studies have shown that the

properties of both types of resins may be combined by preparing them from monomers

containing alkyl and aryl radicals attached to one and the same silicon atom, or by

cocondensation of alkyl and aryl hydro3Wsilanes. The copolymer formed in the latter

case contains alkyl and aryl radicals attached to different silicon atoms. The

method of cocondensation makes it possible to obtain more elastic products and al-

lows various proportions between the alkyl and aryl radicals to be selected. In

this way products with highly graduated properties may be obtained. Such resins

possess high elasticity, thermoplasticity, and mechanical strength. Certain poly-
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al1larylsiloxanes have a mechanical strength and hardness exceeding these charac-

teristics for polyalkyl- or polyarylsiloxanes.

Prebaration of Dolvalklarylsiloxanes (Bibl.73). The initial products obtained

as a result of the hydrolysis of a solution of methylphenyldichlorosilane in toluene

at 30-40°C are heated 30 minutes with 1250 C to remove the toluene, and then for

12-25 minutes at 175°C. After such treatment a soft polymer is obtained, which sof-

tens on heating but does not melt. On further heating a hard product is formed.

The resins in which the R/Si ratio is close to 1.8, and the nmber of alkyl and

aryl groups is the same, possess good elasticity, strength and infusibility in the

polymerized state. A poJymethylphenylsiloxane resin having about 1.00 methyl and

0.80 phenyl radicals per silicon atom has good dielectric properties; thus a film

polymerized on glass fiber has a tangept of dielectric loss angle of 0.001 at 60

cycles, and a dielectric strength of about 32 kw/us at 10°PC. Such a resin without

a filler (in the form of a hard disc) at the same temperature has only half these

dielectric losses.

Polydiaethylphelsiloane resin applied to glass fabric, after heating to

300C for 300 hours, has a dielectric strength of about 40 ky/un, which on further

heating slowly decreases. After heating the resin for 340 hours, its dielectric

strength is 20 kwlm, and after 640 hours this decreases to a value approaching the

value of the voltage necessary for an air breakthrough, which points to the pres-

ence of cracks in the film. These cracks cannot be detected by the naked eye. The

dielectric properties and abrasion resistance of po2yethylphenylsiloxane are some-

what better than those of polymthylsiloxane resins.

Polyethylphenylsiloxane resins are prepared, either directly from ethylphenyl-

dichlorosilane or phernlethyldiethozysilane, or by cocondensation of a mixture of

hydrol.zates of diethyldichlorosilane with diphenyldichlorosilane or with diphenyl-

diethoxysilane. In the former case polymers are obtained in which the same silicon

atoms are attached to different organic radicals, and the units of the molecular
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chain have the following composition

(4Hj (4Hs CsH&

and in the second case, the following composition:

CIHA C.H. 12H&

The properties of the resins prepared by the first and second schime differ

considerably from each other. The resins corresponding in structure to those prepar-

ed by the first scheme are more elastic than those prepared by the second scheme for

one and the same average molecular weight and number of phenyl and ethyl radicals to

a silicon atom. However, the polymers of both the first and second type do possess

higher elasticity than the compounds containing only phenyl radicals.

When resins are prepared from the bydrolyzates of phemlethldichlorosilane

(Bibl.74), and, in particular, when triethyltripheylcyc:lotrisiloxne is heated and

the oxygen of the air is passed through it, oxgen bonds are formed between two or

more rings. Polymers containing two or three rings are oily liquids; polymers con-

taning a larger number of rings have a high viscosity and are resinous substances.

Oxygen bonds may be formed either by oxidation or by the action of catalysts.

Alkl radicals are usually replaced by o.Vgen atoms by means of oxidation, while

aryl radicals are more easily cleaved during hydrolysis in the presence of a cata-

lyst, strong HC, a small amount of ferrous chloride, aluminum chloride, or zinc

chloride. The two reactions may proceed simultaneously. Thus, for example, for the

formation of intermolecular o3ygen bonds in polyethklsiloxanes, with substitution

of the alkyl radical, the polymer is heated to 200-300&C while air is passed
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through it. The liberation of acetaldehyde in this case shown that the ethyl radi-

cals are gradually oxidized and replaced by oxgen. The reaction may be represented

as follows:

CH, CHS
(n + 2)CH-1i--O-C,--H, + 4(n + 1)0

4H. C.H - H C.H- GH, CH,

-- CH& Co--0.4 I- C~-~-4H- -O-@i-0 4 ICH

+ 2(a+ I)CHCHO + (n +IHO ()

During the reaction the viscosity increases, and after a few hours of heating

at the above tenperatures, the substance becomes very viscous and tacky. At higher

temperatures, the reaction proceeds more rapidly, but a considerable loss of the

product is observed owing to its volatilization. If the heating of the viscous mass

is continued while air is vigorouslv passed through it, it hardens, and forms an

elastic, non-tacky, infusible and insoluble substance. This modification of its

properties is due to the formation of cross-links and to side-branching owing to the

oxidation of the ethyl radicals. The modification of the properties may perhaps also

be connected with the formation of cyclic polymer of high molecula weight.

To form intermolecular oygen bonds by removal of the aryl radicals, poly-

phenylethylsiloxane is heated to 170-100 nder slow dropwise addition of a solu-

tion of HCl to the reaction mass. The presence of traces of ferrous chloride in the

acid increases the velocity of the reaction. During the reaction benene is liberat-

ed, and the viscosity of the product gradvally increases, indicating the cleavage of

phenyl radicals and the formation of Si-"-Si linkag . Such a reaction may be rep-

resented by the following scheme:
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C,H, C,Hi

(n + 2)CsH, ISi-O-Si-s + (n + I)HO HC1

C.I1s CHs

CH-I--j - -- i- -O-i-.O-SI-CefH +2(n + I )CGH.
c t ,+- CH I+ C I-I <Ls(2)

L& I )_J L i" U

C.Hs CsHs CH, C2H3 _n CeHl CtH6

If the heating at 170-180&C is continued in the presence of HCl, then the sub-

stance becomes viscous and tacky after a few hours. In this state, it still remains

soluble in toluene. Further heating to a higher temperature converts the product

into a resinous, elastic, nonadhesive, insoluble and infusible polymer. When fer-

rous chloride is used as a catalyst, the time necessary for the transition of the

polymers into the insoluble state is considerably shortened. In case of need, the

combined reaction may be conducted by heating an arylalkylchlorosilane, for in-

stance phenlethyldichlorosilane, to 170-180&C for a few hours, simultaneously pass-

ing moist air and HCl through the liquid. In this case the oxidation of the ethyl

radicals by the oxygen of the air, and the cleavage of the phenyl radicals as a re-

sult of the hydrolysis due to the presence of HCl, both take place.

Another method of simultaneous removal of alkyl and aryl radicals consists in

treating the initial hydroJyzates with nitric acid, which cleaves the alkyl radi-

cals as a result of oxidation, and the aryl radicals as a result of nitration and

hydrolysis. Nitrobenzene is obtained as a by product.

The results of analysis and molecular weight determinations show that the

resins, in the soluble stage of polymerization, consist of linear polymers with an

average of four heterocyclic rings in the molecular chain, which are shown above

in eq.(l) and eq.(2), with a degree of polymerization equal to not less than 2. The

polymer obtained by heating pher',lethyldichlorosilane in the presence of an HCI so-

lution and of air. contains, according to the anal:tical results, 19.5% of silicon
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oxide and 50.6%' of carbon. Its molecular weight is 1310. In a polymer whose struct-

ure corresponds to eq.(2), for n - 2, and for molecular weight 1386, the SiO 2 con-

tent should be 51.9% and the carbon should be 51.9%. A polymer with the structure

corresponding to eq.(l) for n = 2 should contain 43.0% of silicon oxide and 60.2%

of carbon, and its molecular weight would be 1671P. On subsequent, more prolonged

polymerization, the size of the molecules is increased owing to addition of more

heterocyclic rings.

On hydrolysis of a mixture of phenyltrichlorosilane and phenylethyltrichloro-

silane in the proportion of 1 : 2 by water followed by heating of the hydrolyzate

to 1700 C by the above method, a viscous and thermoplastic polymer is obtained, pos-

sessing almost the same properties as the polymer prepared by similar treatment of

phenylethyldichlorosilane alone.

It may be postulated that the dehydration of the mixture of intermediate hy-

dro.polyal'-.-larylsiloxanes leads to the formation of chains consisting of hetero-

cyclic rings similar to those we have just described. In this way there would be no

need for complete removal of the phenyltrichlorosilane from the phenylethyldichloro-

silane. As a rule, in the presence of phenyltrichlorosilane, harder and more brittle

resins are formed, since in this case the transition from the stage at which they

are rubberlike and fle.-1 'Je. to the stage of complete hardening, proceeds more

rapidl:-.

The high-polymer ethylphenylsiloxane resins have good dielcctric and rechanical

nroperties, but they withstand heating in air only to a somewhat lower temperature

than the polymeth:-phenylsiloxane resins. The ethyl radicals are mere easil.- oxi-

dized at high temperatures than methyl radicals are.

Lixed Orranic and Organosilicon Resins

A considerable nwnber of stiidies have !een devoted to the preparation of mixed

organic and orzanosilicon resins. These investirations, for the most part, have

been directed towarls the developmrert of nethods of cocondensation of monomeric or
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polymeric organosilicon compounds with organic resins or other high-polymer com-

pounds. USSR chemists have prepared cocondensation products of polyester resins with

esters of orthosilicic acid (Bibl.76); of phenol-formaldehyde resins with esters of

orthosilicic acid; of resins from the condensation products of urea with formalde-

hyde and tetraethoxysilane and its hydrolyzates (Bibl.78); and cocondensation prod-

ucts of aniline-formaldehyde resins with the hydrolyzates of tetraethoxysilane

(Bibl.79). By the condensation of pentaphthalic resins, as well as of other types

of glyptal resins with esters of orthosilicic acid and their hydrolyzates, resins

used in the manufacture of paint coatings have been prepared (Bibl.80). The combina-

tion of nitrocellulose with esters of orthosilicic acid has led the formation of

modified nitrocellulose lacquers (Bibl.81). The reesterification of castor oil by

esters of orthosilicic acid has yielded liquid cocondensates of the plasticizer

type (Pibl.e2).

The products of the cocondensation of the ethyl ester of orthosilicic acid with

organic resins have been described by G.S.Petrov and A.P.Kreshkov (Bibl.83). These

products are of a definite practical interest. R.M.Erastova (Bibl.84) has made stud-

ies, in order to prepare lacquers, of the introduction of esters of orthosilicic

acid into the fatty oils and glyptal resins.

The use of the esters of orthosilicic acid (ethyl-silicates) as film-forming

substances both independently and in combination with other organic resins has been

studied (Ribl.85).

The pigments that are most suitable for such lacquers are titanium oxide, ve-

netian red, black ilmenite, golden ochre, cadmium yellow, cobalt blue, burnt umber,

and chrome green. Mixing of the active pigments, such as zinc oxide or aluminum

with ether immediately before use is recommended. The process of hardening the pain'

consists in the complete hydrolysis of the ester of orthosilicic acid under the ac-

tion of the moisture of the air.

The pigment is ground in an organic solvent, alcohol or benzene, and the paste
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so obtained is mixed with ethyl silicate. To prepare a lacquer, definite weight pro-

portions of the paste and ethyl silicate are taken. Paints on an ethyl silicate base

are used as fire-protective coatings, in the building industry, and other fields.

They form a porous film which is compatible with wet stuccoing, and is easily wetted.

Such paints are hard to apply to a surface covered with an oil lacquer. The combina-

tion of ethyl silicate with other forms of artificial resins considerably improves

the properties of the coatings. A mixture of ethyl silicate with a phenol-formalde-

hyde resin forms a film resistant to strong acid and alkalies. Such a mixture is ob-

tained by boiling a solution of a phenol resin with ethyl silicate in benzene solu-

tion. When equal parts by weight of the above resin and tung oil are boiled 30 min-

utes, a lacquer is formed that can be well pigmented with aluminum powder. Ethyl

silicate may also be used for the modification of glyptals. In this case, the mono-

and diglycerides of linseed oils are boiled with ethyl silicate, leading to the for-

mation of a resin similar to the glyptals, but with improved properties.

The esters of the higher alcohols and orthosilicic acid, when combined with

glyptals or cellulose esters, form films with better properties than when ethyl sil-

icate is used.

The combination of ethyl silicate with cellulose esters increases the tensile

strength and flexibility of the films. Such films possess good adhesion to glass,

by comparison with unmodified nitrocellulose films. The lacquer is prepared by dis-

solving nitrocellulose in butyl acetate. The solution so formed is thinned with

toluene, and dibutyl phthalate in an amount equal to 50A of weight of the dry nitro-

cellulose is added to it as a plasticizer, followed by the addition, for the same

purpose, of ethyl silicate in an amount equal to 85% of the weight of the dry ni-

trocellulose.

The esters of orthosilicic acid in the partially hydrolyzed form has found ap-

'Wcation in combination with the polyvinyl resins. A mixture of ethyl silicate and

tricresyl phosphate is a good plasticizer, which reduces the thermoplasticity of
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polyvinyl chloride.

P'artial,, i, 'rulyzed ethyl silicate and other organosilicon polymers may modiIl

such resins zi j,:. K-,i jnethacr~late, polyvinyl chloride. pol3-vinyl acetate, poIy-

ethylene, polystyrene, polyvinylbutyral, polyvinyl alcohol, neoprene, unvulcanized

rubber, chlorinatei rubber, nylon, cellophane, acetylcellulose, ethylcellulose and

polyamides (Bibl.86, 87).

For modification of polyvinyl acetate, ethyl silicate is partly hydrolyzed to a

content of 0.1-0.7 ethoxr groups per silicon atom, and is mixed with an alcoholic

solution of polyvinyl acetate, partially hydrolyzed (from 5 to 30%), in a ratio of

I : 2-6 of SiO2 in the polymer.

Tie fiL". obtained from resins modified with ethyl silicate have a high degree

o! hardness, resistance to the atmosphere, good adhesion to metal, elasticity, ind

rezi t.ance to aging. Thc coatings may be Iried either !- tlz_ ct. or the ':old triertnod.

Ai~kd and allcya-oil resins and alkyd-butyric resins are s) octed to ocontlen-

a-, wth o.'a-u ::dro-silanes, forming heat-resisting resins for coatix.ys

F>-sc res : s .:e prepared by the following metfod.

A irxtture cf >- parts by weight of re3yl glyprtal, -'.nin. 1,2% of nil. and

havirg an acid value not over 4O-47, and 110 parts by weight of a 53% of the hy-

drolyzate of phuiyltrichlorosilane in xylene is heated under a reflux condenser for

1-1.5 hours at 132 0 C. 0.7 parts weight of water is libera,. After the boiling, 10

parts by weight of butanol is added to the mixture.

A film of this lacquer hardens at 150,1C in 0.5-1 hour irntn a hard, flexible,

material with exceptional resistance to chemicals. A white er.=.el from such a lac-

quer withstands high temperatures.

Resins suitable for coatings and for plastics are prepared by combining tetra-

furfuryloxysilane or tetramethylaryloxysilane with alkyd resins (Bibl.90). The

tetrafurfuryloxysilane is prepared by reesterification of tetraetho.ysilane with
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furfuryl alcohol.

Preparation of tetrafurfuryloxvsilane for modification of alkyd resins. A mix-

ture of 1176 parts by weight of furfuryl alcohol is mixed with 312 parts by weight

of tetraethoxysilane and 1.2 parts by weight of lead oxide, and is heated on an oil

bath. During the heating, 2);.0 parts by weight of distillate are distilled off, and

:ire returned to the reaction vessel. Xylene, 5MO parts by weight, is also added to

it. The temperature of the bath is raised to 15 0 C, and 373 parts by weight of a

distillate boiling below 830C is distilled off. This distillate contains 262 parts

by weight of ethanol. The residue in the flask is distilled in vacuo in a stream of

CO2, and a fraction boiling at 204-2050C (3 mm) is collected. Redistillation yields.

400 parts by weight of tetrafurfuryloxysilane, boiling point 201,-2060 C (4 rm). Re-

crystallization from a mixture of toluene and petrolem ether yields a product melt-

ing at 38-390C. A solution of glyptal, modified with tung oil or fish oil, is mixed

without heating with 2% by weight of tetrafurfuryloxysilane. Films of the prod icts

*ased on this are dried at 100eC and are more frost resistant than films of' the

rlyptal prepared without tetrafurfuryloxysilane.

Tetramethylallylo.Vsilane is prepared from a mixture of IL60 parts by weight of

tetraethoxysilane and 1200 parts by weight of methallyl alcohol. A small piece of

metallic sodium is added to the reaction mixture, and the mixture is then heated

under a reflux condenser to boiling. The temperature in the ipper part of the con-

denser is held within the limits of 78-800C, in order to be able to distill all the

ethanol liberated during the reesterification and to collect it in the receiver.

After distillation of the theoretical quantity of ethanol, the excess of methallyl

alcohol is distilled off, and the residue is fractionated in vacuo. The tetrameth-

allylox'silane boils at 128-1300C (6 nm,). It is added, 5% by weight, to glyptals

to modify them.

As a result of addition of tetramethallyluxysilane to plyptals, harder and

stronger films than films of the glyptal resin alone are obtained.
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Copolymerization of unsaturated esters of boric or orthosilicic acid with vinyl

and vinylidene derivatives is conducted by the usual method, in the presence of ben-

zoyl peroxide or butyl peroxide, in a solvent or without it (by the block method).

1. A solution of WrO parts by weight of methoxymethyl methacrylate, 10 parts by

weight of a tetramethylaryloxysilane, and 0.1 parts by weight of benzoyl peroxide

is polymerized at 650C, forming a transparent soft polymer having a high adhesion

to glass.

2. A mixture of 90 parts by weight of methyl methacrylate and 10 parts by

weight of a tetraniethylaryloxysilane is heated under a reflux condenser until a vis-

cous liquid is formed. This product, applied to glass, and then polymerized again at

650C (toward the end at 9500), forms a good film possessing high adhesion and water

resistance.

The properties of the copolymers depend on the proportions of the components.

When the amouilt of unsaturated allyloxysilane or borate is increased, the softening

point of the polymers is lowered.

Polyorganosiloxr'e Elastomers

The polyorganosiloxane elastomers are linear polymers whose molecules have the

following initial structure:

nfter ti.e roper heat treatment, the linear polymers are cross-linked by the

transverse bonds that are formed:

U, I, i 1,

•5i.4 54 o- 5 4 ,p-- o

11 R I?N -4 -S-- I o-
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The elastic properties and the elasticity of the elastomers depends on the nmber

£ -S3j-0- units in the molecular chain and on the number of cross-links. The higher
i
R

thie average molecular weight of an elastomer, the higher its elasticity and mechan-

i-al strength. The presence of an insignificant number of cross-links in polymers

La,.rcrs the increase of the elastic properties of an elastomer and increasing its

:1-kLanical strength. In the presence of a large number of cross-links, the polymer

-,ces its elastic properties.

