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ABSTRACT

Persistent efforts to prepare high-temperature polymers based on
silicon-nitrogen frameworks have been hampered by the marked teadency
to form cyclic structures instead of linear ones; and by poor yields of poly-
mer obtained from the appropriate intermediates. This report deals with
two attempts to overcome these difficulties. In the first, direct polymeriza-
tion was sought at the time the nitrogen atoms were introduced into the
framework, in a one-step process. Ia the other, a new form of poiymeriza-
tion by condensation of methoxy groups was attempted. Both procedures
gave only limited success, but produced some leads which could be pursued.

The first project involved the reaction of our starting material, di-
methyldichlorosilane, with ammonium halides as sources of nitrogen. When
these experiments showed little or no interaction, ammonolysis of dimethy:-
dichlorosilane at: 200° in the presence of ammonium bromide was tried. Octa-
methyleyclotetrasilazane was obtained, together with some liqyid polymer
which was of the same cross~-linked character as thLat obtzined by Kruger's
sequential ammonolysis and catalytic polymerization. No larger proportion
of linear dimethyisilazane resulted, hence, there is no advantage to the pro-
cedure.

In the second project, sym-dimethoxytetraméthyldisilaz.ane and the cor-
responding tri and tetrasilazanes we-re'prepared by the reaction of dimethyl-
dichlorosilane with methanol, followed by treatment with annhydrous ammon-
ia. The infrared and NMR spectra of these compounds have been cxamined.
Prolonged heating of the disilazane in the presence of sodium raethoxide,
aluminum methoxide and isopropoxide, and potassium tertiarybutoxide led
to the formation of low-molecular-weight linear silicon-nitrogen polymers, as
well as to some other silicon-nitrogen substances of a more complicated

nature.
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NEW METHODS FOF. PREPARING
SILICON-NITROGEN POLYMERS
by
Walter E. Weibrecht and Eugene G. Rochow
Dzapartment of Chemis‘ry
Harvard University, Cambridge, Massachusetts
INTRODUCTION

Recently, a considerable amount of effort has been directed toward.
solution of the procblem of preparing linear silicon-nitrogen polymers. In
the silicon-oxygen system cyclic trimeric and tetrameric siloxanes of the
general formula (RZSiO)n, where R represents an alkyl or aryl group, can
be converted to linear polymers by treatment with certain either acidic or
basic catalysts. These equilibrium processes afford a convenient method
for the preparation of linear silicone pclymers from readily obtained inter-
mediates. '

Ammonolysis of halogenosilanes, e. g. (CH3)ZSiCIZ, leads almost
exclusively to the formation of cyclic polysilazanés with the general formu-
la (RZSiNH)n, where n=3 and 4. ! These compourds, hexamethylcyclotri~
silazane and octamethylcyclotetrasilazane, can be prepared in good yield
and have been thoroughly characterized. They should be logical start-
ing materials tor the preparation of linear dimethylsilazanes, and yet
their use in that way Las not been suqcessful in the past.

By analogy to the isoelectronic siloxanes, Amndrianov attempted to
prepare polysilazanes by treatment of hexamethylcyclotrisilazane with
potassium hydroxide. 2 At 165° gome cleavage of the silicon-carbon bonds
occurred with the formationi;f methane. Only highly crosslinked polysila-

zanes could be isclated from the reaction mixture.
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A basic cata.ysis invelving a base in the ammonia system, i.e.,
sodium amide, is also unsatisfactory. It has been shown that this reagent
metaiates the NH groups in the cyclic starting material rather than splitting
the silicon-nitrogen bonds. 3 It is, of course, the breaking of silicon-nitrogen
bonds in the small trimeric molecules and the addition of the chains formed in
this way to one another that should lead to the desired iinear poivsilazanes,
but this cleavage 18 not attained with sodium amide.