The character and molecular weight of the organic radicals making up the poly-

.%AIecule exert a great i,.fluence on the properties of elastomers and on the

of their formation.

Tnhe exce -lona] resistance of polyorgarosiloxane elastomers to heat, and their

lo the -.cton (,f o.q.' en is explained by the nature of the siloxane bond.

''-:,r;. c' t he sJ ioxaLe bond is 89.3 cal/mol, which is considerably more than

'" ., , crc:. o nd, wich is 62.77 kcal/mol. It is this fact

IS - fr the nonsiderably higher thermal stability- of Polvorganosil-

.su1er Lj :om!arisoI ith the stalility of the organic natural and s.n-

eti" r-lers. The ahsence of unsaturated borAs in the polyorganosiloxane elasto-

:. ,i :Le s ..... of ' e -X-Si- car or.-:ilicon bond, owing to its screening

it . _n o, assures it of low sensitivit:" to the action of o 'gen.

r-.artied a-ove, tie preserice of cross-link:s between the linear molecules ir.

';,' a:3 s :1 startial importance. 'Th:e for-.ation of such cross-links car. 1 e

- . slel ei'l er , Introluction of trifunctional and tetrafurctional monomers

>.o Ie polTer iuri.,.r condensatior. anI po l.nerization, or 1y oxidizing the orga;-ic

i: 2;ear poi;,meS

, : rcI':tioi of consideralle aroarts of tri- or tetraf'-rctional compounis

.1.v foration of low-easticity, prod c',s o in; to the preat rhM er of
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cross-links formed in this case. Consequently, the adjustment of the proportions

between the bifunctional and polyfunctional monomers has a great influence on the

elastic properties of the polymer.

The alky]- and arylhydroyrsilanes have a tendency to form 1Lrger rings, and

their tendency to cyclization is more strongly manifested, than in the correspondig

carbon compounds. This interferes with the formation of linear polyorganosiloxanes.

A dialkyIdihalosilane of a high degree of purity serves as the starting mono-

meric compound for the preparation of a linear polymer of high molecular weight.

Even insignificant admixtures of the 'rialkylhalosilnes will sharply reduce the

rolecular weight of the polymer. For instance, the presence of only an insignificnnt

admixture of R2SiCl (l-mol% per mol of R2 S01 2) will limit the degree of polymeri-

zation of the polymer to 200 R 2SiO.

The presence of an admixture of traces of the aliltrichlorosilane in the di-

alky1dichlorosilane leads to the formation of polymers of branched structures, and,

in a nunber of instances, to the gelation of the hydrolyzate. If the trialkylchloro-

silane and the alkyltrichlorosilane are present in appreciable amounts in the di-

all7ldichlorosilane, then the polymer formed will be characterized by the presence

of cross-links between the short chains (Bibl.86). Thus the degree of purity of the

monomeric compounds is of extreme importance in the production of linear polysil-

OXIeS e

It is well established today that linear polyorgaeosiloxanes of very high mo-

lecular weight can be produced.

The polyorganosiloxane elastomers that were first prepared had a low tensile

strength and a low elasticity. They were brittle gels, and were more viscous than

elastic substances. The relatively poor mechanical properties of the polysiloxane

elastomers that were prepared during the early period of research is explained by

the inadequate purity of the starting monomeric compounds. The poor mechanical

properties were due to the high polydispersion of the product and to its consider-
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able content of low-molecular substances. The polyorganosiloxane elastomers produced

today far excel the first specimens in mechanical strength, and this fact encourages

their widespread use. The possibilities in this field are still far from completely

utilized, and it may be expected that polyorganosiloxane elastomers of mechanical

strength no lower than that of the organic elastomers will be prepared.

By the fractionation of a polydimethylsiloxane elastomer from a mixture of ace-

tone and ethyl acetate, it was possible to separate fractions of the following mo-

lecular weight, osmmetrically determined:

Fraction Molecular Weight

1 2,8 10'2 1,5.1063 6,1.106
4 2,8.106

Fraction 5 was a viscous liquid (Bibl.87).

A poljethylsiloxane elastomer, on fractionation from an alcohol-benzene mix-

ture, was separated into fractions of average molecular weight, viscosimetricaly

determined, ranging from 1600 (liquid product) to 45,000 (elastic substances)

(Bible6).

A study of the variations in the dimensions of specimens of polyalkylsiloxane

elastomers at low temperatures showed that there exists a narrow temperature inter-

val within which the dimensions of the specimen vary sharply. This interval corre-

sponds to the temperature of crystallisation of the polydimethylsiloxane elastomers.

On further cooling of this specimen, 'a region of sharp variation of the dimen-

sions of the specimen is again observed. This region corresponds to the second-

order transition point (vitrification temperature) of polvalkylsiloxane elastomers.

Figure 53 shows the behavior of po2yallqlsiloxane elastomers on cooling and

heating. Crystallization is observed between -60PC and -67 0 C. This temperature lim-

it of crystallisation has been found for various specimens of elastomers. The crys-

tallization of polyorganosiloxane elastomers is more rapid than that of natural
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rubbers. :elting begins a few degrees above the crystallization point and ends

around -39 0 C. The value of the volume change connected with the crystallization of

polyalkylsiloxane elastomers ranges from 2.0 to 7.8%. The maximum volume change on

crystallization of natural rubbers is about 3% (Bibl.88).

If specimens of polyalkZlsiloxane elastomers are alternately cooled and warmed

at a temperature somewhat above -600 C,

I neither crystallization nor melting will

f Lbe observed. The results of experiments

--- -- --- -- conducted at temperatures between -30°C

and -50°C are shown in Fig.5J.

A ) If crystallization proceeds at a

measurable rate in this temperature
Fig.53 - Relationships between Rela-

range, the length of the specimen will
tive Expansion of a Polydimethylsil-

successively decrease as a function of
oxane Elastomer and the Temperature,

in the Range from -20 0 C to -10&C: the temperature.

Figure 55 shows the dimensional var-
I - Cooling of Mlastomer; 2 - Ileating

iation of specimens of polyalk-lsilox-
of Elastor.er

aries elastomers at various temperatures.a) Ten peratre, °C; i) Relative ex-

The second-order transition point
pansion, 41cm

corresponds to the point of inflexion of

the slope of the curves and is entirely determinate for all the specimens.

It will be seen from Fig.55 that the second-order transition point for poly-

direthylsiloxane elastomers is at -123 0 C. This temperature is considerably lower

than the second-order transition point for organic polymers.

The transition point of polyethylsiloxanes does not vary when a filler is

adied, or on vulcanization. This behavior of polymethylsiloxane elastomers differs

from the behavior of natural ru'bers, in which a filler and vulcanization change

the trarsition point.
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Observation of this speninen of elastorters duriug -u-, ... -Uou10ng showeu

wl. 'ftitl a nonra- a cnc-rn-oriiler transition is obnerve': -." 1,30C cr~stallization,

>~r~on -ni malting, on irarrminF, b'nth -.t hiptr , "-t'-- Crystalli-za-

.on supercooriij occurs at around -75°C, ard tho end of .e.1t.- n :rn warming, at

,-go--

-0 Z ,

a) 1-

Fig.5% - Temperature Dependence of Fig.55 - Temperature Dependence of

the Relative Expansion of Poldi- Relative Expansion of Polydimethyl-

meLhilsiloxane Elastomer: si loxane Elastomer in the Range from

1 - Cooling of elastomer; 2 - Warm- -900 C to -1700C:

ing of elastomer 1 - Polydimethylsiloxane elastomer;

i) Temperature, 0C; b) Relative ex- 2 - The same elastomer with filler;

pansion, i/cm 3 - Vulcaitized po l-dimethylsiloxane

elastorer with filler

a) Temperature, OC; h) Relative ex-

pansion, k/cn

tm ,perature of about -'~S0C. It is probable that the crystallization point is in

hc 'Ar~e from -750C to -lCO0 C. Such behavior of the polydimethylsiloxane elastomers

resembles that of the natural rubbers, which likewise may be supercooled and crys-

talliz(-'a in a uefiriite temiupr;.t'ure ranie.

Polyalkylsiloxane elastomers without a filler have a very high coefficient of

expansion, which is equal to 120 x 10-5 (at temperatures between -350C and OC),

that is, considerabl' greater than that of most organic polymers. The coefficient of

expansion of elastomers decreases on the introduction of a filler.
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The mechanical properties of po]yalklasiloxane elastomers are considerably in-

ferior to those of natural and synthetic rubbers. The tensile strength of a polydi-

methylsiloxane elastomner without a filler is 10-25 kg/c 2 , ane with a filler it is

3045 kg/cm 2 The strength of individual specimens of the elastomer with a filler is

as high as 80 kg/cm 2 . Specimens prepared in the laboratory with the special filler

Js-1995 with a strength (Bibl.89) of about 130 kg/cm2 (of. Table 97) (Bibl.89),

have been described.

Titanium dioxide is the most heat-resistant filler for po.ymethylsiloxane rub-

bers. Carbon black at 200OC gives off volatile products, thus forming bubbles in the

rubber. The problem of improving the properties of materials from po0ysiloxane elas-

tomers is related not only to the improvement of the properties of the elastomer,

but also to the selection of the proper heat-resistant filler, and of its disperse-

ness. The strength of polydimetbylsiloxane rubbers varies from 1+3 to 30 kg/cm2 with

a variation in the temperature from -50C to +200°C, and the Shore hardness from 70

to 45. At elevated temperatures the phernenon of creep is observed. Pol,7methylsilox-

ane elastamer remains elastic at a temperature of -650 C. It has a high adhesion to

glass, which is greater than the strength of the resin itself.

The swelling of polydi ethylsiloxane rubbers depends on the amount of filler

and on the type of soveint. The minimum swelling at 20°C after 72 hours is observed

in water (3% increase in volume); in acetone the swelling is about ll3, in mineral

oil 8%9. Beene, isooctane, and CC4 cause strong swelling of the elastomer (up to

100-120%).

It is interesting to note that specimens of the elastmer filled with glass

fabric to 1C of the total volume, swell 50-80e less in the strongly acting sol-

vents, benzene and carbon tetrachloride, than the specimens without the glass fabric.

The electrical and mchanical properties of polydimeth-siloxane elastomer vary

only slightly over the wide temperature range from -630 C to 2C0°C.

The properties of polydimetalsiloxane rubber with powder filler, ard also that
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Table 97

Polymethyldisiloxane Rubbers with Jo-1995 Filler

n lhrm 1 Deisj twe Cm
Votu.. o 4avilen(nq iCq b eSSI Vt

Thlk"Z a e I I my., 
h vnaa 

6 % kard °,C

15 2 I 15O 75,9 525 61 83
2 24 150 685 350 68 82
2 24 205 55,8 200 76 62

25 2 I 15D 113,0 613 77 96
2 24 150 118,0 388 85 86
2 24 205 138,0 76 93 49

I I ISO 118,0 613 61 -
I 24 150 50,0 475 63 86
I 24 205 49,9 275 70 45

2A I I ISO 135,5 850 73 97
I 24 150 116,5 550 83 87I 24 205 55,8 63 93 42

I ISO 60.0 1025 36 -15 24 150 116.5 913 53 79

21 87,5 1000 62 9724 I0 120,) 775 70 91
24 205 62,9 2 so 65

of poydimethylsiloxane rubber with a glass-fabric filer, are as follows.

Elatomer with Elastmer with

Powder Filler Glass Fabric

Tensile Strength, kg/cm2  25.0 225

Elongation, % 225 1.5

Sorption of Water in 100 Hours, % 2.7 1.8

Resistance to Action of Ozone Excellent Excellent

Dielectric Constant at 1000 Cycles 3.6 3.07

Breakdown Voltage at 60 Cycles, kv/m 15.-25 12-18

It will be seen from these data that the material prepared by a combination of

elastomers with glass fabric has a considerably higher strength, but lower dielectric
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indices, than the elastomer with powder filler.

In the electrical breakdown of the specimens and the action of the arc dis-

charge on the surface of the specimen, no carbonation or formation of conducting

coke bridges is observed. As a result of electrical breakdown, silicon oxide, which

is a good dielectric, is formed.

After 50 days of heating of specimens of polydimethylsiloxane elastomer at

2000 C, their flexibility is diminished, but they can still be bent 1800 without

breaking. The loss of weight of the specimen in this case is 2.5%, and the shrink-

age is 1.7%. On further heating of the elastomer, its properties continue to vary

very slightly. After 90 days at 200°C, the loss of weight is about 14,

After 50 days of heating of 2500C, all the specimens of elastomer remain suf-

ficiently flexible and permit a 1800 bend without the appearance of cracks. The

losses in weight in this case amount to 6.3% and the shrinkage to 4.0%. After 50

dayrs of heating of the specimens at 300°C, they become brittle and form cracks on

bending. Heating for !,.2 days under these conditions still does not lead to brittle-

ness, and the specimens can be bent 1800. The loss in weight of the specimens after

42 days of heating at 300PC is ll3%, the shrinkage is 7.1%. The presence of zinc

oxide in the elastomer as a filler increases the weight losses during heating.

Polymetlsiloxane elastomer is used to manufacture gaskets and other articles

used for work in a wide range of temperatures from -50oC to +200°C.

Thermal Oxidative Dearadation of Polvoranosiloxanes

The thermal stability of polyorganosiloxanes is the fundamental characteristic

-which determines the limiting temperatures at which the various polymers of this

class can be used. In this connection it is important to establish the influence of

structure on thermal degradation and the mechanism of such degradation itself. The

variovs organic radicals or groups making up the polymer molecules, and the number

of these radicals or groups, undoubtedly must affect the thermal stability of poly-

organosiloxanes. For this reason the study of the influence of the chemical nature
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of the radical or group on the thermal stability of the polyorganosiloxanes allows

a number of regularities of great practical importance to be established.

The variation of the numiber of radicals or groups in polyorganosiloxanes is

associated not only with the quantitative variation of the content of the organic

portion, but also with the fact that when the number of radicals attached to a sili-

con atom changes from two to one, the structure of the polymer molecule also changes

from linear to three-dimensional. This would likewise affect the thermal stability

of the polymers as well.

The literature contains frapmentary data on the thermnal stability of certain

liquid polyorganosiloxanes; it is stated that the polydlintbylsilomne liquids are

stable up to 175 0 C, and the polyphanyluetbylvilaone liquids (Bibl.90).up to 250oC.-

With respect to the solid polymers, only the fact that the polyzitk~lsiloxanes de-

compose at considerable velocity at 3000 C'is Imoim (Bibl.91). The polydimthylsil-

oxanes decompose at 4000 C in vacuo, formiag liquid cyclic low..molecular compounds

(Bibl.92).

We shall1 now consider thermal oxidative degradation of polydiorganosiloxanes

with linear structure of the molecular chains and of polyorganosilaxanes with three-

dimensional structure of those chains, of various compositions; polyme with

strongly developed surface area (ground to the powder state) were subjected to deg-

radation at temperatures of 2500C, 3500 C, 45&0 C and 5500C.

Degradation of Polydiotanouiloxanes

The degradation of polydiorganosilomanes was studied on the example of the

linear polymer obtained by hydrolysis of dimthyldichlorosilane by water:

nRtSiCII + nH&O -' _ + 2xHCI
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Studies showed that polydimnthylsiloxane at 2500 C undergoes only slight degra-

dation (Fig.56), but that at 300°C intense cleavage of the polymer takes place; in

this case elementary units become detached from the molecular chain. Deeper degrada-

tion with a rupture of the chains at the Si-O bond is sharply manifested at 400°C.

t i -a b) . "-

Fig.56 - Relation of the Degree of Fig.57 - Relationship between the De-

Degradation (in % of weight lose) of gree of Degradation (in percentage

Poldimthylsiloxane to the Tempera- weight loss) of Polydimetbylsiloxane

ture, and to the Duration of Heating at a Temperature of 250PC and its Con-

a) Time, hours; b) Lose of weight, % tent of Benzoyl Peroxide;

1 - Pure polydimethylsiloxane;

2 - Po]ydimethylsiloxane mixed with

bensoyl peroxide (3%).

a) Time, days; b) Weight loss, %

In this case the weight loss of the polymer exceeds the losses theoretically possi-

ble corresponding to the detachment of methyl groups alone (the dashed line in

Fig.56).

The treatment of polydimethylsiloxane with benzoyl peroxide, which leads to the

conversion of linear molecules into cross-linked molecules owing to the formation of

oxygen bridges between the chains of the linear molecules, increases the thermal

stability of po]ydimethylsiloxane (Fig.57).

Chemical analysis of the polymers after heating them at various temperatures

(Table 98) shows that at 3000 C the nunber of CH3 groups in polydimethylsiloxane
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diminishes appreciably after 5 hours (C/Si = 1.74 instead of 2.0) while the H/C

proportion in this case is 3.07. At 350PC, the C/Si ratio sharply decreases (after

5 hours of heating it decreases from 2.0 to 0.32) but H/C not only fails to decrease

but even increases somewhat; the same increase is also observed at 40°PC.

Table 98

Analysis of Polymethylsiloxane after Thermal Degradation

Con dltiohs Of ois
-beqradaton % J H so HiC C/81

Cak&uted e
J(CH.)sSiOI, 32.44 8.13 37.81 3,00 2.00

(Statinq pet vmev) - 32,71 8.25 38.01 3,02 2,00
I'/a hrsat 300C 16.0 30.92 7.74 37.97 3.00 1,915 hrs at 300C 29.5 28.86 7.36 38.78 3,07 1.74
1 hs at 3500C I8,0 27,33 6.96 38.82 3.05 1.64
2 hr at 350C 26.5 23.19 6,11 39.61 3,07 1.40
5 his at 3509C 35.0 5.89 2,26 42.05 4,60 0.32
0,Shrsa t 400cC 42,0 15,35 4.54 41,29 3.55 0,872 hrs at 400C 60.5 1,34 0.99 43,09 6,00 0.071

These data show that the thermal oxidative degradation in linear polyorgano-

silaoame takes place both by the rupture of the Si-C bond and by the rupture of the

Si-O bond. The increased hydrogen content in the polymer after its heating corre-

sponds to the tmperatures at which a sharp fall in the carbon content is noted;

this indicates the formation of khdroxyl groups at the silicon atam in the polymer

at the place of the detachment of the radicals. The hydrol groups are preserved,

since their interaction is hindered by their low concentration and by the low mo-

bility of the polymer molecules.

Dgiadation of Po2YMgr tansixywg

The polymonoorganosiloxanes prepared by hydrolysis of alkyl- or aryltrichloro-

silanes by water according to the formula:
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- R -

nRSfCl9 + 3nH) --- - 0 ii + 3nHCl
1/_ 1 _I

where R - CH3, C2 H5 , CH2 - CH, C6H5, ClC6H., C"2C6H3, C13C6H3, or 6 H4 , we" sub-

Jected to degradation.

The action of a high temperature on three-dimensional polymers with the struc-

tural unit (ESi01 . 5)x causes various chemical transformations, mainly connected with

the detachment of the organi6 radical from the swilicon, that is, with the rupture of

the Si-C bond without rupture of the main'molecular chains at the Si-0 bond. This

will be seen from Fig.58, showing the thermal oxidative degradation of polymstlWl-

siloxane at 250P0, 350PC, 4500 and 550°C. Table 99 gives the result of analysis of

the polymer after such degradation.

U.

a)

Fig.58 - Temperature Dependence of the Degree of Degradation

(in Percentage Weight loss) of Polymetylsilxane and Duration

of Heating

a) Time, hours; b) Weight loss, %

It will be seen from these data that poymsethyldisilaxsne loses about 2.76%

in weight after 24 hours at 250PC, but itb elementary composition remains almost the

same. Only at 350 C does a sharp rise in the weight loss begin (6.02% in 2 hours),

accompanied by a drop in the C-Si ratio in the polymer to 0,47 instead of the orig-

inal 1.0. The degradation proceeds by detachment of the metbyl radical, as is indi-

cated by the ratio H/C - 2.93 in the polymer after its heating. At 450PC, pol7-

methlsiloxanes is more completely degraded, but even at this temperature, after 24

hours of heating, a certain amount of carbon still remains in the polymer, the C/Si
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ratio raains equal to 0.1..

Table 99

Analysis of Polymethylsiloxane after Thermal Degradation

Wolht 'umeh et.
_____ ___ -I 1.05 SI HC CIlOS6

Deqrwation %' H S H/C C/8 ON_ au__

24 hra 2500 2,76 19,12 4,73 40,73 2,96 1,07 0,36
24 hrs 250 2,30 17,46 4,57 42,49 3.15 0,95 -
2 I r$ 3W 6,02 8.63 2,07 42,68 2,93 0.47 0,73

24 hrb 450 12,29 2,11 1,07 45.83 6,1 0.1 1,18

These data show that the complete rmoval of the carbon, that is, the rupture

of the Si-C bond in polymethyiloxane involves considerable difficulties. These

difficulties arise from the fact that on thermal oxidative degradation, together

4ith the detachment of the methyl groups, 'there is also a formation of oxygen bridges

between the silicon atoms, which hinders the attack of oxygen on the methyl group

(steric effect).

The experimental data show that the degradation of polymethylsiloxanes proeeeds

on3y on account of the detachment of the methyl radical (po2jyethYlsiloxane after

heating contains one methyl group to 10 silicon atom), and that there is no rupture

of the Si-0 bonds in this case.

'I

6)

Fig.59 - Degree of Degradation (in Percentage Weight Loss) of

Po32ethydisilexane, Related to Tuperature and Duration of Heating

a) Time, hours; b) Weight loss, %

The number of hydrol groups in the polyer after heating at 3500 C and 5 0oC
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decreased to half its initial level, but it is still more than in polymethylsiloxane

heated at 250°C. The presence of a considerable number of hydrol groups in poly-

methylsiloxane heated to temperatures at which the intense detachment of methyl

groups from the silicon atom takes place shows that this process is accompanied by

the formation of hydroxl groups.

The thermal oxidative degradation of polyethylailoxanes at the same tempera-

tures proceeds more intensely; at 250 0 C, a considerable cleavage of ethyl groups is

noted (Fig.59).

After heating for 6 hours at 450 0 C, the specimen consisted of 99.0% SiO2 , and

contain no carbon at all.

Polyphenylsiloxane has a high resistance to heat (Fig.60) at 250°C, 3500 C and'

1I.50°C. Polyvinylsiloxane is distinguished, in co aison with the polyallisilox-

aries, by its resistance to thermal degradation. This polymer (Fig.61) after heating

at 350°C has only slight weight losses. Specimens of polyphenylailoxane after heat-

ing 2 hours at 450° C, still retain up to 3.7% C and 0.67% H, and even after heat-

ing 6 hours at 550°C, they still contain 0.33% C and 0.27% H.

The introduction of halogens (chlorine and fluorine) into the phenyl group has

no substantial influence on the resistance of the polymers to thermal oxidative deg-

radation, as will be clear from Fig.62, 63, 61, and 65.

The analytical data show that -olychlorophenylsiloxane after heating 16 hours

at 3500 C con-ains 30.29% Cl and 35.83% C against 36.61% C and Y,.20% Cl in the

original specimen (Table 100). Consequently, at 350PC the polychlorophenylsiloxanes

are degraded very slowly, even without marked cleavage of the chlorine from the

phenyl group.

A calculation of the degree of degradation of polyorganosiloxanes may be made

starting out from the fact that the losses in the weight of a unit of the polymer

chain, for instance, for polymethylsiloxane, CH3SiO1. 5 , is made up of the weight of

the methyl group detached (-15), after subtracting the weight of the oxygen that
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Fig.60 - Degree of Degradation (in Percentage Loss of Weight)

of Po2yvinyliloxane, Related to the Temperature and Duration

of Heating

a) Time, hours; b) loss in weight, %

7AO

-4 -4- .. 4-- -- - . ,-

NV

b)jw WxlI/ []IIi

# X AF 5 'V IJ M C a 1 ZO
a a)

Fig.61 - Degree of Degradation (in Fig.62 - Degree of Degradation (in

Percentage loss of Weight) of Poly- Percentage lose of Weight) of Poly-

phenylsiloxanes, Related to the Tern- chlorophenylsiloxane, Related to the

perature and Duration of Heating Temperature and Duration of Heating

a) Time, hours; b) Loss in weight, % a) Time, hours; b) Loss in weight, %

N

b 0b)-----------

0~~ gj IV / i F 1 1 AP AF

Fig.63 -Degree of Degradation (in Fig.64s - Degree of Degradation (in

Percentage Loss of Weight) of Poly- Percentage Loss of Weight) of Poly-

dichiorophenylsiloxane, Related to the trichorophenylsiloxane, Related to the

Temperature and Duration of Heating Temprature and Duration of Heating

a) Loss in weight, % a) Time, hours; b) Loss in weight. %
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adds instead of two methyl groups, which amounts to 10.45% of the weight of the

structural unit. It is easy to see that during the "time of half disintegration"

70 - (C/Si - 0.5)*, the loss in weight amounts

i" . . -- - to half of 10.45 (5.22%).

b) V zAt a temperature of 3500C, the time

- of half disintegration (cf.Table 99) is

p S Ng /S VI . about 2 hours; in this case the C/Si ra-

tio amounts to 0.47, and the weight loss
Fig.65 - Degree of Degradation (in to 6.02%, which is close to the calcuy-

Percentage loss of 
Weight) of Poly-

lated quantity (5.22%).
fluorophenylsiloxane, Related to the

By using the degradation curves, the
Temperature and Duration of Heating "time of half disintegration" of the

a) Time, hours; b) 
Loss ..i weight, %

polymers at various temperatures was de-

termined (Table 101).

These data show that polyorganosiloxanes with a three-dimensional molecular

Table 100

Analysis of Polychlorophenylsiloxanes after Thermal Degradation

NLymer Condition of Ct
I *

24C.II)Sat 145 ' 52,01 3,71I 0.67 I-- 91,74
ui01,5 1 6 hr$ at W' 57,5 1 0,331 0,27 46.32 - 6.28

Iccli5  6 hv Sbt 59, 57,0 02211 0:13 1 - 1 -197,70,16 k at 350 ,4 35,83 1,45 15.22 30.29 -

ICIACIIS.i,I 6 Iw at -W.0 I 70,o) o .631 - 145,161 - 195.67
1ClC('HSiol. il k j%+ 550 72,5 0,821 0,27 45.771 197,M,

* "The time of half-disintegration" is the time necessar' for the oxidative rup-

ture of half of all the C-Si bonds of the polymer; in this time the C/Si ratio

in the polymer will become equal to 0.5, instead of 1 as in the initial poly-

methylsiloxane.
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structure may be arranged in the following decreasing order of thermal stability,

depending on the composition of their organic radical:

G.M. > CICH. > CI,('.H> CI.C.II > CM2 -CHM> CM, > CIHI

Table 101

Time of Half Disintegration of Polyorganosiloxanes Under

Thermal Degradations

Polymer rF CTatb'i'~t Polymn

250 >24 350 >24
IcHsSIO, .. ,, 350 2.0 ICOHAS1O 51 450 3,2'. 450 0.8 ' 50 0,8

580 0,6
450 3:0

0,8 ICIC.H.SI511
ICJ'i~iSO,,5 ,~250 0.7 - r -

450 0,5 450 2.5450 0.5 ICIAC.HaSIO 1.1 5W 0.7

lot, _ "i~o'.. S 6.5 55 0,61 0 .05 IFC.H.SiO1 .5 . 450 1.9

The high stability of a polymer with the vinyl radical is explained by the complex-

ity of the polymeric molecules, in which, owing to the steric effect, the attack of

the oxygen on the carbon attached to the silicon atom is hindered.

An analysis of the volatile products formed during the process of thermal oxi-

dative degradation of polymethlsiloxane showed them to consist mainly of carbon

monoxide, (25.0,%), and water, (17%); there are also small amounts of carbon di-

oxide, (2%), formaldehyde, (3.7%), and methanol, as well as traces of formic acid

(figured on the weighed sample, (cf. pages 814 and 815).

A consideration of the experimental data obtained allows us to propose the

following mechanism for the thermal oxidative degradation of polyorganosiloxanes.

The oxygen of the air attacks the carbon atom attached to the silicon in the

polymer molecule; in this case, hydroperoxides are formed at first, and are then
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rapidly broken down.

01 - O-O
CHs C8 Iwi0

I-- + .O-0. -- - - - i---

I I

The hydroperoxide is cleaved, forming formaldehyde and an OH radical:

CHtOOH
--O-i--... -- --O-Si--O- -t(:H20 + .OH (II)

0 0I I

The OH radical reacts with a positively charged silicon atom in the polymer molecule

by adding to it:

OH

•-0---4- + HO. ... - -- 0-- (III)

-o---OH + H& 4 -O -... -oiO -O + H.. (IV)

I I I I

The formaldehyde, on thermal cleavage forms mainly carbon monoxide and hydrogen

(Bibl.96)

CHO --- 0 + H, (V)

For this reason carbon monoxide is the principal gaseous product of degradation.
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Part of the formaldehyde, under the conditions of our experiments, is oxidized to

carbon dioxide

CHO + Os---* C02 + HO (VI)

and to formic acid. The existence of this reaction explains why the quantity of wa-

ter obtained on the analysis is somewhat greater than could have been liberated by

the condensation of the hydroyl groups formed (Formula IV).

This mechanism is confirmed by the following:

(1) the formation of formaldehyde, CO, and H 20 on the thermal oxidative degradaL

tion of po2lymethyliloxanes, and the good agreement between the calculated and found

cleavage products;

(2) by the formation, in large quant~ties, of hydroxyl groups at the tempera-

tures at which an intense disruption of the Si-C bonds in the polymers takes place.

In this case, the HO group enters with difficulty into condensation at a high tan--

perature, owing to the fact that the contact between them is hindered.

On conduct of the degradation of polymethylsiloxane in two experiments, the

following results were obtained.

Experiment I Experiment II

Weighed Sampl g .o *.9 o.e.e .. 1.0876 1.0900
loss of Weight, g . . . . . . . ....... 0.1104 0.00678
Water

Content, g ....... 0.1855 0.1541

Carbon Monoxide
Content, g ........o 0.2720 0.2291
Content, % 25 20.9

Carbon Iioxide
Content, g *.. . . e... * OeO21" 0.0397
Content, % . 0 . 0 2 3.6

Heavy Hydrocarbons
Content, g @ . . .. . *. . o0.029 0.0063
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Analysis of the specimens after degradation gave the following results:

Experiment I Experiment II

Results of analysis,%
Carbon . .. . . . . . . . . . . . . . . 3.97 6.15
Hydrogen . . . .. . . . . . . . . . . . 1.13 1.83
Silicon • a • • • .. . . • • . . . . . 44.52 44.5
Hydroxyl groups .. . . . .. . . . • • - 0.48
Water .. .. .. . . . . . . . . . . . - 0.02

H/C ratio, % ................ 3.2 3.58
C/Si ratio, % .... . .. .. .. . . 0.20 0.32

The quantities of CO and H20 liberated were calculated from these analytical

data. Comparison with the quantities found shows the quantity of CO liberated to be

close to the calculated value, while the quantity of water liberated exceeds that

calculated.

The calculation was based on the following data:

Experiment I. According to the analysis, the C/Si ratio is 0.20; consequently

0.80 mol of CH3 groups was degraded for each silicon atom. The weighed sample con-

tained 0.0162 mol of CH3 ; consequently, 0.01295 ool (or 0.19/a3 g) of CH3 was de-

graded. Hence the calculated quantity of CO should be 0.3622 g.

Found: 0.2720 g CO

0.0139 g CO (on account of the CO2 )

0.0340 g CO (on account of CH20)

0.0262 g CO (on account of CH3OH)

Total: 0.3461 g CO

The quantity of water liberated by the oxidation of 0.19IL3 g of CH3 provided

the two hydroxyls formed condense to water, should be 0.1166 g. Found: H 20 0.1855 g.

Experiment II. The weighed sample contained 0.0163 mol of CH3 . The C/Si ratio

in the polymer after degradation is 0.32; therefore 0.68 ool of CH groups was de-
3

graded (0.011134 mol CH3= 0.1670 g CH3 ). From this quantity of CH3, 0.3117 g of CO

should be obtained.
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Found: 0.2291 g CO

0.0253 g CO (on account of C02 )

0.0%0 g CO (on account of CH2O)

0.0262 g CO (on account of CH3 OH)

Total: 0.3146 g CO

The quantity of water liberated by the oxidation of 0.1670 g of CH3 should

amount to 0.1002 g. Found: H20 0.1541 g.

This mechanism of reaction allows us to predict the thermal stability of the

polyorganosiloxanes from the structure of the organic radical or groups attached to

the silicon atom.

Thus, according to the degradation mechanism which has been presented above, it

is easy tL understand why po27ethyisiloxone is degraded more readily than pojmet"yl-

siloxane: the point is that the -CH2 - group of the etfyl radical attached to the

silicon atm is more easily oxidized than the CH,- group.

It should be noted that the polyorganosiloxanes with linear chains are more

sensitive to thermal oxidative degradation than the polorganosiloxanes, which con-

sist of cross-linked and thre-dimensional molecules. It is very clear here how an

insignificant quantitative modification in the chemical composition of the polymer,

leading to a qualitative modification in its structure, allows us to prepare high-

molecular substances of sharply different properties. This is explained by the fact

that a change in the molecular structure from linear to three-dimnsional leads to a

considerable restriction of the mobility of the molecules at high tuperatures. In

polymers with linear molecules, the mobility of the chains is restricted by the

rigidity of the single Si - 0 bond. The disruption of such a molecular chain in-

volves the rupture of a single Si - 0 bond. In poljorganosiloxanes, thermal oxida-

tive degradation may proceed either at the less energetically stable Si - C bond or

at the stable bond Si - 0. To rupture the Si - 0 bond, a more energetic barrier must

be overcome than to rupture the Si-C bond, but here the structure of the linear mol-
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ecules in the polyorgaodisiloxanes must be taken into account. Recent data indicate

that the molecular chains in polydimethvisiloxanes are of spiral structure, with

three or more silicon atoms in the spiral (Bibl.%). When the polymer is heated to

high temperatures, such a structure creates favorable conditions for rupture of the

chains and ring-closure' This view is also confirmed by experimental observation.

When polydimethylsiloxane is heated in vacuo to high temperatures, it breaks down

into low-molecular cyclic polymers without appreciable rupture of the Si-C bonds.

fRSiOl., .. 3 (RsSI6)- + (RjSiO), + (R*iSO)n,

On degradation in vacuo, the spiral structure of the molecular chains eert a

greater influence on the process than the difference between the Si-C and Si-0 bond

energies.

Under thermal oxidative degradation of polydImethylsilonne and po37dietI3l-

siloxame, destruttitn of the molecules is observed not only at the Si-C bond, but

also at the Si-O bond.

The rupture of the Si-O bond is already observed at 300°C, and at 4000 C it

proceeds at great, intensity. After 3 hours of heating, one specimen of po2wdImetbyl-

siloxane lost 64 of its weight.

In polyorganoloxanes with a three-diaensional molecular structure (including

cyclic polymers a well):

0 R /0\ R -

01/ Y~ ' * ' \/,
- 1/ j:

-~-~ S
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the detachment of a unit of the chain, or of a large segment of the chain of the

pol3meric molecule involves the necessity of its rupture at three "points", or at

two, if the polymer contains cross-linked molecules. This, in turn, involves the

destruction of two or three energetically stable Si-O bonds. For this reason no

destruction of the molecular chains at the Si-O bond is observed in polyorganosilox-

anes with a three-dimensional structure, regardless of the nature of the organic

radical, even at 550°C.

Cementinf and Imnrenatirn Comositions and Materials Based on Orianosiliicon

Compounds

The hydrolyzed esters of orthosilicic acid are most widely used as cementing

and impregnating compositions. They are able to cement various inorganic materials,

and have found application in the manufacture of cement, making molds for precision

casting, the impregnation of various porous materials, etc.

Cements I

Cements are prepared by mixing a hydrolyzed ester of orthosilicic acid with a

filler.

Aluminosilieate, sillimmite, quartz flour, talc, slags an pigments may be

used as the filler. One of the most essential factors determining the strength of

the composition is the grain-size composition of the filler, which is so chosen that

the interstices between the large particlee shall be filled at maxim u density with

small particles (2- 510.