Kruger studied the use of ammonium halides, which are acids in the
ammonia system, as possible pclymerization catalysts. It had previously
been noted by Anderson that silicon-nitrogen bonds could be broken in the pres-
ence of inorganic halides. 4 Kriiger found that when a mixture of hexamethyl-
cyclotrisilazane and from lo/o to 450/0 of ammonium halide (NH4Br or
NH4I) was heated to 1600, evolution of ammonia begar. Ammenium chloride
had no apparent effect. After 6 to 8 hours of treatment with ammonium bro-
mide, a very viscous 5il was obtained. This oil cortained some silicon-halogen
bonds but could be converted to a haloger-free silazane polymer by treatment
with sodium amide ir berzene or with an ether=al solu inr of ammonia. The
polysilazanes obtained in this way were a mixture of cligcme~ic cils and resin-
ous or gummy pciymex. These pclymers were known from analytical and
spectral data to be highly ¢rosslinked. Hydrolytic studies provided strong
evidence that the cressiinking took place exclusively through the nitrogen
atoms.

Kruger's dem~onstration of the catalytic properties of ammonium
halides in the pcivmerization of cyclic silazanes was a significant contribution.
Although linear pelymers c-uld not be prepared by this method, a considerable

insight into the chemical ard physical properties of extended organopolysila-

zane frameworks was gleared from these studies.
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Since it had heretofore been impossible to obtain linear dimethyl poly -
silazanes from the corresponding trimer or tetramer, it was felt that it might
be worthwhile to try to prepare polymeric materials directly from the dimethyl-
dichlorosilane rather than using the very stable trimer as a starting material.
It was thought that if sufficiently mild conditions for the reaction of dimethyl-
dichlorosilane with ammonia could be found, and if this reaction were carried
out in the presence of an ammonium halide polymerization catalyst, that direct
conversion of dimethyldichlorosilane to linear organopolysilazanes might be
achieved.

In the preparation of 2, 4, 6-trichioroborazine according “o the
method of Brown and Laubengayer, 6 boron trichloride reacts with ammonium
chloride in a Pyrex tube at 200° to give the desired product. The decomposi-
tion of NH4C1 at 200° furnishes the ammonia which subsequently reacts with
the BC13 according to the following equation:

200°
3+ 3NH,Cl "4 C1,B,N,H, + HCL

Therefore, ty analogy to this system it was proposed to pass '((;I-.I3)ZSiC12

3BCl

vapor over a mixture of NH4C1 and NH4I (catalyst) in a Pyrex tube at 200°.
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EXPERIMENTAL:

A. Continuous Ammonolysis of Dimethyldichlorosilane by Reaction with Ammo-

nium Chloride at Elevated Temperatures:

The apparatus ccnsisted of a Pyrex tube 2.5 feet long ard 51 mm. in
diameter. The center portion of this tube was wrapped with nichrome wire
and the wire-covered zone, in turn, insulated with asbestos tape. At the out-
let end of the tube a bulb cooled to 92 served to trap easily condensable ma-
terials while more volatile species, if any, passed into the hood through a
calcium chloride drying tube.

The hot zone was loosel- packed with a mixture of 150 g. of NH,Cl,

50 g. of NH4I and 20 g. of asbestos fiber between glass wool plugs. A
chromel-alumel thermocouple and a potentiometer s=~rved to measure the tem-
perature. The apparatus was continuously flushed with nitrogen which had
been passed through sulfuric acid and a mercury bubbler. Tyg:n tubing was
used throughout. When the tube reached a temperature of 200-225°, di-
methyldichlorosilane addition was initiated. Nitrogen was bubbled through a
reservoir of dimethyldichlorosilane and served to carry the vapor through

the tube. At 200° the formation of some iodine, presumably by decomposition
of the ammonium iodide, was observed. After 5 hours, 86 g. of dimethyl-
dichlorosilane had been exposed to the hot zone. The tube was then cooled to
room temperature and sealed at both ends.

A purple soclution had collected in che 0° bulb at the outlet of the
reaction tube. This purple liquid distilled at 69° without leaving a residue.
Since the boiling point of dimeth-ldichlorosilane is 70°, the purple solution

collected at 0° may have simply been iodine dissolved in unreacted dimethyl-

dichlorosilane.
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Silazanes, in general, and also Kriiger's polymers are soluble in
cyclohexane. T.ierefore, the material left behind in the reaction tube was washed
with 750 mls. of cyclohexane. The reaulting solution Fad a faint purple color
due to the presence of a small amount of iodine. The cyclohexane was then dis-
tilled to determine whether or not anything had been dissolved in it. The en-
tire sample boiled at 80. 5% and left no residue. The boiling peint of cyclohex-
ane is 81.4°, Therefore, no less volatile substances soluble in cyclohexane
were present in the tub.e. Thus, it must be concluded ihat dimethyldichloro-

silanc does not react with a mixture of ammonium chloride and ammonium iodide

at 200° under the conditions of this experiment.