Better results are obtained when the binder used is a partially hydro4saed es-

ter containing 1.5 - 2% of a condensing agent. Before the article is molded, tech-

nical (94%) ethyl alcohol is added to th mixture of ester and filler. The optimum

quantity of moisture necessary for completion of the hydrolysis ranges from 3 to 5%

of the quantity of ester. If more than 6% of water is introduced, the number of

residual etho y groups will be diminished, so that the strength of the article suf-

F-TS-9191/V d~4



fers appreciably, and it can be extracted from the mold only with difficulty. If,

on the other hand, the quantity of water drops to 1.8%9 then the drying time length.

ens to several weeks, but the strength of the cement doubles, provided the drying is

in air. We give a few recipes for cement compositions:

I II III

Filler, g 100 100 100

Hydrolyzed ester with 2% of condensing agent, mg 14 18 12

Technical ethyl alcohol (94%), ml 7 6 6

After the mixture has been mixed, it is loaded into the mold and subjected to

vibration for a few minutes, after which it is hardened in air or in a kiln. The

following data characterize the increase in the strength of an article (Recipe I)

when heated gradually:

Strength of article, k/c 2

After 24-hour air drying 154

After sintering at 300C 177

at 700C 196

at l00°eC 200

at 15000 C 38

Thus there is a considerable gain in strength at a temperature over 1000OC. An

article made by Recipe I has an absolutely smooth surface; an article made by Re-

cipe II has a surface recalling that of porcelain. Recipe III gives a composition

with minimum shrinkage, allowing precise reproduction of the assigned measurements

of an article.

Cement hardened in the cold is resistant to acids and weak alkalies. Water on-

ly improves its mechanical properties. The porosity of such an article, determined

by immersion in water for 24 hours, is 0.5%. When sintered at 30&CC, the article

acquires resistance to concentrated alkali solutions. But sintering also gradually

increases the porosity of the article; after heating to 1000°C, its porosity
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reaches 11-12%. The porosity may be decreased by treatment with a 5% alcoholic

solution of hydrolyzed ester. This leads to filling of the pores, but when the bak-

ing is repeated, it results in additional increase of porosity.

A thin layer of cement may be evenly distributed on the inner surface of a

steel pipe by rapidly rotating it. The coating has good adhesion to steel and does

not crack disintegrate on sintering, in spite of the difference in the coefficients

of expansion.

The following temperature conditions may be recommended for sintering cement

mixtures:

Air drying 24 hours

Heating

to 100°C 2 hours

to lO0C 1 hour

to 200°C 2 hours

to 500C 2 hours

The temperature may then be increased at any rate desired. In this way articles

resembling ceramics can be manufactured on the base of hydrolyzed tetraethoxysilane,

using either kiln or air drying, and the metal parts can be inserted in them without

any risk of corrosion. The adhesion of the cements may be strengthened by adding a

solution of vinyl acetate in a mixture of alcohol and acetone to the alcohol used

for the hydrolysis. The porosity and moisture adsorption may be reduced to a mini-

mum by adding alkipolysiloxanes to the composition.

Hydrolyzed tetraethoxysilane may be used as a binder for abrasive wheels. The

mixture of abrasive powder with hydrolyzed tetraethoxysilane, after molding, is

dried apd fired as with the cement compositions.

Precision Castina (Dibl.34)

The use of hydrolyzed tetraethoxysilane in making molds for what is termed

precision casting is of very great importance. By means of such molds, castings can
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be made to reproduce the assigned dimensions within 0.2 Em, and very vital parts can

be produced with relative ease. There is a very extensive literature devoted to the

use of tetraethocysilane in mold-making for precision casting. We present one of the

methods of making molds and castings, the wax pattern method.

Mold-making for precision casting. A wax pattern of the article is made in a

mold of fusible alloy (for instance, of bismuth and tin). A set of wax patterns is

sprinkled (with an atomizer) with a mixture of partially hydrolyzed ester and a con-

densing agent (2%), alcohol, water, and a finely ground filler that resists the

metal being cast, at its melting point (aluminosilicate or quarts flour). After the

wax patterns have been dried in air, they are coated with a second layer, again

dried, and molded with a mixture of hydrolyzed ester, alcohol, water and filler,

which contains, together with fine granules, also coarse particles, for instance

floor sand. The mold is placed on the vibraLing table, and then air-dried for 24

hours. The wax is then melted out at low heat, and the mold is then gradually heated

to 800-10000 C. After the mold has cooled, the metal is poured into it. It is then

cooled and knocked out. The article in removed from it and sand-blasted. Sometimes

hydrolyzed sodium silicate is used instead of tetraetho.Vdilane to spray the wax

patterns. In this case, the presence of sodium ions lowers the melting of the metal

being cast. Without a condensing agent, sodium silicate gives more reliable results

than tetraethoxysilane, but in the presence of a condensing agent it is simpler and

better to work with tetraethoxysilane.

Iwreynatinx Cou©ositions

Hydrolyzed tetraethoxysilane is also used to reduce the porosity of various

materials. An impregnating mixture is prepared by mixinr 315 liters of tetraethoxy-

silane with a mixture of 50.7 liters of water and 135 ii. "rs of technical 94, al-

cohol until dissolved, after which 250 liters more of tetraetho.Vsilane is added to

the mixture. Impregnation with it can increase the resistace to water of such ma-

terials as bricks, graphite, asbestos, paper, leather, corl:, textiles, or stucco.
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tighly porous materials are impregnated and dried twice (Bibl.33). To preserve wood

from rotting, it is impregnated with phenol or naphthol esters of orthosilicic acid,

hydrolyzed in the presence of amonia or alkaline salts.
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Acetoymthyltriasthylailan. 212

Acetoxyethyltriethylailans 212

e-Aceto- (ethyl )-.thyltraethylailane 211

Bensyldichlorosilane 402, 476

Benyltriisocyanatosilane 665
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Benzyltrichlorosilane 467

chlorination 510

Bonsyltriethox'uilane 334

19,2-bis- (chloro..tbyl)-ttramtyldisiloxane 538

p-biphenyltrietho.Voilans 334

l-Bornyloxytrichlorosilans 304

a-Bromovinyldimthoxyacetoxvsilane 334

P-Brcuovinytriethylsilane 180

a-Brosoinyltriethoxvuilane 334

p -Brcmmagnesimphnyltrietbyliaie 196

Brc~cmthyltribrcuioilane 443

l-Brcmo-5-mothoxypaaonyltrichlorosilman 516

O-Bromopropyltriasthyluilans 1M8

Y-Bramopropyltriamthylailano 19

Brcooilane 122

Bromotriiodosilane 3l9

p-Bromophmnyltriisobutoxysilane 334

p-BromophwytrimthoVoilans . 334

P-Bromophnytripropoysilane 334

4-Bromophmyltrichlorosilane 516

p-Brosphmnyltriehoxysoilane 334

Butadintriethylailan. 181

2-Butenyltrichlorosilane 466

3-Butenyltrichiorouilans 466

tort-Butylaminomthyltrimethylsilane 661

tert-Butylbutyldihydroxysi:lane 607

tert-Butyl- ( hxadecyl)-dihydroxysilans 607

Butyldifluorochiorosilane 454j, 474
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Butylonstrimthylailans 181

trt-Buty~iznethyldihydromrailane 607

ButylsiJlan. 148, 152

Butyltriisocyanatosilae 665

Butyltriiodosilane 462, 472

Butyltriphenylailane 168

Butyltrifluorosilane 454, 4569 472

Butyltrichiorosilan. 466

preparation 408

fluorination 454

tert-Butyltrichlorosilans, 108, 466

preparation 406

chlorination 510

Butyltriethoxysilane 334

hydrolysis 273

tert-Butyl- (phmil)-dihydroxsilan. 607

Butylfluorodichlorosilans 454, 475

Butoxydia~1oxyuilane 254

Butoqdi-trt-butoxainosilmae 643

Dutoqmethyltrimsthylsilane 207, 212

Butomy-tort-butaxdiaunoiae 643

sec-Btoxy-trt-butoxydiaainosilane 643

Butoxytrichlorosilans 302

Vinylacetylenetributylsilane 183

Vinylacetylenstrimsthylsilane 3.83

Vinylacetylonstripropyluilane 183

Vinylsilane 3.52

Vinyltriallyloxysilane 334
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Vinyltriarlylsilan. 180

Vinyltrian~71ailane 180

Vinyltribenzylsilans 180

Vinyltributylailan. 175, 180

Vinyltrihoxylenco~silane 334

Vinyltrihwcyloxyuilsne 334

Vinyltrihptyoxgysilane 334

Vinyltriisoazlroxysilane 334

Vinyltrimtbylsilan. 180

Vinyltri- (O-mthozythoxy)-silane 334

VinYltrioctyloxysilans 334

Vinyltripropylsilane 180

Vinyltriphnylsilan. 180

Vinyltriphonoysilane 334

Vinyltrichlorosilan.s 175

Vinyltri-(O3-chlorothoy)-silans 334

Vinyltriethylsilan. 180

Vinylolorosilans, preparation 428

High solecul1ar compounds containing silicon 700 ft.

Haloalkyl- (haloaryl)-halosil.ane

preparation 502 ff,

chemical properties 517 ff.

Haloakyl-(haloarl)-chlorosilanes,, hydrolysis 529 ff.

Halosilanes

owddatiori 127

chemical properties 12 ff.

Halosiloxanes, properties 129

Halo di-esters of orthosilicic acid 299 ft.
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alkylation 310 ff.

hydrolysais 306

preparation 299

reactions 312

thermal decompouitio7r. (synutrisation) 33.1

physical properties 3039, 3049, 306

chemical properties 306

Guaiacyloxytrichlorosilane 304, 331

Hwmallyloxydisilouane 254

Heuoya~'disiloxane 694

Hexaactylenedisiloxan. 396

Hexabenyldisilane 2199 220

Hexabenyldisiloxne 694

Hexabrouodisilane 132

Hwmbromodisiloxane 227

Hexbutylacetylenedisilane 18

Hexabutyldisiloxane 694

Hexabutogyaminodisilane, 644

Hexabutoxydisilomne 254

Heubutozycyclotrisilomwxe 254

hadecabutoycyclooctasiloxane 254

HwzadcamthYlcYclooetaailwinne 552# 694

Heudecachloroheptasilowine 129, 230

HmdecaethylcycloOctailmne 354

Heagdecyltrichlorouilane 466

Hmaisocyanatodisilawine 664

Heziodosilane 132, 235

Hemsilyldisioxinne 692
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Hexametha11yvloxydisil oxane 246p 254

Hexamethylainodisilan. 635

preparation 621

Hexaiethylacty3.nydisilane 3182

Hexamthyldisilane 12, 217# 219

Haxamthyldisiloxans 27, 325, 446, 536, 595, 694

Hexaathyldisilozane sulf ate 603

Hexamthyldisilomane phosphate 603

Hezaathyv3difluorodimethyvienetriuiiane 692

Hexamthyl-13-dichlorotrisiloxane 695

Hexiaethyllzinodisilans 595

preparation 481

Hexmthyl- (imthlaiino)-disilane 635

Hecathy~asthy1.nea.inmthylenpdisiane 661

Hexintymthylenedisilan., 692

Hexamtyloxpethylenedisilane 204, 213

Hexamthylpludboxydisilans 602

Hexaathylsulfondioydisilaneg preparation 602

Hexmthycyclohwcasilozane 694

Hexaethylcyclotri-(aminosilans), 641

preparation 635

Hezmtylcyclotrisilowane 694

Heowmthozy-m-dioxyphmylenedisilane 254

Hwmthoog.dioxphnyldisilane 254

Hezmthozydisilwmne 254

Hexapropyldisilane 219

Hexapropyldiuiloxene 694

Hexapropowdisilans 239
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Hexapropoxydiuiloxane 254

Hwauilan. 59, 64

Hwutolylililane 402

Hwx-p-tolyldiuilans 220

Heatolyldiuiloxane 694

HexaphnylAminodisilan. 151.

Hgxphnyldiydroxytrisiloxan. 607

Hexaphnyldiilan. 23.7, 220, 402

preparation 484

Hwzaphonyldisilomans 404, 694

Hwxapheyldichlorotriuilomene 607

Heapanycycotrisilaxans 607, 694

preparation 567

Hezaphhoxrisiloxan. 254

Hexaflorodisilane 132# 135

Hexaflorodisiloxan. 130

Hexachlarodisilani 73, 135, 402

Hwxachlarodiuiloxan. 78t 81, 83, 1299 130

Hexachloro-1,,2-dichlorothyledisilan., preparation 442

Hexachloromthylnedisilan. 324j, 432, 684, 692

.- Hwcachlorophanyleneoxydisilane 304

p,-Hwcachlorophenyleneoxydiuilane 304

Hahlorocyclotriathylnetrisilane 692

Hexachlorootbylonedisilans 24j, 324# 432, 684, 692

Hwccyohwqxyvdisioxane 241,v 254

Heme~thylaminodiuilan. 630,, 635

Hexathylacetylenyldisilane 182

HoxaethyldioWsulfondisilan. 635
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Hexathyldisilane 217, 219

Hexaothyldiailoxane 155# 324,, 446, 531, 597, 694

Hexaethyldisiloxane sulfate 603

Hexaethyl- (mothyleneaminomethylerie)-disilans 661

Hexaethyloctaethox;rhexwsiloxa~ne 366

Hexethylsulfondioxydisilane 538

Hexethylcyclotri- (aiinosilane) 641

Hexaethylcyclotrisiloxane,, preparation 575

Hexathinyldiuilane, preparation 697

Hexaethoxydisilane 239

Hexaethoxydisilozane 254

Huqxovtrichlorosilane 301v 303, 33f1

H.xyltrichlorosilan. 466

Heyltriethoxyuilane 321, 334

rate of hydrolysis 365

Gels of uilicic acid 710 ff.

Heptabutylnonaethoxyheptauiboxane 370

Heptamethyltrisiloxane 694

Heptamtyl-2-chloromthyltr1iuioxane 695

Heptamthylchloromthylcyclotetrauiloxane 527, 555

Heptaethylnotnaethoxyheptasiloxane 369

Heptyltriusthybuilne, 168

Heterocycelopentamthyvlenedichlorosilane 472

Mrcurochorcsthyltrimethyluilane 678

Mrcurochloroothyltrimethyl~ilane 678

Dimethylaminmethyltrmthylsilane hydrobrcaiide 659

Hydroxyaznrltrimethyluilane 200, 206

Y-Hydroxy- (dimethyl)-propyltrimethyluilans 231
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0-Hydroc- (dinethyl)-ethyltrimethylsilane 231

Hydroxyl derivative organosilanes 522

Hydroymethltrimethylailane 206

Y-Hydroypropyltrimethyluilane 200

1,2-Hydroxytetraphenyldisiloxane 695

Hydroyethyltriethylailane 206

Aminomethyldimethylphenylailane hydrochloride 660

Aminomethyltrimethylsilane hydrochloride 659

Aminomethyldi- (mthyl)-ethox~silane hydrochloride 662

Aminoethyltrimethyluilane hydrochloride 659

Hexwtmtythyleneanonmthlenedisilane hydrochloride 660

Dimethylainmethyltrimethylsilane hydrochloride 659

Diphenltetramethyl- (methyleneamidnomthyvlene )-disilane hydrochloride 660

Isopropryvlaminomthyltrimethylsilane hydrochloride 659

Mthylazminmthyltrimethylsilmne hydroiohioride 659

Octadecylainothyltriuethylsilane hydrochloride 660

Dicyclohwrylaminomthyltrimethylsilane hydrochloride 659

Disilicic acid 731

Silicon d! oxide 75

action of halides 707

properties of various modifications 706

heat of formation 127

Decabrnottrasilane 135

Deea", tetrasilomne 127, 129, 130

DwcAbutoxyoyclopentasiloan@ 254

Decamthylhezasiloxane 494

Decamthy1dichloropentasilaone 494

Decamthyltstrauiloxale 494
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Docamnthyl-2,3 D4D 5-tetra- (chloromthyli)-hwxa'loxan. 495

Decamthyltrimthylntatragilane 6W, 693

DocamthylcyclOP~ntasilon.e 494

DocamthOx'tetraiozene 254

Decachiorotstrasilane 135

Decachlorotetrasiloxane 79, Si, 129, 31

DecatbylcyclOPentasiloxane 354

Decaothoxytetrasiloxans 254

Degradation

of alkyl-(aryl)-silanse 161, 3.84, 220

of polyvorgariosiloxanes 799 ff.

of eaters of orthosilicic said 294

Docyltrichlorosilan. 467

Dialkyl- (diaryl)-dichlorosilanes, physical properties 468

Dialkylahlorouilan., ion 498

Diallyl~laethylsilane 179

Dial3.yldichlorosilano 428, 468

Dial2.yJdietylsilan. 173, 179

DiallylasthylsilAn. 152

Dia13'1ozydisobutozyuilan. 254

Diaflylox-a-naphthylo3Wsilane 254

Diallyloxydipropoxysilan. 254

Dia13rloydi-tert-butoxysilane 254

Diallylaxqdichlorouilane 299v 30~2

Dial ylozxyditho~uilane, preparation 238

Di- Callyloxy)-cyclohwxylchlorosilan. 306

1,,2-Diallylttramethyldisilmmae 493

Diazyldiall]yloxyailane 334
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Diamydifuorosilane 472

Di-tert-am71oxydiaminosilane 642

Diaminodiiminodisilane 653

Di- (aminomthyl)-totramthyldisioxmne 658

Di- (r-amiD ophenyl )-diethylsilane 215

Di- (acetaminophenl)-diethylai3An. 215

1,2-Diacetoxrmthyltatramethyvldiuiloxan. 695

Dibenuyldibutozyilane 334

Dibenayldihydroyuilane 607

Dibenmyldiphenoxyilane 334

Dibwnzldichlorosilane 467,v 486

Dibnuylchlorosilane 473

preparation 402

Dibensylethylpropylsilans 177

Di- 1.vo-bornyloxydichlorosilans 304&

a-Dibromo-o-brcunothytriethoysilan. 334

Dibromodiiodosilane 3l9

0,, Y-DibrcmopropoxVtrihlorosilane 303

Dibromosilans 122

Di-U(-bromophnyl)-dichlorosilans, 517

Di- (bromophenyliuino)-silane 633

p-Dibrcmophenylntrylsilane 633

a -Dibromoethyltrithxysilano 334

Dibutyliainotrichlorosilane 649

Dibutyldifluorosilane 456j, 470

tort-Dibutyldichlorosi3Ans 565

preparation 406

Di-tort-butyldichlorosilans 406
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Dibutyldiethoxysilans 334

Di- tert-butyldiethoxyeilane 34

Dibutyltatraetho.ydisiloxane 371

Dibutoxysinloxyeilane 254

Di-tert-butoxyaminoalkoxyuilanes, physical properties 646

Di-tort-butoxydiaminouilan.e 644

Di-tert-butoxy-di- (amino-4-auilno-6-butox)-silan. 646

Di-tert-butoxydi (amino-3-butoxy) silane 646

Di- tert-bi toxydi(aminoisopropoxy)silans 646

Di- tert-butoxydi (amino-3-mthyl-3-propo.y) silane 646

Di-tort-butoxydiaminosilans 6419, 643, 644

hydrolysis 646

Di-tert-buto.y(azninoothoxy)-silane 646

preparation 644

Di- tert-butoxydihydroxysilane 646

Di-tert-butoxydi(diLethylAminoothoxy)-silan. 646

Dibutoxydiflorosilan. 304

Dibutoxydichlorosilane 309

Di-tert-butoxydichlorosilans 641

Di- (vinyvlacetylon. )-diuiethylailane 183

Di- (vinylacetylen. )-dipropylsilan. 183

Di- (vinylacetyvlme)-diothylailane 183

Divinyldichlorosilane 428, 467

Dihexyloxdichiorosilane 302# 303

Dihexyloacydiethoxysilane 274

9, 10-Dihydroanthracene-9, lO-di- (trialkyl )-silanes 170

1,3-Dihydroxyhwmbensyltriuiloxane 695

1,3-Dihydroxyheaphnyltrisiloxane 570, 695
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1.2-Dihydroxydiothyldiphwnyldiuiloxane 695

Di- (hyroimthy)-dimsthyvlsi1.ne 203, 206

192-Dihydroxymthylttrainthyvldiuiloxan. 210, 695

1,,2-Diydroyttrabonuy.dision. 695

1,2-Dihydroxzytotraphwiyldisiloxane 570,, 695

Didecamtho'nonasilexane 253

Di- Ov Y -dibr-owrpoydchlorosilan. 303

Di- (p-diamthylaminophmyl)-dihydraxyai3me,, preperatian 659

Di- ( -t'-dicbloroisopropoixy)-dichlorosilan. 303

1,2-Di(dichloromtyl)tetraatby:Ldiuilane 695

Didodecylcozydchlorosilane 302

Diisoam1dintbaoilae 334

DiisomWqithoa'si~am 291

Diisobutyldichlorosilans 390p 467

Diisobutylmnodiamthylailene 180

Diisobutyleiomthy~milano 152

Diinobutyltstrasthyldisilane 219

Diisobutylttraothoxydiilonb 365

Di(isopropyla~lnc.thyl)ttramthyllsiloxaue 660

!Aisopropyldi1~dromuilan 406

Diiuopropyvldiiodouilans 462, 471

Diisopropyldifluorosilans 4509 472

Diusopropyldichlorouiloua 46?