=
S
:
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B. Continuous Ammonolysis of Dimethyldichlorosilane in the Presence of Am-
monium BEromide:

Apparently the conditions of the preceding experiment we:e too
mild. Since it was still fe'. that there n.ight be some merit in attempting the
polymerization in situ before the trimer and tetramer had a cnance to form,
the hot tube method was modified in the following way.

The tube described above was also used in this experiment. However,
in this case the tube was packed with 100 g. of NH4Br and 20 g. of asbestos.
At the inlet there was one tube for the addition of nitrogen or a mixture of ni-
trogen and dimethyldichlorosilane, and another tube extending intc the hot zone.
This tube was fitted with a fritted glass disc and was used for the addition of
ammonia. It was hoped that the dimethyldichlorosilane w. uld react with the
ammonia 1n the presence of ti.e catalyst and form large polymers rather than
trimer and tetraraer. The tube was continu~usly swept with dry nitrogen and
heated to 175%. At this point the ammonia and dimethyldichlorosilane addition
was begun and the exothermicity of the reaction caused the temperature to
rise to 197° where it was maintained. Ninety g. of dimethyldichlorosilane
passed into the tube in three hours. Eight g. of (CH‘.ﬁ)ZSiCl‘2 was collected in
the 0° bulb at the outlet of the tube. Since dimethyldichlorosilane does have
a significant vapor rressure at 0° and nitrogen was continucusly passed over
it, it is reasonable tuv assume that more than 3 g. passed through the tube
unchanged.

The con* nis of the tube wer: washed with 700 mls. of n-hexane.
Any polymeric materials should have been dissolved by the hexane. When
the hexane was removed from the resulting solution by distillation, a zolor-

less, crystalline solid and a lignt yellow oil remainad behind. The solid

——— e
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wasg recrystallized from hexane and identified as the tetramer, (CH3)2SiNH) 4
Both its melting point and infrared spectrum were identical to those of a
known sample of octamethylcyclotetrasilazane. The oil which was present
in small amounts relative to the tetramer had an infrared spectrum and boiling
range in agreement with those obtz‘ned by Krtger for his oligomeric oils. The
absence of a significant NH absorption in the infrared spectrum of the oil com-
pared to that of the trimer or tetramer provides a further indication of the cross-
linking through the nitrogen in these polysilazanes.

Since it was apparent that this hot tube method did not give rise to
linear organopolysilazapes, it was abandoned. Furthermore, the type of pcl;mer
that was obtained could be made with an equal effort and in greater yield ac-

cording to Kruger's method.
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C. Acid Cataiyzed Polymerization in Solution:

Before abandoning the ammonium halide catalyzed polymerization as
a method of obtaining linear organopolysilazanes, the reaction was studied in
the solvent tri-n-butylamine. An amine was chosen to maximize the acidity
of the ammonium halide. Tri-n-butylamine,b.p.=214°, made it possible to
achieve the desired polymeiization temperature. In a preliminary experi-
ment, approximately equal weights of trimer and tri-n-buiylamine were
mixed in a small bulb connected to two bubblers,the second of which con-
tained mineral oil. In this way a closed system was achieved. The mixture
was heated to 180° for 24 hours. Upon cooling, it was observed that the in-
ternal pressure at the end of the reaction wém somewhat lower than at the be-
ginning. This suggested disappearance of the trimer. The reaction mixture
had been exposed to vapor phase chromatography before heating and was again
analyzed by this method after heating. There was an approximately 300/o
diminution in the trimer peak while the tri-n-butylamine peak remained es-
sentially cor.stant.

The second experiment in this series was carried out in exactly the

same manner as the first with the addition of an equimolar amount of ammonium

bromide to determine its catalytic effect under these conditions. Th';; reaction
mixture was again heated at 180° for 24 hours, and at the end of this period
essentially no trimer was present as determined by vapor phase chromatog-
raphy. The reaction mixture which still contained all of the original tri-n-
butylamine was very viscous. Some sort of reaction had definitely taken
place.

Since therewas a reaction in experiment two, the reaction was run

again at the same conditions on a larger scale so that the products could be
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studied. 0,064 mole of trimer, 0,066 moles of tri-n-butylamine and 0.109
mole of ammonium bromide were mixed and heated as before. During the heat-
ing there was some ~ffervescence;and when the apparatus was opened the char-
acteristic odor of ammonia was observed. The reaction mixture was treated
with 200 mls. of hexane and the ammonium bromide removed by filtration. Ths
hexane, tri-n-butylamine and any unreacted trimer were removed by distilla-
tion. The residue consisted of a colorless, crystalline solid and a light yeilow
oil. The solid was idzntified as tetramer by its melting point, The oil was
again identical to Krliger's oligomeric oils. The evolution of ammonia during the
polymerization was also consistent with his observations in the absence of a
solvent.

The p;'eceding modific:tions of the ammonium halide catalyzed
polymerization of hexam'ethylcyclctrisilazane did not lead to the formation of
linear organcpolysilazanes. Therefore, it was not deemed worthwhile to con-

tinue investigations based on ammonium halide catalysis.
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PREPARATION AND POLYMERIZATION OF
DIMETHOXYTETRAMETHYLDISILAZANE:

In an investigation of the properties of scme alkoxysilazanes, Bur-

ger and Wannagat7 found that pyrolysis of hexamethoxydiailazane at 200°% in a

sealed tube led to the formation of crosslinked polymers, accompanied by

the evolution of tetramethoxysilane. This rasult provided the inspiration for

the following investigation. It was felt that if a partially methoxylated methyl-

disilazane could be prepared, then it might be possible to achieve a polymeri-
zation similar to the abeove to give a linear silicon-nitrogen polymer rather
than a crosslinked one. Therefore, it was proposed to prepare dimethoxy-
tetramethyldisilazane and to find the appropriate corditions to effect the kind
of polymerization reactiocn shown in the following equation:

(n+l1) { (CH3O) «{CH Si)ZNH—-)n (CHSO)ZSi(CH

3),t
(CH.O) (CH,),Si-(NH-Si(CH,),-)_NH-8i(CH,),(OCH

3)2

3)
With only one mesthoxy grcup per silizon atom, dimethoxytetramethyldisilazane

could not lead to crosslinked pclymers if the polymerizaticn mechanism mere-

ly involved the splitting out of dimethyldimethoxysilane.
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A. Preparation of Dimethoxytetramethyldisilazane:
The following reaction sequence was conceived for the preparat'on of

this compound:

Step 1
. hexane .
(CHS)Z&CI2 + CH30H > (CH3O)(CH3)281C1 + HCl.
Step 2
; \ hexine .
2 (CH3O) (CH3)281C1 + 3NH3 ZNH4C1 + ( (CH3O)(CH3__)281)2NH.

In a typical experiment 5 moles of dimethyldichlorosilane, obtained
from General Electric and used without purification, were added to 1.5 1.
of dry n-hexane in a 3-liter, 3-necked, round-bottom flask equipped with a
fnechanical stirrer, teflux condenser and dropping funnel. Five moles of
methanol were added dropwise and HCl evolution began immediately. After
all of the methanol had been added, the reaction mixturc was refluxed for
1. 5 hours and the apparatus flushed with dry nitrogen to remove traces of
hydrogen chloride. The methoxydimethylchlorosilane which was presamably *
the product of this reaction was not isolated. Rather, ammonia gas was added
directly to the hexane solution described above and ammorium chloride pre-
cipitation was observed immediately. Concurrently, there was a rapid rise
in temperature which caused the hexane to reflux without external heating.
Ammonia addition was continued for 4 Lhours until the reaction mixture began
to cool.

The hexane solution was separated from the very large amount of
NH 401 by suction filtration. The ammonium chloride was then washed with
2 1. of hexane, and th. t'/o hexane fractions were combined. Undoubted-
ly, this washing of the ammonium chloride was one of the most crucial steps
in maximizing the yield. Much ¢f the desired product would otherwise al-
most certainly have been left clinging to the NH4CI. The hexane was dis-

tilled out of the mixture, and when the temperature had risen to 95°, it ap-
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peared as though all of the hexane had been removed. The .remaining liquid
weighed 312 g. which corresponded to a 659/ yield of dirﬁethoxytetramethyl-
disilazane. This liquid was fractionally distilled at atmospheric pressure,
740 mm., using a short cclumn packed with glass helices. The following rea-
soning was used to predict the boiling point of the dimethoxytetramethyldisila-
zane:

b. p. hexamethyldisilazane = 126°

b. p. hexamethoxydisilazane = 220°,
Therefore, the expected boiling point should have been approximately