Diiuopropyldiethomysilane 334

Diiaoprow.trtbutzvaminouilAme 469

Diimidoiuinodisianes 61?

Wiinosilan. 651

Diindwaldimthylilan. 183
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Diiodoailano 2

J.,2-Dicarbocmthy-l1,2-tetraasthyldisiloin. 214

Dimthoxydichlorouilans 304

Dimthallylodi-trt-butoxyiian. 253

Dnthalyoxydiisobutoxyiane 253

Dimetha11ylo~dichlorosilan. 303

Dimthalylchlorosilmns 470

Dimethylaiin mthytrimethylailan. 659

Dimthylaminamonosilan. 630

p-Diuetbhlaninophnytrithaosi1.ne 334

p-Dlmtbylanilinotriethozysil.ane 289

Diamtbylbuto.Vehlorosi~ane 331P 334

3 ,4-Di- (methvl )-vinyvlacetyl~nyltrietbalilan 183

1.3-D.mthylhmthoytrisiloxan. 695

DimtbyldiaainosiiLane 486

Dimtbyldacetozyni3Ans 334

Dimetbyldibromoilan 332, 471

Dthjvdi-(-brmoethoxV)-silane 332, 334

D.mthydbutoasilan 329t 334

DinmthyldihydroVoilane 607

Dimthyldiuopropylsilane 462

Dimethyldicyanatosilane 665

Dimthyldiiodosilan. 471

Dimethyldi- (P-.thoxyetho.V)-uilane 334

Dimthyldipropylailans 176

Dimethyldi- (phonylamino)-silan. 635

Dimethyldiphenylailane 176

Diiethyldifliaorosilane 452, 472
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DimethyldichloromthyvlhydroVsilane 596, 598

Dimethyldichloromthylailane 195

Dimthyldichlormothylchlorosi3Ane 17

Dimthyldichloroailane 12, 31, 379, 416, 424, 444, 468, 476, 482v 500

hydrolysis 547 ff.

preparation 394

fluorination 454

chlorination 510

Dimethyldi- (P-chlorthor)-silan. 334

Dimethldiethlsilane 176

Dimthydiethoysilane 3349 347, 362

hydrolysis 355, 359

Dieothyldi- (P-.thozyethoxy)-silane 334

Di- (zmty1npetamtydisilo~n. )-dimthylsilane 693

Di-1,2- (mthylnepMtamtyldisilaune)-tetraathyldisiloxane 693

Di-1,2- (uatlnpntmetymthylenndsilane)-tetramthyvldisilo 693

Diasthylolphemyldiethoozysilane 289'

2-Dimtyl-4-pentnltriethylsilane 182

Dimethylsilane 1.48, 151

Diuethyluilicone 539, 729

Dimethylsilomanes,, cycl.ic,, physical properties 360

1,2-Diuethyltstraaq~1oxydisiloxane 695

1.2-Dimtylttrabensyldiuiloxane 694

1,2-Dimethyltetrabutoxydisilamne 695

1,2-fl sthyltetramthox'disioxane 695

1,2-Diziethyltetraphenyvldisiloxane 694

Dimthylttrachlorodisiloxane 402

1,2-DijethyltatraethOXydlisiloxane 695
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Dimthyltrichloromethyvlchlorosilaie 517

o,p-Dinothylphnytriethoxyailane 289

1, 5-Dimthyphnytriethoxysilane 334

2,4-Dimthylphwytriethoxysilans 334

DiiethyJfluorochlorosilans 473

Dimothylehjloroiodosilane 462

Dimthylchloromethylchlorosilane 513, 517

Dimtbylchlorosilane 128

Dimtbylthylisobutylsilan. 176

Dimethylethyliodosilan. 461

Dimthylethylpropylailane 176

Diumthylethylphonyloilan. 176

Dimthylthlfluorouilan. 451

Dimathylethylehlorosilane 440, 470

Dimtylethoxybutoxysi2&n@ 373

Djmstho~rdiaE1ylcm7*ilane 252

DimthcodsoWloxsUane 252

Dimthoxydiuocyanatosilans 665

Dimt'aodiustha11lye'ilane 242, 252

Dimthwa'dchlorosilane 302

Dimthoxydiethozy 252

Di-ac-raphthydibutylailane 169p 184

Di-ax-naphthyldipropyloilans 184

Di-a-naphtbyldiphenylsimne 169

Di-a-naphthyldiethoxygilane 169

Di-a-naphthyl-p-tolylpropylai3Ane 184

Dinitrylaaminodisilano 652

Di- (m-nitrophenyl )-diethylailane 215
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1,2-Di- (nitrophenylcarboxyznthyl)-l,2-tetramethyldisiloxn.e 695

3, 5-Dinitrophenlcarboythyltrimthylui:Lane 232

Di- (oxymthylpheyl)-diethoxrsilane 335

Dioctylwo'dichlorosilane 300

Di- (pentachlorophanyl)-dichlorosilane 506

Di- (pentachloroethyl)-tetrachlorodisiloane 695

Dipropyldiphenyldiethyldisilane 30

Dipropyldifluorosilane# preparation 453

Dipropyldichlorosilans 469

Dipropyldiethoxysilane 456

Dipropylailane 1W

Dipropylothylbensylailane 177

Dipropoxydichlorosilmne 302

Disilane 59

Disiloxane 122

Silicon disulfide 653, 668

reaction with alcohols 250

Dithywmoxy~dichlorosilane 307

Di- (diisothiocyanato)-dimnthvlsilane 674

Di- (isothiocyanato )-diphenylailane 674

Di- (isothiocyanato )-diethyvluilane 674

Di- (p-to~jvl)-dihydrowsilan. 607

Ditolyldichlorosilane 781

Di-p-tolyldichlorosilano 469

Di- (trichlorophenyl)-dichlorouilane 506

Di- (phenylamino )-p-bromophenyliminouilane 631

Diphenylaminodichiorosilane 651

Diphenylarsyl- (phenylene )-triethylsilane, double compounds of:
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with mercury bromide 678

with mercury iodine 678

with mercuric chloride 678

Diphenyldibromosilane 472

Diphenyldihdroxysilans 607

preparation 565

Diphenyldiisocymnatouilaui. 665

Diphenyldi-p-tolylgilane 164

Diphenyldi- (phenlamino )silane 635

Diphanyldiphmnoxysilane 35, 334

Diphenyldifluorosilane 455, 4729 476

Diphenyldichlorosilane 4309 469, 476, 478t 500

hydrolyuis 566 ff

preparation 395

fluorination 454

partial hydrolyuis 604.

Diphenyl-0-choroethw~ailwe 334

Diphenrldiethydiprow1disilane 485

Diphenyldiethylsilane 19

DipheW~diethoxysilmne 334

Di-(phwnyIuldno)-silan* 655,v657

Diphenltetrmtyl(stymnAuicmtbyme)disilAne 661

1, l-Diphey1-l222-tetratolyisuilaze 220

1,2-Dipbenl-l,l,2,2-tetratolyldilene 220

Diphanyltetracblorodisilwmme 402

Diphenyltriethoxyuilane 289

Diphanylpheno~yehlorosilane 335

Diphanylfluorochlorosflane 4521, 471
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Dipherylchlorosilane 473

preparation 402

Diphenylethynyldiethoxysilane 289, 335

Diphenoxydichlorosilans 301s 303

Difluorodibromoilane fl9

Difluoridichiorosilane 119

Difluorosilan. M2

Difluorotetraumthyluthylsn~disilans 692

hydrolysois 685

preparation 685

Difluorochlorosilan. 122

2 ,2-DichlorovinyldichLorosilans 4218

0, fP-DichoroviyltriamthoxyUi~axo 334

Dichlorovinyltrichlorosilane., hydrolysis 528# 428, 440s 516

OL, I-Dichorovinyltrichlorosilan., preparation 5fl1

P3, -Dichlorovinyltrichlorosilan. 51.6

preparation 442

0, -Dichlorovinyltriethoxysflan. 334

Dichlorohxaphnyltrisilouin. 568

Dichiorodibromosilans 3-19

f.0-Dichloro-ac, j-dibrosmthyltrichlorosilan. 516

Dichiorodisocyanatosi:lane 665

Dichiorodiiodosilane 3.9

0, 3'-Dichloroisopropoytrichlorosilane 302

1.3-Di-( chloromethy)-hewinmtyltrisilox.ne 695

1, 5-Di- (chloromethyl)-docamthylpentauiloxane 695

Di- (chloroswthyl)-dichlorosiian. 443

1.6-Di-( chloromethyl)-dodecamethyvlhuuiloxane 695
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1,4-Di- (chloromiethyvl)-octainethyltetrauiloxane 695

Di- (chloromethyl)-tetramethyvldisiloxane 214

P, Y-Dichloropropyltrimethylailane 188, 198

Dichiorouilano 122

Dichlorotetramethylznethyleriedisilane 692

preparation 690

Dichlorotetraphenyldisiloxans 5613, 777

Dichlorophenyltrihydroxyuilane 609

2 ,3-Dichlorophenyltrihydroxysilane 516

1,2-Di(a -chloroethy)tetramthoxydisioxane 695

1.2-Di (O-chorothl)tetraethoxyaiioxane 695

1,2-Di(O-chloroothyl)tetrapropoxdiioxane 695

1,,2-Di (a-chlorothyl)tetraethox~adiioxnne 695

1,2-Di(O-chloroothy1)tetrathoxiyaiuioxaie 695

Dichloroethyltrichlorosilane 527

1,2-Dichlorothyltrichlorosilane, pyrolysis 527

(,-Dichoroethyltriethoxysilane 334

Dicyclohoxyldihydroxyuilane 607

Dicyclohexyldichlorosilaie 469

Dicycloh~xldiphenylsilane 152

Dicyclohexl- (phenyl)-chlorosilane 468

Dielectric constant of polyuethylsiloxanes 747, 749

Diethylaminotrimethylsilane 628

Diethylaminotrichlorosilane 649

Diethylbenzylhydroysilane- 600

1,2-Di- [(ethyl) (butyl) (benzyl) ]-disiloxane 694

Diethyldiallylo~rsilane 334

Diethyjldihydroxyuilane 604, 607
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Diethyldiisoamyloilans 177

Diethyldiisocyaziatosilan. 665

Diethyldiiodosijlans 459, 470

Diethyldinethylailans 168

Diethyldimethozxrsilan. 334

Dietbyldipropyldibenzyldisilane 219

Diothyldipropyldiphenyldisilane 219

Diethyldipropylailan. 177

Diethyldithioisocyanatosila.,g preparation 672

Diethyldi- (trimthylailoxy)-si~an 488

Diethyldi- (phenylaimino )-silane 635

Diothyldiphenylailan. 177, 184, 490

Diethyldiphnoqusilane 334, 379

Dithyldifluorosilan. 476

Diethyldichlorosilan. 31P 192, 428, 467m 475, 575

hydrolysis 559 ff.

preparation 410

Diethyldiethoxyailan. 321, 334, 352

hydrolysis 350 ft.

Diethylmsthyliodomsthyluilane 195

Diethyloctaphayltetrasilane 220

1,2-DiE (ethyl)(propyi)(bensyl)]-disioane 694

Diethylpropylahlorosilane 468

Diethylsilane 148, 152, 438

1,2-Diethyltetrabensyldisiloxane 694

Diethyltstrainobutyldisilane 217

DiethyltetrmwthylAminodisilane, preparation 638

1.2-Diethylttraphanyldiuilouuie 694
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Diethyltetraphenyldisiloxane 366P 368

Diethylphanylbydroxysilane 600

Diethyiphnyl- (p-.thylphenyl)-ui3An. 177

Diethylahloroiodosilen. 462

Diethylahlorosilane 473

preparation 402

Diethylehlorothylbrmouilans 517

Diethylehloroothylfluorosilan. 517

Diethyl.thoxchoroiaae 334

Di-(ethoxy)-allyloxychloroui3,an. 303v 306, 309

Diethozvbutoxyhilans 254

Diethoxydiall~yloxyailano 254

Diethoxdibutox~iaa 254

Diethozydiioanlysqilane 254

Diethoxydiisocyanatouilane 665

Diethoxydistylallyloqysilane 254

Diethoxydiphenoxpnilane 254

Diethoxydichlorosilan. 303

Diethoxypolydiethylailoxanest physical properties 350

Diethogyphanylflorosilane 334

Dietho~yhosphatotriethylailan. 675

preparation 677

Diethaxyphosphatotriethoysihne 675

Dodecabromopentasilomane 327, 129, 131

Dodecabutozycyclohwxasiloxane 254

Dodcm thylpentasiloxane 692

Dodecaasthyltstramsthylenepuntaui15n6 689v 692

Dodecamathylcyclohexauiloxane 692
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Dodecamethoxypentasiloxn.e 254

Dodecachloropntauilane 135

Dodecachioropentasiloxane 129, 131

Dodecadichiorosilane 475

Dodecyloytrichlorosilane 301

Dodecyltrifluorosilane 473

Dodecyltrichlorosilane 466

preparation 394

Dodecyltriethoxysilaie 334

Dodidecamethoxydecasiloxane 254

Dodidecachlorodecasilane 135

Substituted esstoe of orthosilicic acid 319 ff.

alcoho],ysis and reesterification 373 ff.

hydrolysis 334 ff.

substitution of alkoxy groups 3191, 374

methods of preparation 319

physical properties 334

chemical properties 334

Isoanyltrimsthoxysilano 291

preparation 321

Isoaniltrichlorosilane 466

IgoamytriethoVsilane 334

Isobutylenetriethylsilane 180

1sobutylsilane 152

Isobutyltrichiorosilane 398, 466

Isobutyltriethylsilane 217

Isobutyltriethoxysilano 334
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rate of hydrolysis 365

Isohoxyltrichlorosilane 466

Isootyltrichlorosilan. 466

Isopropylalminozthyltrimethyluilane 659

Isopropyldifluorochlorosilane 454, 473

Isopropyltriacetoxyaijlans 334

Isopropyjltriisocyanatosilane 665

Isopropyltrifluorosilans 454, 473

Isopropyltrichlorosilane, fluorination 454

Isopropyltriethoxysilans 334

Iisopropylfluorodichlorosilane 454, 473

Isopropoxy-tert-butoyaminosilmne 642

Isopropoy-tort-butoxydiaminouilan. 642

Isopropoxytri-tort-butoxysilans 254

Isocyanatosilanes 665 ff.

preparation 665

Iodomethyltrimthylailane 193, 196

P-Iodopropyltrimetyaiae 1IN

Iodovilaae 22

laidosilane 620

Indenyl-(trimethylailane) 183

Induayldi-(trimstblx~ilan*) 183

Indanyldi- trletbylailane) 183

IndeiyltrimetIylailan. 182

Indwq1trietbl~Tsilan. 282

Infrared spectra, of tetra-subatitutod alan. 171, 208

cyclic Polyilonof 575 ff.

Silicon carbaitids 617
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Carbox'mthyldimethylphanylsilan. 21.5

Carboxustbylpentamthy3.disilowne 215, 695

(Carbozyvitythiopropy1l)-peitaathyldiailooan. 675

(Carbo.mthyltbiopropy)-trimthylsi~an. 675

(Carboqithyltioethyl)-trlasthylsilane 671, 675

Carbgytytrimtbyluilan. 214, 215

0-[Carboz(.thy1) J-ethyitrimthylsilAn. 210

C&Arbozthyltrimthylailan. 21.4, 215

Carborumdws 71.7 ft.

Carvacrylaxytrichlorosilane 304

Quarts 704

properties 707

Contact Mwee.. prpration 412 ft.

Silicic anhydrides 100 ft.

Silicobensoic anhydride 100

Silicic sald 709 ft.