126 + (220-126) = 157°.
2820

The first fraction boiled at 163° and the temperature rose slowly,
but steadily, to 178°. Upon redistillation, this fraction (I) boiled at 162°. The
second fraction (II) boiled at 178-182° while the third (III) was collected at
210-225° and tke fourth {IV) a¢ 255-265°. There was 160g. of (I), 50g. of
(I1), 40g. of {IlI} , 20g. of (IV) and 10g. of higher boiling oily material.

Analytical data obtained for compounds (I) and (II) were compared

with the values calculazted for dimethoxytetramethyldisilazane and dimethoxy-

hexamethyltrisilazane ; respectively. These data are shown in Table I.
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TABLE I
Calc. Found Calec. Found
(CH,0)(CH,),Si-NH-5i(CH,),-NH-8i(CH,), (O CH,)
(I) ( (CH,0) (CH,),Si),NH (I1)
®6 Carbon 37.25 36.82 36.02 34,93
Yo Hy‘ »gen 9.90  9.90, 9.82 9.83 9.4l
o/ Sil. .on 29.04  30.25 31,60 30 99
°/o Nitrogen 7.24 7.33 10.50 10.82
Molecular Weight 193 205 267 290
Refractive Index, n;o 1, 4148 1. 4315
Density, D4 0.923 0. 941

The agreement between the calculated and found percentages of the various
elements, especially in the case of compound (I}, leaves little doubt that this
substance is indeed the desired dimethoxytetramethyldisilazane.

The infrared spectra of compounds (I} through {IV) were obtained
as pure liquid films between NaCl discs, using a Perkin Elmer 137 infrared
spectrophotometer. All of the spectra were identical except for the appear-
ance of an additional absorption at 1025 cm. -1 in the spectrum of compound
(IV). Most of the peaks in the spectrum of compound (I) could be assigned by
comparison to values reported by Smit:h8 for some alkoxysilicon compounds
and also the infrarec . sorption frequencies of hexamethylcylcotrisilazane dis-
cussed by Kriegsmann, 9 The infrared absorption frequencies of campound

(I}, their relative intensities and tentative assignments are given in Table II.
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TABLE II
Frequency in em. ~ Intensity Assignment
3367 m symmetric N-H stretch
3024 8 symmetric C-H stretch, methyl
2886 m symmetric C-H stretch, methoxy
1460 w
1402 w antisymmmetric C-H deformation
1258 vs symmetric C-H deformation, charac-
teristic of Si-CH,
1189 s SiOCH3 rock
1093 vs C-O stretch
940 vs Si-N-Si stretch
848 vs Sj O stretch
807 vs
725 m

This infrared spectrum is entirely consistent with what might be expected for
a molecule such as dimethoxytetramethyldisilazane. All of the important
frequencies have been observed.

NMR Spectra of Compounds {.I) Through (IV):

The piroton nuclear magnetic resonance spectra of all of these
compounds were obtained in 500/0 carbon tetrachloride solution, using
tetramethylsilane, (TMS), as internal standard. The instrument, a
Varian A-60, was operated at a fixed frequency of 60 mc/sec.

The spectrum of compound (I) shows only 2 peaks, one of which
is assigned to methyl protons at §= 0. 06 upfield from TMS and the other,

due to methoxy protcns at 8=3.4. Integration gave a ratio of methyl protons

L
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to methoxy protons of 2.1/1. Since there was only one methyl and one methoxy
peak, all of the methyl groups and all of the methoxy groups in compound (I}
must find themselves in the same environment.

The spectra of compounds {II}, (III), and (IV) all contain three peaks.
The single methoxy peak is in the same place as for corhpound (I). However,
the methyl peak is split into two peaks, one of which is at § = 0. 06 upfield
from TMS as in compound {I) while the second is found at 6=0. 04 downfield.
Furthermore, this second methyl peak becomes progressively larger in go-
ing'from compound {II) to (III) and finally to (IV). This illustrates that while
2ll of these compounds contain only one type of methoxy group, structurally,
there are two distinct types of methyl group. The methyl to methoxy ratios
were 3.08/1, 3.9/1 and 5.4/, respectively.

From the NMR data as well as the results of the elemental anal-
ysis and the infrared spéctra, the following structures can be written for

compounds (I) throuéh (IV)
CH3H CH3

() CH,0- 51 N 51 -OCH,
(‘:H CL

(II) CH3O—(Si(CH3)Z—NH)Z-Si(CH3)2(CH3O)

(I1I) CH3O,—(Si(CH3)Z-NH)3.-Si(CH3)Z{CH3O)
(IV) A mixture of straight chain compounds composed largely of penta-and

hexasilazanes,
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POLYMERIZATION STUDIES ON
SYM-DIMETHOXYTETRAMETHYLDISILAZANE:
I In anattempt to apply Burger and Wannagat's pyrolysis technique to the poly-
merization of sym-dimethoxytetramethy.disilazane, 20 mls. of the disilazane
was heated at 200-225° for 24 hours in a 25m]. stainless steel bomb. When
the bomb was opened, after it had cooled to room temperalure, there was no
internal pressure. Vclatiie species such as ammonia or methane had not
been produceci. Furtherrncre, the NMR spectrum of the sumple after pyroly-
sis was identical ¢o that of the starting material.
The failure cf this experiment to effect any noticeable changes in
the disilazane indicates either that the temperature was too low to cause split-
ting out of dimethyldirnethoxysilane or that there is an equilibrium which
greatly favors the monomer.
II The following series of experiments were performed to test thes catalytic
effect of various nonaqueous acids and bases on the polymerization of sym-
dimethoxytetramethyldisilazane. These experiments were all carried out in
the absence of a solvent. The disilazane and the catalyst, under examination,
were mixed and the system heated fo the reflux temperaiure of the disilazane,
162°.
When a sample of rym-dimethoxyistramethyldisilazane was re-
fluxed under nitrogen for 24 hours in a 100 ml. , round-bottom flask equipped
with a water-cooled reflux condenser and a calcium chloride drying tube,
no change was effected. Any changes in the naturz of the disilazane in the
preserce of a foreigr substance must, then, be dué to the so-called catalyst

and not simply to the heating in the experiments described below,

e ——— : e ———r
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A. Ammonium Bromide Catalysis:

Thirty-one one hundredths of a mole of the disilazane and 0. 031 mole
of ammonium bromide were mixed and allowed to reflux for 7 days. The ammo-
nium bromide moved up to the cool zone of the condenser, but the disilazane
continuously filowed over it. It had been observed in the preparation of the
disilazane that ammonium halides are somewhat soluble in it and that this
solubility increcases with increased temperature. This (s a p. perty of
disilazanes in general and has also been observed in the case of hexamethyl-
disilazane. 2 After the reaction mixture had cooled, the iiquid, which ap-
peared to be unchanged, was fractionally distilled. A very small amount,
%2-3 g., of a liquid boiling at 78-28?.o was collected. The NMR spectrum of this
liquid showed one methyl and one methoxy peak in the ratio !/i. This spec-
trum was identical in every detail to the spectium of a kncwn sample of
dimethyldimethoxysilane. The boiling point of dimethyldimethoxysilane is
31°. Therefore, a very small amount of this compound was apparently
formed. The rest of the reaction mixture, however, proved to be unchanged
sym-dimethoxytetramethyldisilazane. Therefore, it appears as though am-
monium bromide is not a catalyst for the polymerization of the disilazane
under thzse conditions. The very small amount of dimethyldimethoxysilan~
that was formed could simply have resulted from the proloaged heating.
Another possibility would be that the ammonrium bromide played some role
in its formation. It is clear, however, that the rate of formation of di-
methyldimethoxysilane was so slow that ammonium bromide cannot be con-
sidered as a practical catalyst for the polymerization of sym-dimethoxy-

tetramethyldisilazane.
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B, -oti ~ium Cyanide Catalysis:

In the previous experiment an acid, the ammonium ion, or a bas=,
ammonia, both of which were present in the reaction mixture at 1620, did
rnot affect the polymerization of sym-dimethoxytetramethyldisilazane. The
action of the Lewis basg cyanide ion, was studied next, Sixty g. of disi-
lazare and 5 g. of potassium cyanide were mixed and refluxed for 24 hours.
The pciassium cyanide did not appear to be soluble in the disilazane. Upon
cooling of the reaction mixture, the lijuid portion was decanted from the
solid KCN and fractionated. There was no evidence for the formation of
dimethyldimethoxysilane or any polymeric material Rather,the entire sam-
ple boiled at 160-163o and was, therefore, unchanged disilazane. The in-
soluLility of ;the potassinmecyanide in the disilazane or its weak basicity, or

both of theae factors, rendered it, as well as ammonium bromide, ineffec-

tive ar a polymerization catalyst.