Silica, ee Silicon dioxde

Silicobutyric anh~ydride 100, 296

Silicotondc anIlydride 100, 102

prnpration 238

Phosphosilicic oxyobloride 291

Potassium silicofluorids 8, 171

Silicon 412

inflmnce on behavior ot groups and atoms 34

dioxide see Silicon Dioxide

a-,tion of alcohols 248

contact mases 432 tf.

preparation 8
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reactions 147% 432 ff.

properties 7 ff.

bond with oxygen 26 ff.

bond with carbon 11 ff*

content in Earthts crust 7

compounds with hydrogen 59 ff.

compounds with halogens 72,9 127

Tetrabromide see Tetrabromosilicon

tetraodide see Tetraiodosilicon

tetrafluoride see Tetrafluorosilicon

tetrachloride see Tetrachlorosilicon

bond energ 10, 11

Silicolactic acid 10

Org nosilicon Uquids, preparation by hydrolysis 358# 745

Organosilicon resins 764 ff.

and organic resins 786 ff.

polymers, physical properties 738

Organosilicon compounds,

atomic and group indexes of boiling point 464

high-molecular 700 fft 720 ff.

low-molecular 684

containing lead# tin, arsenic or mercury, physical properties 679

with alternating silicon and carbon atoms 684

physical properties 692

Silicoricinoleic acid 102

Silicosalicylic acid 102

Silicon tydroxide 709

Christobalite 704
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Xylyltriethoxysilane 322

Lauryltrimethylsilane 168

Leucone 61, 124

Lithium as catalyst, 631

method of grinding 404

Organolithium compounds 145, 164, 289

substitution of alkoxy groups 322

reaction at silicon-hydrogen bond 406

preparation of alkylchlorosilans and arylchlorosilanes 404

reaction with silicon tetrachloride 109

Organomaanesiu compounds 143, 287

analysis 390

substitution of alkoxy groups 322 ff.

preparation of alkylFluorosilanes or arylfnorosilans 448

alkylchlorosilanes or arylchlorosilanes 384

reaction with SiC14 105

Copper-silicon mass 418

Copper powder (oxidised) as catalyst 420

Copper 557

Copper as a catalyst 412

Cuprous chloride as a catalyst 448

Copper oxide as a catalyst 418

Cuprous chloride 412

Menthoxytrichlorosilane 304

Metasilicic acid 711

Metiaflylooytriisobutoxysilane 254

Methallyloxytrichlorosilane 303

F-TS-9191/V 866



Organometallic compounds, reactions with SiC14  10e

Mthylallyldichlorosilane 469

Methylaminodisilane 629, 635

IMethylanin athyltrimethylsilane 660

Mthylbnzyldi- (O-methoyethoo')-silan. 334

Hethylbenuyldiethoysilane 362

Mthybrmsilanes,, preparation by direct synthesis 457

Nthylbutyldichlorosilane 469

(1-Mthylbutyl)-mthyldichlorosilane 469

Nethy1linyldichlorosi~ane 469

Meathylhezldchlorosilans 469

2-Methylh W ltrifluorosi.ane 473

Methylhydroxyphnyltriethylsilane 206

Mthyldiacetoxysilane 334

Methyldibensylsilanol 600

Methyldiisopropyliodosilane 472

Hethyliisopropyilfluorosilane 474

Mthyldiisopropylethoxzysilazie, preparation 327

Hethyldipropyliodosilane 462, 472

Mthyldipropylflxiorosilane 452, 474

Methyldiphenylsilanol 600

Methyldiphenyichiorosilane 471

Methyldifluorosilane 453, 475

Mthyldifluorochiorosilane 474

Methyldichlorosilane 462

Mthyvl-(dichioromethvl )-dichlorosilane 508, 516

hydrolysis 559

Mthyl- (chloromethyl)-chlorosilane 17, 517
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Mthyldich3.orosilans 120,9 148, 43.6,, 422, 475, 494

fluorination 453

Mthyldi- (O-chloroothoxr)-uilan. 334

Mthyldiethyliodosilane 661, 472

Methylenedi- (pentamethylisiloxi.) 692

Mthyloctadecyldichlorosilane 470

MthyloctyJldichlorosilane 470

2-Methy-4-pentnyl~diuthylphanylailane 182

2-Mthyl-4-pntwnltributylailane 182

2-Mthyl-4-pentenltrimethylsilane 1.80

2-Mtyl-4-pentnyltripropylsilane 182

2-Notbyl-4-pmntanyJltriethylsilane 182

2-Mtbyl-3-pentenyltriethylailane 182

Mthyl- (PrOPYl)-Phenylchlorouilane 471

MethYlsilane 147, 151

Mthyltriacetoxysilane 334

Methyltribrcooilane 472

Metyltri-S-bromethoxysilane 332, 334

Mthytributagmilane 329

MetbyltriisuWxailane 334

Mthyltriisocyanatosilane 665

preparation 663

Metyltriiodosilan. 472

M~tbyltrimtho:Wsilan* 334

Metytri-0-inthoxyethoo~silae 334

Mthytri- (phenyluino)-9ilan. 635

Nethyltriphenylsilane 177

Mthyltriflaorosilane 473
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Mthyl- (trichloromethyl)-dichlorosilane 508, 516

Mthyltrichlorosilans 11 416, 424, 467, 476, 494

hydrolysis in water-butanol medium 531

preparation 294

fluorination 452

J4.thyltri--choroethoxyuilane 334

Metyltriethylsilane 155, 168, 176, 459

Mthytriethoxysilane 321, 334, 362

hydrolysis 370, 373

Mthyipheyldi- (P-methozethoy)-silane 334

Metbylphenyldifluorouilane 473

Methylphenyldichlorosilane 470, 473

hydrolysis 577

Mthylphenldiethoyuilane 289, 334

Metyiffluorodichiorosilan. 474

Methylfluorochlorosilane 454, 475

Methylchlorodiiodouilane 462

Methbylchloromasthyldichlorosilmne 5169 577

Mthlohiorosilan. 475

Methylchlorosilanes

preparation 414 ft.

separation 4.23

Mthyl- (a-chloroethyl)-dichlorosiane 517

Mthyl- (P-chloroethyl)-dichlorosilane 517

Metkvlcyclohe~ldichlorosilans 470

Methylethyldibrcuosilane 472

Mthylethyldichlorosilane 470

Mthlethyldiethoxrsilans 334

F-TS-9191/V 869



Mthylethylpropylbnsylailane 177, 184

MthylethylpropylsilanoJ. 600

Mthylethylpropylphenyluilane 177, 184

Mthylethylphenylsilanol 600

Hethylchlorosilanes and othylchlorosilanes, physical properties 651

1-MthoV-4-bromophnytrichlorosilan. 578

Mthoytert-buta u nosilane 643

Methoytert-buto.Vaaiinosilane 643

Mthoxyrmthyltrimethylsimn. 214

preparation 206

Mothoxtri13,rloxysi3Ane 254

Methoytriisocyanatosilans 661

Methoxytrimthaf.y,loxysilane 242, 254

Mothozytrichlorosilane 303

Mthoytriethoxysilane 254

p-Methophew trichloroilen. 467

Methov. (PhurWOz-dichlorosimne 306

MthoM (ethoxy)- (butoqy)-ehlorosilan. 306

Nethov3- (Othwiy)-diohlorosilsne 306

Mtho. (ethox)-piiaio7- (innthoz)-silan. 254

Monoaminosilane 618

Honouilmne 59, 63, 64

Sodium flnosilicate 155, 157

a-Naphtylbnsylipropylsilan. 184

a-Naphtbylbonsyltolylpropylsilane 1814

a-Naphthyldiotylsilans 168

z -Naphthyi-p-tolylbztyluilane 170

a-Naptthy1dito~y1btylsilane 184
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c-NaphthylditoJlyliaoaznyoilans 170

'1-Naphthlditolylthylailane 184

0 -Naphthyldi-p-tolylethyluilane 170

a-Naphthyvldichlorosilan. 475

d-Naphthyl-p-tolyldipropylailan. 184

a -Naphthyl-triberiuylsilane 184

cL-Naphthy-tributylailan. 184

NaphthyltributylsiJlan. 164

Naphthytrihws'1silane 164

1t-Naphthyltriumthylailane 170, 184

d-Naphthyltrioctylsilane 168

C-Naphthyltripropylailane 184

ct-Naphthyltritolyleilan. 1.84

a-Naphthyltriphwkylsilane 170, 184

4-Naphthyltrichlorosilan. 469

cx-Naphtq1tricycloh~xysilane 184

a-Naphthytriethylailane 164

c-Naphthyltriethozysilah. 164P 322, 334

O-Naphthyltriethoxruilane 322, 334

O-Naphthylphwnylbnzy-p-tolylsilane 18

O-Naphthylphnyldibutylsilane 184

Silicon nitrides 614 ff.

preparation 34

Nitrylsilane 651

p-nitrobenzonsoy2Aminomethyltrimethyvlaiiane 661

Nitration of tetraarylsilanes 163

p-Nitrophenyltriethylsilane 215

Nomenclature 36 ff.
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Nonametylpntasiloxane 694

Nonamthyl-2, 3 ,4-tri (chloromt4.hyl)pentasilonn. 695

Oxi~dation of halouilanes, photocheuical 127

P-OxypropyltrJneth,,lsilane 26

Oxyuilane 124

Octabromotrisilane 335

Octabromotriuiloxane 127, 129, 130,

Octabromotricyclototraailoxae 127, 129, 330

Octabutoycyclotstrasiloxans 254

Octadecamthyleyclononasiloxan. 694

Octadecamthoxyoctailoxmne 254

Octadecylaainmthyltriumthylailan. 661

Octadecyldiolorosilan. 402, 475

Octadeyltrichlorosilane 394, 440, 470

0ctaisopropylcyclotatrasilo~mne 270

Otaisocyanatotriailoxane 664

Octamwthylaminotrisilane., preparation 640

Octamthyldiaminotrisilane 635

octamthyldmthylntriuilans 689, 692

Octamthyl-23-di(chlormthl)-tetraailozan. 695

Octamthyl-1,4-dichlorotetrasilozakne 695

Octamthyldicyclopentasiloxans 736

Octamthyldiethoytetrasilozane 357

Octaasthyltstrasiloxane 695

Octamthyltriiloxmne 695

Octamthylcyclodi (zmthylneaminanethylone )-disiioxan. J 659

Octamthlcyclotetra- (amnosilan.) 641

preparation 635
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Octamethylcyclotetrailaouns 695, 723

0ctamthoxytrisiloxane 254

Octa-p-tolyltstrasilane 220

Octatolylcyclotetrasilozxane 219

Octa-p-tolyloyclotstraailoxane 220

0ctaphany1diiodotetrasilane 484

Octaphnyltetrasilane 220, 484

o~idde 484

Octapheanylyclottrasilan. 219, 220

Octaphenylcyclotetrasilozane 571, 607

Ootachlorotrisilane 135

Octachlorotrisiloxane 77, 329, 131

Octaclorotricyclotetraailxano 329, 331

0ctastbyldiethoxtetrailoxane 350

Octaothyvlcyclotetra- (aiinosil.ane) 641

Octaethbyleyclotetrauilozan., preparation 575

Octath=ytrisilowme 254

0ctaothoxcyclotetrasiloxans 254

Octyloxytrichlorosilane 301, 303# 331

Octyltricblorosilane 326, 464

preparation 436

Organic and organosilicon resins 786

OrganohalosiJlanesq preparation of substituted esters 329

Organosilanola, cocondnsation 789

Organosilanediols 604 fft.

Organomonoydroxysilanes 593

physical properties 598

chemical properties 600
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high-molecular 374, 720 ff.

low-molecular 26, 44, 691 ff.

Organosiloz0.nes with functional groups in radicals 695 ff.

Organothiosilanes, physical properties 672

Organosilanetriols 609

Orthosilicic acid, preparation 87

Pentaaziylhptaethoxypentasiloxane 369

Pentabromodisilane 135

Pentahwrlheptathoxypentaailoxane 369

Pentamethyldiuiloxanomthylenetrimthylsilane 692

Pntautylhlorcmthyldisiloxane 209, 527, 691

preparation 537

Pentainthylcyclopentaniloxan. 695

Pentasilane 59, 64

Pentaphnyl-p-tolyldisilans 219

Pentafluorochlorodisiloane 131

Pentachlorohydroxydisiloxaa. 61

1,2,3,4, 5-Penta( chloromtbyl)heptaasthylpentasiloane 695

Pentachloromsthylenediuilane 432v 684v, 692

Nentachlorophenyltrichloroaimne 516

Pentaetbylbeptathozpmntaailoz. 368

Pentasthylphenylcyclotriuilwmn 581

Pentaethylchlorodisilozane 402

1-Pentny-1-trichlorosilane, preparation 442

Reesterification 246v 373

Polyalklaainoxilanes, cyclic, physical properties 641

Po3lyakylarylsilozano resins 781

F-TS-9191/V 874



Polya3lymothylenehalosilanes , preparation 689

Polyalkylethylenesilanes, preparation 691

Polyalkoxysiloxanes, hydrolysis 279

Polyamliloxane, preparation 374

Polyarylsilnzane resins 777

Polyvinylsiloxanes, degradation 805, 809

Polyhalosilanes 132

Polydimethylmethylenesilanes 740

Polydimethylsilanese preparation 486

Polydimethylsiloxane liquids 799

Polydimethylsiloxane elastomers 791 ff.

Polydimethyliloxanes 740, 743

effect of metals on oxidation 553

degradation 800

molecular weight of fr~ctions 726

dielectric constant 747

behavior on heating 555

specific gravity 749

physical properties 365

cyclic 552

Polydiorganosiloxanes, degradation 800

Polyditolyluiloxane resin 781

Polydichlorophenylsiloxanes, degradation 745

Polydiethylsiloxanes 565

Polyisopropylsiloxanes, hydrolysis 281

Polysilicic acid 248

Polymeric substituted esters, formation 376

Polyeric inorganic compounds of silicon 703
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Polymeric compounds 700 ff.

Polymers, liquid 360 ff, 747 ff.

relation between properties and structure 739

relation between number of silicon atoms and quantity of water 368 ff.

linear structure 345

branched structure 348

of different structure, physical properties 740

resins 764, 776, 786

cyclic 551

formula for heat of vaporisation 752

electrical propertie 740

Polydimethylsiloxane liquids 747 ff.

preparation 364

Polymethylsiloxanes, degradation 8M, 811

calculation of composition of mixture by Flory method 754

properties 751

physical properties 745 ff.

vapor pressure 752

chlorinated, preparation 527

Polymethylphenylsiloxane resin, dielectric properties 783

Polymethylphenylsiloxane s, preparation 781

Polymonoorganosiloxanes, degradation 802

Polyorganometallosiloxanes 703, 744

Polyorganosilomane resins with higher radicals 776

Polyorganosiloxanes 490

hydrolysis 722

degradation 799 ff.

fluorination 450
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Polysilanes, halo-derivatives of 132

Polytrichlorophenylsiloxanes, degradation 806

Polyphenylmethylsiloxane liquids 799

Polyphenylmthylsiloxanes, behavior on heating 743

Polyphenylsiloxane waxes, dielectric properties 779

Po2yphenylsiloxane resins, dielectric properties 779

Polyphenylsiloxanes,, degradation 806

Polyphenoxyphenylsiloxane resin 781

Polyfluorophenylsiloxanes, degradation 807

Polychloromethylsiloxanes,, chemical properties 527

Polychlorophenyisiloxane resins, preparation 779

Polychiorophenylsiloxanes, degradation 806

PoJlyethyldisiloxane resins 775

Polyethylsiloxanes, degradation 804

Polyethylphenylsiloxane resins 783

Polyethyletho.Vsilanest physical properties 368

Polyethoxysiloxanes, hydrolysis 281 ff.

Precision casting 818

o-propylbenzyltriethylsilanol 206

p-proplbenzyltriethylsilanol 206

Propyldi- (phenyvl)-ch2.Orosilane 471

Prop~ldifluorochlorosilane 472

Propyldichlorofluorosilane 454

Propylsilane 148

Propyltribromosilane 470

Propyltriisoc,-antosilane 661

Propyl7triiodosilane &~62, 1,70

Propyltrineth,.'lsilane 1462
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Propyltrifluorosilane 454# 471

Propyltrichlorosilane 434, 469

fluorination 454

chlorination 511

Propyltriethylsilane 164

Propyltriethoxysilane 334

rate of hydrolysis 366

Propylphenyldichlorosilane 468

Propylfluorodichlorosilane 472

Propylchlorodifluorosilane 454

Prosilane polymeric 64

Prosiloxane 63

Direct synthesis 384 ff.

alkyl- or arylhalosilanes 414 ff.

alkyl- or aryichlorosilanes 412

role of catalysts 412, 418, 432

Reagents, nucleophilic 18, 20

Reactor, band type 417

Reactions

of alkylation and arylation

by acid anhydrides 296

of orthosilicic ester halides 310

by organometallic compounds 310, 319, 384 ff

of trichlorosilanes 124, 402, 436 ff.

of fluorosilanes 448

of chlorosilanes 105, 384 ff.

of esters of orthosilicic acid 287, 322
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of alcoholysis 242, 373, 474

of ammonolysis 474

of acylation 101, 296, 479

halogenation

bromination 633

iodination 459

fluorination 304 ff, 374, 450, 452 ff.

chlorination 163, 192, 291, 502, 527, 779

of hydrolysis

of alkylalkoxysilanes, methods 350, 356, 360, 365, 373, 374

of alkyl- or arylhalosilanes, methods 547, 557, 560, 567, 686

of alkoxyaminosilanes 646

of halosilanes 77 ff.

of halo-esters of orthosilicic acid 360

of bifunctional compounds 539 ff.

of bifunctional compounds and mixtures 352 ff.

mechanism 254 ff, 539 ff, 726 ff.

of monofunctional compounds 534

of systems with functionaity higher than two 364 ff.

of systems with functionality less than two 343 ff.

of esters of orthosilicic acid 254 ff, 731 ff.

disprop rtionation 492 ff.

halogen exchange 398

splitting of alkyl and alkoxy groups 374 ff.

reesterification 246, 373

polymerization 298

esterification 129, 230 ff, 477, 500, 641 ff.

Bond, silicon-nitrogen 32
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silicon-hydrogen 34, 467

relation between properties of alkoxysilanes and alkoxydisilanes 298

silicon-halogen 30, 467

silicon-o.Vgen 26 ff, 744

silicon-silicon 28 ff.

silicon-carbon 1 ff, 467, 517, 521

silicon-fluorine 304 ff.