C._Alkoxide Catalysis:

In the search for an effective polymerization-injucing substance,
the possibility of crosslinking during polvmerization made it imperative that
the most specific catalyst be found, Under very rigcrous conditions it might
have been possible to obtain a polymer, but almost certainly not a linear one.
Therefore, there was a reluctance to employ very strong bases such as meth-
oxide ion without first testing the effectiveness of the considerably weaker

base, aluminum isupropoxide.

i

Sixty g. of sym-dimethoxytetramethyldisilazane was mixed with
2 g. of aluminum isopropoxide and the reaction mixture refluxed for 24
hours. The a.aminum isopropoxid. did not appear to dissolve nor was it
noticeably changed during the course of the reaction. Nevertheless, the
reaction mixture did turn a rosy orange color. After cooling, the liquid
fraction was decanted from the aluminum isopropoxide and was fractionated.
In this case 9g. of dimethyldimetho:rysilane was collected. In additionto a
ccnsiderable amount of unchanged disilazane, there was a small amount of
a higher boi:ing liquid fraction, composed primarily of tri-and tetrasilazane.
This was the first indication of polymerization. Unforturately, no high
melecular weight polymers were formed.

The next alkoxide that was tried, also in the relatively weak
class of aluminum compounds, was aluminum methoxide. Four-tenths mole
of the disilazane and 0. 08 mole of aluminum methoxide were mixed in the
absence of a solvent and refluxed for 24 hours in exactly the same manner
employed in all of the previous polymerizaticn studies. The solid alumi- z
num methoxide which appeared to have been slightly scluble in the hot

disilazare was separated from the liquid fraction by filiration. Fraction-

it

ation of this liquid showed it to have been composed of 10g (0. 08 mole)
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of dimethyldimethoxysi_ane, uncharged starting material and a very small
amount of a liquid whose NMR spectrum and boiling point were identical to
those of the dimethoxyhexamethyltrisilazane. Therefore, in this experiment
as well as in the previcus ore invaliving aiuminum isopropoxide catalysis,
there was definite evidence of pcivmerization. Hoewever, no more than dim-
erization or trimeriza‘i -~ o give the tri- and fetrasilazancs, respectively,
took place. Crossiinking t.rough the ritrogen aiso did not take place as
evidenced by the NMR spe<«tzs and the absence of ammoniz among the reaction
products. Therefcre, it miusr be ~on~iuded that urder the conditicns described
above, alumirum methexide and alumirum iscpropoxide do catalyze the poly-
merization of sym-d methoxy*etramethyldisilazaze to give iow molecular
weight linear polymers. Nevertheless, there is scme factor in this poly-
merization precess whicrh makes it impnssible to obtain higher linear poly-
silazanes.

Thzrefcre, the cataiytic properties of the strong base, sodium methoxide,
were studied in an eff-rf to form higher polysilazares. An experiment of
the type described abk.ve was perfrrmed using scdium methoxide as a catalyst
ard it was found that rather than remairirg unchanged. the sodium methoxide
ertered into a reaction with the disilazane. A significant amouni of dimethyl-
dimethoxysilane was f3:med a:.comparnied by polyrnerization of the disilazane.
A detailed description 3{the sys‘em. s m-dimethoxytetramethyldisilazane,
sodium methoxide is giver below.

Forty-four ore~hundredths o a2 mocle of disilazare was mixed with
0. mcle of sodium methoxide. N : sc.ven' was used. The reaction mixture
was refluxed for 24 heiws. Amme=iz was dertife1as a preduct cof this re-

acticn, but, unforturate’~, the amount of ammonia given off was not

determined. After 24 hours, NH3 evciution had ceased. The sodium
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methoxide which was insoluble in the disilazane had disappeared, and at re-
flux temperature there was only a clear, slightly yellow liquid. Upon cool-
ing and standing for several hours, a crystalline solid separated from the
liquid. The liquid fraction was decanted from these crysatals and the two
unknowns were -tudied separately.