Silanesulfonic acid 186

Silanes

bi-substituted 148

as reducing agents 64

unsaturated 68 ff.

mono-substituted 147

oxidation 64

organo- substituted 143

preparation 59

saturated 59

tri-substituted 148

physical properties 63

chemical properties 64

tetrasubstituted, see Tetra-substituted silanes

higher organo-substituted 217

methods of preparation 219

physical properties 219

chemical properties 220

Silene 63

Sodium silicate, preparation 537

Silicoacetylene 70
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Silicone 61

Siliconitride 655

Silicooxalic acid 63

Silicooxpzonohydrate 61

Silicoethylene 70

Silines 70

Silicide,

calcium 59, 132, 651

magnesium, reaction with alcohols 250

Silicon nitride 614

Resins,

polyorganosiloxane 764

and organic 786

containing higher radicals 776

Silicon compounds containing phosphorus, selenium, lead and other elements 675

Impregnation compounds 817

Alloy,

silicon-iron-copper 446

iron-copper, for direct synthesis 416

Water-glass 715

Styryltriphenylsilane 179

Amnomethyltrimethylsilane sulfate 659

Amincmethyltrimethylsilane sulfite 659

Sulfodichlorosilane 653

Tetraalkylsilanes,

bromination 163

chlorination 163
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Tetraalkoxysilanes,, see Esters of orthosilicic acid

Tatraa11yloxrdiethoxydisiloxan. 254

Tetraa11yloxrei~ane 0'4, 254

Tetraallyloxychlorosilane 299

Tetraallyluilane 180

Tetraaii~rhwethoxytetrasiloxane 369

Tetraamyloxysilane 254

TetraamyJlailane 110, 161

Tatraaaylthiosilano 672

Tetraaminosilans, preparation 618

Tetra- (m-ainophmyl)-ailan. 215

Tetraaryluilane3, nitration 163

Tetraacetylthiosilans 672

Tetraacetoxysilane 100

Tatrabonsyloxyuilane 254

Tetrabenzylsilano 3fl0, 13.6, 157,, 161,, 171

Tetra- (eis-9-banzoneoctadecon.-1-oxy)-siane 254

Totrabiphenyluilane 320, 161

Tetra-1-bornylozysilane 254

Totra- (p-bromophonylthio )-ailano 672

Tetra-p-broophno~rsilane 254

Tetrabutylhexaethoxrtotrauiozane 369

Tetrabutylsilane 109, 157, 161, 289

Tetrabutyithiosilano 672

Tetra- (sec-butylthio)-3ilane 672

Tetra- (tert-butylthio )-3ilane 672

Tetra-p-tert-butylphonylthiouilne 672

Totrabutoxysilane 242, 253
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Tetravinyloxysilan. 246

Tetrahalosilanes 72

mixd, preparation 3-17

Tatraguaiacyloxyailane 254

Tetrah~xys'ilane 253# 273# 281, 301

Tetraheptyloxysilane 253

Totradecabroohexasiloxane 1.30

Tetradecaimthylcyclohoptasiloxane 694

Tetradecaamthoxyhxaailoxane 254

Tetradecachlorohemasilane 135

Tatradecachlorohoxasiloxane 329, 130

TotradecathoW~hexaioxans 254

Tetrad~oyldichlorosilan. 475

Totradecyltrit.hlorosilans 394j, 466

Totra-0, 0-dichloroisopropoxrsilane 253

Tetra- (dichlorophmnoxy)-silane 251

Tetraisoamyloxysilane 253

T~traisoan~ysilane .109O 161

TotraioanylphonomyailAn. 254

Tetraieobutylenesilan. 180

Tetra- (isobutylthio)-silane 672

Tetraisobutylphonoxysilame 254

Tetraiedbutowquilane 242, 253

Tetraisopropylailan. 329

Tetra- (1 opropyl-thio )-uilane 672

Tetraisopropoxysilane 253

Tetraisocyanatosilane 665

Tetracarvacroloxyuilane 254
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Tetra-m-cresoxyiansi 254

Tetra-p-cresoxysilane 254

Totracrotyloxysilane 242

Tetra-.-xylensoxysilane 254

Tetra-.o-xyleneoxysilane 254

Tatramenthoxyeilane 254

Totramethallyloxysilane 242, 253##791

Tetramthyl-1,,2-bis- (dichlorvmthyl )-diuiloxane 527

2 ,3-Tetramthylbutyltrichlorouilan. 468

Tetramtbyl-1,2-di- (aoatox~'mthyl)-di11oxans 210

Totraumthyl-1,2- (dihydroxymthyl)-disiloxane 202

Totramtyldihyroxyuwthylonedisilane 692

Totramstbyl-1,2-diclorodisiloxane 694

Tetrmtylditylanodisilan. 635

Totramstyl-1,2-dithyldislzane 694

1,2-Tetranstbhy1-1,2-diethwq- (uthylonama.±itylmie )-disi3Am. 662

1.2-Tetramthylasthylnecyclodiilocane 692

Tetramtbyluilan. 139, 161

1,2.3 ,4-Tetramthyltetraphwnylcyclotetrasiloxane, preparation 575

Tetramthylthiosilane 672

Totramtbylfluorochloromthyvluaediuilane 692

Totramthylcyclo- (ieopropylamiuodimthyleiedisilomne) 661

Tetramstbyloclotetrasilwn 694

Tetramsthaoilae 95v 235, 254s 322

Tetra-0-mthoxiyethozysiane 244

Tetrane 30, 484

Tetra- (4-naphtbylaniuo )-sil.ane 635

Tetra-(0-naphtbylamino)-si1.ns 6259 635
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Tetra-a-naphthyloxysu±1e 254

Tetra-0-naphthYlomysilane 254

Tetra-a-naphthylsilan. 169

Tetra-0-naphthylailane 1.69

Tetr&-(z-nitroph~nyl)-ui2an9 215

Tetraoctyl Mysilane 253

Tetrapyrrolsilane 635, 657

Totraproplsilan. 150, 161

Tetra- (propyltio )-ullan. 672

Testrapropomysilan. 242, 253

Tetrasilan. 59, 63, 64

Tstr&DtmarylOxYuilans 244

T~trathymoloxyilan. 254

Tetrathioisocyantosilan 674

Tetra-(thiophen)-silan. 671, 672

Totrathiocyanatonilan. 665

Tetra-(O. tolsmaino)-silan. 625, 635

TetraI-(p,-tolylainno)-uilane 635

Tetra-p-tolyloxysilan. 290

T.tra-u-to2ylsilans 161

Tetra- (p-tolylthio)-silan. 672

Tetra-(trialkylailozy)-silmonss ptqsical properties 348

Tetra- (trinsvylMz)-silan. 248

preparation 488

Tetra-(phuayyamino)-silan. 625, 633, 635, 657

Tetraphmnyldihydroxydisiloxons 607

Tetra- (phenyldiasthylsilox)-silan. 348
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1,19 1,2-Totraphwnyl-2 ,2-di-p,-tolyldisilans 219

1, 1.2,2-Tetraphonyl-1,2-di-p -toJlyldisilane 219

Totraphariyldichlorodisiloxane 60?

Tatraphanyls.1&iosilaie 677

Ttraphenylsilane l3, 108, 109, 161, 166, 290, 459,

Tatrapherylthiosilan. 672

Tetraphenw~silan6 244, 253, 301

hydrolysis 277

preparation 239

Tetra-P-phenoxyethoxysilmei 244

Tstrafluorodichlorodimiloxane 130

Totrafurfurylaxysilaneo prepration 789

1,2,,3 .4-Tetra- (chlorcmsthyl)-hmzmt.tyttrasilomne 695

Tetrachiorosilans, se. Silicon Tetrachloride

Totrachlorophenltrichlorosilane 516

Tetrachloroethyltrichlorosilane . 515# 516

Totra-a-chloroethoxysilane 253

Tetra-O-chlorothaxysilme 34, 253, 426

Tetracyanatosilane 665

Tetracyclohezylaz~hilane 24.2, 254

Tetra- (cyclohexylthio )-silmne 672

Tetra-(etbylamino)-siane 633, 635

Tetraethylbhcmthozytetrslxn 372

Tetraethyldimethylaminodiuilafl 638

Tetra- (.thyldimthylailoqy)-ailne 348

Totraethyl-1,2-diphnyldiilainne 694

Totraethyl-1,2-diph=nylcyclotrisiloxane 581

Tetraethyliodoailne, iodination 459
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Tetraetbyluilane 10S, 1539, 161v 490

1,2,,4-Tetraethyltetraphwnylcyclo-tetrasilozxan., preparation 578

Tetrasthylthiosilans 672

Tetraethylphenylaminosilan. 635

Tetraethoxdibnyloxydisilomne 254

Tetraethowvdisiloxane 254

Tetraethoxysilane 170, 242, 253, 490

hydrolysis 254 ff, 357

solubility diagram 283

as catalyst 287, 322, 390

preparation 230

preparation of aqueoas aol, 283

reactions 287 ff.

Tetra-0-ethoxyethoxyailane 214

Thymloxoytrichlorosilane 3049 33l

Thioisocyanatotri- (isocyanato)-silane 674

Thioisocyanatotrimsthylsilane 674

Thioisocyanatotrimetho.Vailane 674

Thioisocyanatotriphenylailan. 674

T! toisocyanatotrichiorosilane 674

Thioisocyanatotriethylailane 674

Thioisocyanatotriethoxysilane 674

Silicon isothiocyanatea 671t 672

physical properties 672
Ob

chemical properties 674

Thio-esters of orthosilicic acid 668

and of chiorosilanes, physical properties 672

p-Tol~yldichlorosilane 475
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(Tolylthiopropyl)-trimethyluilane 672

p-TolyJtrichlorosilan., 466

p>-Tolyltriethoxysilans 289, 334

Trialkylaainouflaneu reaction with hydrochloric acid 623

Trialkyvl-(azyl)-chlorosil.anes, physical properties 470

Trialkylchlorosilanes, Preparation of pure prodtst 446

Triallylbromosilane 471

Triallylhutyluilane 181

Triallylmeithylsilan. 180

Tria13lv-d-naphtbylsilan. 181

TriallybuWtoxygilane 2 53

Trialylwox-tert-butoxysilane 254

Triallyloxyindbuto~~silane 254

Tiial~y1OW-na-phthy1oxyi1&ne 254

TriaflyloxyPrOPOzyeilane 254

Triallylomysilene 254

Triallylozyfluorosilane 306

Tri-(12yloxy)-ohlorosilane 299, 303

Triallyloxycetylomysilane 254

Triallylpropylsilane 180

TrIallylsilane 152

Triaflyphenyluilmne 181

Triallylcyclohe~18ilane 181

Triallylethylsilane 180

Triaiiyloxsilane 254

Triaum'1flnorouilane 450, 456, 475

Triacetylenechlorosilaie 396

Tribensylsilanol 598

F-TS- 9191/V88



Tribeninylsilane 150, 152

Tribunslfluorosilan. 116t 4509 476

Tribensylchlorosime 151# 469

Tri-i-borny~o,~chlorosi3Ane 304

Tribramoidosian. 119

Tribromosilan. 122

preparation 121

Tri-p-bramophenoxychlorosilane 301, 304

Tributylsilanol 59"

Tri-(tert-butyithio)-siianol 672

Tri-(tort-butylthio)-isoprowlthiosiAne 672

Trn-(t~rtbutythio)-mtbylthiouiAne 672

Tri-(tort-butylthio)-chlorosilan. 672

Tri-(tort-butylthio)-.thylthiosilane 672

Tributylfluorosilans 475

Tri-tert-butoxyminosilan. 655

Tributoxyuilan. 228, 254

Tri-sec-butoxysilane 254

Tributoxflnorosilane 306

Tributomychlorosilan. 302

Trihalouilanes, methods of preparation 119

Tnihazyoxychlorosilane 301, 302

*Trihwxylpntaothoxytrisioxane 369

Trihexoxysilan. 254

Trihoptoxyilan. 254

Tridecyltrichlorosilane 467

Ti- (diActylzzthy1)-chlorosilane 470

Tri- (p-diinthylaminophnyl)-silanol 658
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Ti- (P-dimsthylaadnoPauny)-obl.orosiilane 658

Tridymite 704

Tri-(0, 0-dichloroisopropozy)-ohlorosi~ane 302

Tn1.dodecyloarchlorohilane 301

Triisoanylbrcumosilane 472

Triisoauylui~no1 598

TriisoiWysodiunoxyvimme 601

Triiou~lysrilane 254

Triisomiw1oxchlorosilane 2999, 312

Triiso=aia~ne 152

Tri±sobutylbromosilans 472

Triinobutylnomtbylsilmne 181

Triisobutylailane 152

Triinobutozychlorosilans 299

Triisopropylsilanol 598

TriisopropyUilans 404

Triisopropyfluorosilane 475

Triisopropylahlorosilane 108

Triisopropyletha2x'uilano 329, 334

Triisopropo.Voilans 254

Trijiminodisilane 655

Triiodosilane 122

Trimethoxychlorosilane 304

Trimthaf3,lyxoisobtxiane 254

Trietha11ylozychlorosilans 302

Trimthyanylo~ilans 176, 179

Trimethylacetoqmthylsilane 198, 200

Trimethy:LactoVgilane 604
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Trimthylbonsylailan. 176,P 186

TriwsthY~br0MOWuysilAnG 195

Triusthyl-uec-bromobutylsilane 194

TrimthYlbromoplumbit. 196

TrimthYlbrCM0Pro~v1ai~ane 195

Trinthibrooi±s. 188, 471, 596

Preparation 536

Trimthyl-p-brmophernylailAn. 195

Trinmthylbutylenes hans 176

TrinsthylbutylAilan. 176, 179

Trimthyl-tert-butylailan. 176

Tr~rnthYlbuto~ai~ane 330

TristhyhWcylilAn. 1769 179

Triasthyvlhoptylsilans 176, 179

Trlinthy~bydro etyaflan 1", 200, 20l4

Trw1mtbyliiydroypopyuane 198

TriwthyUhydromvgi~me., preparation 596

Triasthyldecyloi2Am. 176, 179

Trinethylichloromsthyl±1 3 u1 195

Trimthyl-(ditbylanino)-silans 621, 635

Trizisthyldodeoylailan. 176

Triinthynisomis~iuane 176

Trimethylisobuty~ailan. 176

Triumthylisocyanatosilans 635

Trimthylindanylailane 173

Trimsthyliodm.thy3Ailane 195

Triimthyliodosilans 459, 472

TrimthrllaurylAilane 176, 179
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Trimethyl- (metbylamino )-silan., 621, 635, 658

preparation 628

Timthy3mthv3aagnesiumchlorosilane 212, 214

Trimthyvlmthoxysilane 331, 334

Trimthyliayristyluilane 176, 179

Trimthvoxsodimiai 600, 602

Trimsthyvloctylailane 176, 179

2,4,4-Triuathyvlpntyltrichlorosilan. 468

Trlaethylplubzysilans., preparation 678

Trimethyllead-(phenyvlene )-triethylail.ane 678

Triumthylproploilne 1769 179, 398

1, 1,2-Trinethylpropltrichlorosil.an. 438

Trimethyipropionic acid 215

Trimthylsilane 150, 152

4preparation 402

Triimthylsilanesultate 388

Trimetbyluulfatosilans 537

TrimtyltetradscylsilanO 176

1,2,,3-Triintbyltripheny~cyclotrisiloz.ne, preparation 575

1-Triasthyl-2-triethyldisilaae 154, 694

frimthyl- (phmylaino)-usilAns 635

Trimethylphusylsilans 176

Trimthyltluorouilane, 27, 31, 452, 475v 595

preparation 535

Trlaetbyl-p-fluorcpbenylAilane 195

TrimtbylcbloroaW1ai3An*. 195

Trimetbylobloromethylsilane 195, 440

Timetbylohlorosilans 23s 155t 331v 418t t.249 468
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aseotropic mixture with ttrachlorosiaze 1424

preparation 294, 536

fluorination 454

chlorination 508

TrImthyl-p-chlorophenylsilane 195

Trimthyl-a-chloroothyvlsilans 195

Triasthy1-O-chlorothoxysilmne 342v 426

frimthylyclotriaainosilane, preparation 638

Tr1imthy1- (ethylino )-silmne 635

Trimthylethylsilane 176, 179

Trimethylethexismae 342, 346

hydrolysis 373

Ineparation 324

Triasthozyallyloxyuilane 253

Trimethoyisocyanatosilane 665

Trimthoyfthallylozyhilane . 253

Trimsthoxyhlorosilane 203

Trimethomyethoxysilane 253

Tri-a-naphthylpropylailane 170, 184

Tri-a-nhphthylailans 152, 170

Tri-z-naphthylpheyluilakne 170, 184

Tri-ax-naphthylethylailans 170

Tri-a-naphthylethoxysilane 170

frioctyloaychlorosilane 301, 302,P 311

Tri-(pyrrol)-silane 635

Tripropylacetoxysilane 334, 603

Tripropyibromosilane 472

Tripropylsilanol 598
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Tripropyliodosilane 462, 472

Tripropylsilan. 14,, 152

Tripropylfluorosilan. 332, 450, 473

Tripropylchlorosilane 374, 469

Tri-n-propyl-p-chlorophmnyl-silan. 195

Tripropylethoxysilae 334, 374

preparation 332

Tripropoysilan. 254

TripropoxychlorosilAn. 203

Tripropomycetylsilan. 254

Trisilane 59,0 63, 64

Trithyuo1oxychlorosi~an. 304

Ti- (thioijeyanato )-bminyl-uilan. 674

Tri-(thioisocyanato)-butyl-sil.an. 674

Tri.- (thioiuocyato)-isopropylailaxi. 674

fri-(thioisocyanato)-mthylsilua. 674

Trn-(thioisocyanato)-propylai3An. 674

Tri-( thioiaocyanato)-phenylsilan. 674

Ti- (thiolsocyanato )-.thylailan. 674

Tri-p-tolylailanol 598

1,2 ,2-tritoly1-1, 1,2-triphenyldisilane 220

Tri-p-tolylhlorosilane 471

Ti- (triusthylailyl)-borat. 373

Tri-(phonyl)-azinosilAn. 625, 635

Trjphenlamidnotysilane 625

Triphenylacstoxsilane 334, 603

Triphanylbromosilan. 472, 597

Triphenlvinylsilan. 175
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Triphwz~ysi3AnoJ. 404t 597, 59"

Triphenyl-p-dimethylaminophmnylAilAne, preparation 658

Triphenylisocyanatosilane 665

TripIhenylsilan. 150, 152

Triphenyl-p-tolylsilan. 164

1,,1-Triphonyl-2 ,2 ,2-trito3lyl-disilane 220

Triphany1fluorosilane 474, 476

preparation 450

Tz lphnylchlorosilans 166, 394, 470, 476

preparation 404

Triphenyl- (ethylaaiino )-silane 635

Tripmylsthylsilan. 15, 166

Triplienoxyilan. 254

Triplianoxychlorosilane 301, 304P 3U

Trifluorobromosilan. 119

frifbaorosilans 121

Trifluorotrich:lorodisilozane 131

Tri, M orochlorosilane 119

Trifunctional moners, hydrolysis 369

Trichlordbromosilane .19

Trichiorosilanol 79

Trichioroisocyanatosilane 665

Trichioroiodosilane -19

Trichloromercaptosilaie 672

1,2,3-Ti- (chlorometyl)-pentamthyltrisiloane 695

Triabloromthyltrichlorouilane 16, 516, 519

Trichlormothyvltriethoxysilans 334

Tn- (chlorcoethyl)-chlorosilane 443
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alkylation 124, 402

arylation 402

preparation 13

reactions 124P 436, 442

Trichloro-(phenylthio)-silane 671, 672

1,3 ,5-Trichlorophanltrichlorouilan. 516

1, 1.2-Trichloroethyltrirhlorosilan., pyrolysis 525

Tri-P-chloroethoitysilane 254

Tricyclohexylacetoxysilane 408

Tricyclohexylbromosilmn. 4016

Tricyclohexylsilanol. 406

TricyclohwWliodosilans 408

Tricyclohezyloxtychlorosilane 310, 321

Tricyclohexylsilazie, preparation 406

*Tricyclohexylohlorosilane 172, 536

preparation 408

lriethyanrlsilane 177, 179

Tri-(ethyl)-aainosilane 448, 457, 464.

reaction with hydrogen bromide, 623

with hydrogen fluoride 623

with hydrogen chloride 623

preparation 481, 623

Triethylacetoxysilane 334v 603

TriethylacetoxyMthylailane 198

Triethylbenaylsilane 177

Triethylbroailane 471

preparation 457

Triethyibromostannate 196
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Triethy1-P-brmlOPhmwy3silaa 192s 195

friethyluntylsilan. 150v 177, 179

Triethylvinylsilan. 173

Triethylh.xy3uilana 177, 179

Triethylhptylailan. 177,P 179

Triethylailanol 59"

preparation 595

Tri~thylhydroxythylxilan. 196

Triethyldecylsilan. 177, 179

Triethy1-f -dichloroethYlsilane 195

Triethylisoaav'3zilan 177

Triethylisobutylailan. 177

TriethYliaooYanatoeilan. 665

Triethyliodomtbylslan 195

Triethyliodosilan. 459, 471

Triethyl-p-iodophanylsilane 192, 195

TriethYl-a-iodoethYlsilman 195

Triethylvanstmbraophenylailane 197

Trietbylmthylsilane 179

Triethyloctylailan. 177, 179

Triethylpentatozytriiloran. 368

Triethylpropylsilan. 177, 179

Trietbylailans 14.8v 152, 438, 462

Trio Lby3si~anopbua~1.m~diphwn:arsin. 196

Triethyluilanophenytriwsthyl phubate 197

TrietbylsilanophaWltritystmat. 197

Triethyltin- (OaWnel)-tristbylsilan. 679

Trietbyloulfatosilan., preparation 597
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Trietbyltribmnsylcyolotrisiloxane 694

1.,,3-Triethyltriphnylclotriilomafl, preparation 578

Triethyltrichlorodisiloxine 402

Triothyl- (phopylunino )-silane 635

Triethylphwnyluilane 150, 157, 177, 184

Triethylf2uorosilans 450, 472t 475# 506

iodination 462

preparation 457

Triothyloblorosilane 1955, 186, 428, 469, 597

preparation 446, 448, 533

chlorination 5fl1

Triethbyl-p-chloroplienylailanb 193# 195

Triethby-a-cblorostbylsiafl 163, 195

Triethy1-0-chlorcethylsilans 163t 195

Trietbyl-p-tyuualilnO 177

Tristbls~thoqsi~ane 321v 334

preparation 324

TriethoxyallyloWisilane 253

Trithoxysqimyslmne 253

Trithoxybutcqsilan 253

TritogygmajacylomsiM1O 254

TriethoxqisocyanatosilAml 665

Trwithcaxmstha1lylomqsi~alS 253

friethozysilane 237v 254

Triethozyflorosilaw 304t 306

Triethoxyfurfuryloqsi.Smb 253

Triethoxychlorosilane 299, 304, 308v 311

Equation of inetics of hydrolysis process 260, 273
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distribution of polymer homologs 356

average pol3ymer chain length 350

functionality of system 343

EqUations describing reactions of a~Ikylation of tetrahalosilanss 286

Phenlaminmethyldi-(mthyl)-thoxirsilas 662

Phenylsuin mthyl- (mthyl)-diisoanyloxrsi3Ane 662

Phenylamincmethyl-(methyl )-diiuobutowysilene 662

Pheylaminomethyl- (mthyl)-diisopropoxruilane 662

Phenylaminomethyvl-(methyl )-dimethoxyrsilene 662

preparation 663

Phenylamincuethyl- (methyl )-diethoxysilane 662

I'hnylaincethyltrimthyl-uilane 659

PhenyLactylenyltriphenyl-silane 182

Phanyactylenyltriethoxysilane 328, 377

Phenylbensyjldichlorosilane 468

Phenyibromosilane, preparation by direct synthesis 457

Phenyl- (4-bromophenl)-dichlorosilane 517

Phenylbromopheny1diethoysilane 334

Phenyldimethyliodcmethylsilane 212

Phenyldifluorochlorosilane 454, 474

Phenyldichiorosilane 475

preparation 402

Phenylichiorofluorosilane 332

Phenyldicyclohecylbromo-silane 398

Phenyldicyclohey1hydro7-silane 600

Phenyldicyclohey1silane 398

PhenldicycloheWlcyclohe~l-o2areilane 398
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PhwiyJ~dioyclohezW1thylsi~ans 398

Pheny1diethoyflnorosilane 334

Phanyliuopropyltriphenylilare 186

PhWenthyldichlorosilane 498

Phanylpropyethyuethylsilan. 168

Phonlsilan. 148

Phenyltolyldichlorosilan. 486

Phenylilantriol, 609

Pheny1triiasoamy1aqsi~an. 334

Phenyltriisobutwsyilaa. 334

Phenltriisocyanatouilans 665

Phenyltrmthylsiiane 459

Phezyltrimethoamvilan. 291, 321, 334

Phenyltri-(0-methoxyethov)-silane 334

Phuiyltripropomyuilan. 334

PhuWIytrithioiocyanatosila.,v preparation 6?2

Phanyltriphenowuilans 334

Phualtrifluorosilan. 454., 473, 476

Pbailtrichlorosilan 132, 390, 410, 466, 476, 500, 609

Phwqltrichlorosila., cohydrolysis with diethyldichiorosilan. 532

preparation 394v 430

fluorination 454

Phuiyltri- (O-chloroethoxy)-uilan. 334

Phnytricyclahax7o-silane 321, 334

Phmytricyclohwcyloxysilmn*, preparation 311

Phmnyltrietbylailane 15, 1649 166, 502

Phanyltriethowyailane 322, 334

Phnyfluorodichlorosilane 34, 474
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Phanylchlorosilanes,

preparation by direct synthesis 430

chlorination 502

Phanylcycloh.xy1silanediol 607

Ph yleyc3.ohczyldichlorosi3Ane 486

Phmylcycloheq3dicycloheqraoysi3.ane 334

Phany1.tyletichlorosilaneg

hydro],rsis 571

preparation 400

Phanylethrltriethoxysilane 20, 289, 334

Phenoxy- (MthOzy)- (Othozy)-chlorosilan. 306

Phenoxytrichlorosilane 301, 30.3, 33U

Phenol-formIndayd. resins 788

Ferrosilicon, contact mas 412

Fluid process 422, 424

Fluorodichlorosilane 122

Fluorosilanes, hydrolysis 124

Fluorotribronosilane 3f19

Fluorochlorottraathvlmthvlne-disilane 689

ChloroLAlytrichlorosilano 516

a-Chlorobmsltrichlorosilane 192, 4679 53-, 516

1, 1-Chlorobrao-2-bromethltrichlorosilAns, pyroly"sis 525

tert-Chlorobutyltrichlorosilane 521

a-Chlorovinyltriethoxysilane 334

Chlorination of tetraalcylsilanes 163

photochemical 192

Chlorouethy3heptamthydia thylnetrisilane 692
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1-Chlormothylheptamthldithlntrisil.ane 693.

ca-Chormathy~nethy3.dimthoyuilane 659

Chloromthy3mthyldichlorosilane 44,3, 506

Chloroaethyvlnonametyltrimtbylonetetrasi3Ane 692

2-Chloromthylnonamtyltrietbhylinetetrauilane 691.

Chlorcmthylpentametkw1disiloxane 214, 695

Chlorcmtbylpentamethyvaetbylmnedisilane 692

Chloromtbylpentanthylethy3Anedisilane 693.

Chlorcethyltrimethylsilane 192, 206

Chlormthy~trichlorosilane 413

Y-Chloropropytriethylsilan. 17

a-Chloropropltrichlorosi~an. 194, 511l, 51.6

.0-Chloropropyltzichlorosilane 194v 53fl, 516

Y-Cloropropltrihloroiln. 17# 194# 511# 516

hydrolysis 525

Chlorosilanes,

a3kylation 432 ff.

physical properties 322, 476

Chlorotribromosilane 3119

Chlorotriisocyanatosilano 665

Chlorotriiodosilane 119

p-Chlorophwildichlorosilans 475

4-Chlorophnyltrichlorosilane 516

O-Chloroothyldia~ly~actoxysilans 24

,-Chloroethylhalosilanesq degree of hydrolysis 17

P-Chloroothyvldibutoxyacetoxtsilane 334

P-Ch1oroetkW1dijathovruawrlosi1ane 334

-Chloroethvldimethox~racetoxysoilae 334
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l -Chloroethyldizmtisoxybtoxysi~az 334

O-Chloroethyldimethoxpopwyuilan. 334

O-Chlorothyldimthox'.thyvloarboxyui~an. 334

O-Chlorotbyldipropoxyaotoyuilan. 334

0-Chlorootbyldipropoxyethylcarboxrailsne 334

Chloroothy:Ldisthylaminosilan. 448, 457

Chloroeihyldistbylbraosilan. 457

a-Chlorootbyldiethyluilanol 598

preparation 592

O-Chloroethy3Ai.tbyrumthyluilan., preparation 194

O-Ch3.oroothyvlditypbenylsi3Ane 194

Chloroetbyldiethylfliaorosilane 457

a-Chl.orotbyldietbylf2,zorosilan. 5U.

0-chlorothyLdietbhylfluorosi3an. 17, 51n, 521

Chlorootbyldiethylehloroui:Lan. 448

a-Chlorootbyldietbylchl.orosilan. 5n#, 596

O-Chloroothylditbylchlorosi3An. 17t 194, 531, 521

03 -Chloroetby2Aiethoxyeilane 334

p-Cmoroethy~diethaqbutozysli'ane 334

p-chlorootbyidietbao~vtbylcarboa~ilan. 334

f -Chlorotby3mthyldisthylsilan., preparation 194

p-chorotby~mthoaydiactox7y-ailan. 334

p-chorothyv3athoard±Wtoy-uilane 334

o-chloroothy3mthoqydipropoz7-uilane 334

I-chorotbylpropoydiacetoxysi3Lane 334

a-Chloroetkyltrimtbylsilane 16

?-Ch3.oro~thyjtrimthyisiiane 16

a-chorotkvitrichlorosilane 443, 511, 516, 523
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O-Chlorothyltrichlorosi~an. 34, 511, 516, 519, 524

c-Chloroothyltriethylsilane 506

O-Chlorothyltriethylailane 506

O-ChorotbyJ.thoxrdiacetoxsi3Afl 334

O-Chloroothy1( .thoxy)dibutoxcysi3Ane 334

Chryseon 61

Cements 814

Cyclic dimsthylsiloxanes# physical properties 360

Cyclic polydi..tbyluiloxanes 541

Cyclic polysilozanes 57~3, 733

CycloheW~vamnmthytrimetby15i15fl* 661

Cyclohexyoioy- (afllylo)-dichlorosilane 306

Cyclohe~ltrifluorosi3Ane 472

Cyclohewrltrichlorosilafle 438, 467
4

Cyclohz5'triethoxysilane 291# 334

Cyclododecmthy~hexasiuafe 486

Cycl.opentadienyltrlinethyl-si:Lal 181

cyvclo-(pentamthylonedichl.orosil.ane), preparation 396

Cyclo-2,4,6,8-tetraimino-1,3,5, 7-octaathyltstrasilane, preparation 482

Cyclo-2,4,6-triimiflo-l,3, 5-hezmthyltrisilane, preparation 482

Organozinc compounds, substitution of alkoaW groups 319

preparation of alkyl- or arylablorosilanes 410

Silicon ttrabrinide,

preparation 116

properties 116 19

heat of formation 127

Tetra-substituted milan.. 153
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simple, preparation 153

physical properties 159

chemical properties 161 ff.

with halogen in organic radical 190 ffj 194, 195

with carboxyl group in organic radical 213

mixed, preparation 166

physical properties 175 ff.

chemical properties 184 ff.

with nitro or amino group in organic radical 215

with alcohol group in organic radical 19a ff.

with functional groups in organic radical 190 ff.

with ether or keto group in organic radical 206

Silicon tetraiodide 117 ff., .240

heat of formation 127

Silicon tetrafluoride 116 ff, 450

heat of formation 127

Silicon tetrachloride,

aseotropic mixture with trimetbylehlorosilane 424

alkylation 105 ft.

bqdro2,vais 77, 93 ff.

achaniim 87

disproportionation 498

constants 75, 119

mthods of preparing 73

eparation of silicofor€ic anhydride 239

pseparation of esters of orthosilicic acid 95, 232, 299

reactions

of substitution of chlorine 122, 153
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with smie and ketones 104

with diazo oompounds 110

with organoetallic coMpound. 105 ff.

with inorpziic compounds 112

with nitrophenola 100

with alcohols and phenols 95, 232 ff.

with hydrogen sulfide 114

vith hydrcarbons 110, 434

with esters 102# 432

buat of formation 127

Elastomrs, polyorganosiloimn m9 ff.

Electrical properties of polYMer 7J40

zlactramt-sattering of mstbylchlorosiane vapors 465

Isterification 329v 230 ff, 477, 500

StUlaminodisiflme 629a 635

MEtsnotriethylilmne, 627

3th2mnti~tIW3ailan* 629

ItJ~'bensylsiasdiol, 607

ItUw1baWs~dich~wosiIM* 466

UIrl borate as a catalyst 776

zU~lWdoqphi.ltrittyisi2=e 206

NtylUbW3 -ilo 665

2W~ydi-(bmnwl)-chlorosi~ane 470

Etbrld~Inttj3io~oethy~si3Ane 195

ZIW~Imastychlooilan 638

ZWh1dI-(phehiwl)-chloz'silane 470

At)WTd1fluorochlarosilane 468

EtWldiLchlrel 475
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pieparation 402

Ethyldichloroflnorosilans 454

Ethylidiethoxyacetowsilane 334

Ethyldiethomychlorosilane 334

Ethylisobutylbenslsilanol 600

Ethyl- (isobutyl)-bmasylchlorouilan. 470

Ethylisobutyldichlorosilane 468

0-[Ethylcarboary (aeto )- -ethyltrimgthylsilane 211

0-EEthyvlcarboxy(mthyl-aeto) Jethyltrimwthyluilan 232

(zthylcazsbomthylvthiopropyli)-trimethyisilane 672

(Etbylcarbovmthlthiopropyl)-triethoxysilane 672

Etbhylcarbo~mtyltrimthyl-si3ane 206,p 212

preaaio A reactions 209

q (Nt ylcarbcqwetbyl )-trimthyl-silane 22

Ethyl ester of orthoilicic acid, effect of moisture content of alcohol
on the yield 233

preparation. 232

EtbylpropybuWsykhdroo3iWisilane 186, 600

Kthylpropybecsylphnylsi-Iane 177

Ethyl- (propyl)-bennY3 fthlorosilan. 470

Efthypropyldichlorosilane 468

Ethylproplisobuty'1benslsilane 177

Etbripropfihenysilmaol 600

Etby1-(propl)-pheylchlorosilans 470

Ethylailane 148, 152

Ethyl silicates see esters of orthosilicic acid

Ethylsilicate-40 252, 283

alcohol-water, solubility diagram 285

Mtyltriawlovsilane 334
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Ethyltriacetoxysilazi 334

Ethyltributoxyuoilan. 334

Ethyv1triisozW1oxyvsi3Ane 334

Ethytriisobutoxysilans 334

*Etbyltriisocyanatosilan. 665

Ethyltrimethylailane 156, 168

Ethyltrimthoxysilan.s 334

EthYltripropoxYs±Jlan. 334

Ethyltrithioiocy&aatosilane, preparation 672

Egthyltri- (trimsthyluilMOx-silans 4M8

EttbyltrS- (;- -- -w in)-silan 635

3tMytriPha~1uilan. 177

q EStlyltrifl2zoroilan. 452, 473

Sthyltrioblorosilane 31, 34, 1.28, 467s 476, 500

preparation 392

flnorination 4514

chlori~nation 511

Zthyltrziethmrsilmne 321, 334

P eparation 322

rat, of W~droysIs 357 ff.

paria brdrolysis 366

ZUWupyllnmWl-(tyl)-dibaWloqaiane 662

Utqpbuymaaimty-(str)-iiobtaay~i*n* 662

3tbkypbusy11a~tby-(stW1)-iiaoppZ7S11a 662

thylpun1nm tbyl-(Utby1)- -ta~slu 662

I3thy1p1:Iuiy2*mtby1- (mthy1)-diethozysiSns 662

Ethyllupylsilanedio 607

Ethylphaullchlorouilane 469, 578
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V-

Ethylfluorodichlorosilane 468

Ethylchlorodifluoroailane 454

Ethylchlorosilanees, preparation by direct synthesis 428

Ethox-(allylozcy)-dichlorouilane 303, 306

preparation 301

EthoV-tert-butoxydismino-si3,ane 643

Ethoxydi-(al3iylo.')-chlorouilane 303, 306

Ethaxydibutoxysilane 254

Etho~VaethyltrimethyJlsiane 212

preparation 206

Ethoxytria11yvlosilane 253

Ethortributoxyvians 253

Ethoz3triisou~1oxeilazae 253

Ethoxtriisobutoxysilane 253

Ethoytriisocyanatomilane- 665

preparation 665

Zthoxiqtrimtha3lw~vsilan 253

Stboxtrifluorosilane 303

Ithoxtric.riae 303* 311

p-lEthoqpnmyltricblorosilne 468

leters of orthosilicic acid,

aloobolysis 242

reactions

with acid anbydrzides 296

with organic compounds 296

with hydrogmn halides 294

with acids, aldehydes and ketones 295

with organintallic compounds 287 ff.
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with avihnom 2%

higher 272

hydrolysis 254

formation 95

reeosterification 246

polymerisation 298

production 252

symmetrization 29

mixtures with alcohols 334

physical properties 252

chemical properties 254
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