The solid was recrystallized from hexane in which it was moder-
ately soluble. It was also soluble in benzene but not in carbontetrachloride.
This substance was very sensitive to hydrolysis, ever by atmospheric mois-
ture. A flame test indicated the presence of sodium, ard the usual qualita-
tive test for amine nitrogen was also positive.

Samples of the solid were hydrolyzed in aqueous rﬁetha.nol. The
resulting solution was alkaline and was boiled to remove all of the ammonia.
Excess standard hydrochloric acid was added and back titrated with standard
sodium hydroxide to determine the amount of sodium zs8 sodiurn hydrcxide
that had been present in the original samples. Standard Kjeldahl procedi.res
were followed to determine the amount of nitrogen. Table II gives the ana-
lytical data compared to the values calculated for { {CH,0) (CH,),Si), N"Na®,

(&), and ( (CH,0) (CH3)zSi)2N'Na+' C¢H,y, (B).

TABLE Il
Calculated Found
(A) (B)
moles of Na 1.65 x 10”3 1.18 x10"3 1.23x1073
%o Nitrogen 6. 52 4.65 4.69

The agreement beiwecen the calculated and found percentages of Na and N
is good if it is assumed that the solid material recrystallized from hexane

contains one mole of hexane of solvaticn per mole. Furthermore, the

Lo

percent nitrogen is slightly low and the percent sodium slightly high which =
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is consistent with slight hydrolysis of this very moisture-sensitive compound.
These data indicate strongly that the crystalline reaction product is the sodium
compound of sym-dimethoxytetrametuny!disilazane. The NMR spectrum of this
solid was identical to that of the disilazane except that the methvl protons were
shifted 0.24 ppm upfield. This spectrum was taken in benzere, For the disi-
lazane methyl protons § =0. 28 ppm upfield from TMS whiie § =0. 52 ppm
upfield from TMS for the methyl protons of the sclid dissolved in benzene.
This shows the carbon and, therefore, the nitrcgen to be iess electronegative
in the sc.newhat ionic sodium compound than they are !~ the disiiazane itself.
This seems totally reasonable and provides further proof of the identity of the
solid.
The liquid fraction was distilled at atm~ spheric pressure and boiled
at 78-82°. Thirty three g. of a solid residue wa= !eft behind. The NMR
spectrum of the volatile liquid showed it to be pure dimethyldimethoxysilane.
The polymeric material which was left behind as a residue in the
above distil’ation was soluble in benzene but irsoluble i hexare aand carbon-
tetrachloride. The polymer couid not, however, be purified by re precipi-
tation from benzene, because it would not precipitate. As the benzene slow-
}Jy evaporated, the solution became increasingly more visccus until finally a
very brittle, clear, glassy solid was obtained after p-olornged heating to
remove traces of benzene. The polymer was alac inscinblie in water or
dilute acids. Concentrated sulfuric acid d'd, however, decompcse it easi-
iy. The NMR spectrum of this substance, dissolved i» benzenre, showed
no methoxy protons and two very broad methyl pr-ton pesks at § = 17 ppm
and §  0.33 ppm, both upfield from TMS and is 2itributed to the cross-

linked pnlymer. The infrared spectrum cf this po.ymer dies show a peak
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corresponding to the N-H stretching frequency, but this peak is rather smali.
The analytical data are given in Taktie IV.

TABLE IV
©/ Nitrogen Calculated 100% linear 100°/0 crosslinked

19.2 13 .8
Found percentages

/o Carbon..... 25. 66
9/0 Hydrogen....6.93 Molecular Weight in ether = 2420
°/o Nitrogen. . ..14.87

°/° Silicon.. ... 38. 53

All of these data show that it is possible to obtain a polymer from sym-dimethoxy -
tetramethyldisilazane, but that this polymer is quite high!y crosslinked.
The follewing two competing mechanisms are suggested as <« possible

explanation for the formation of all of the products observed in the above poly-

merization process.
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A POSSIBLE MECHANISM FOR THE

FORMATION OF THE SODIUM COMPOUND:

H
I

LY . . « + -
1. (CH3O; (CH3)281- N;SLQCHB)Z(OQH?') + NaO+ cnscp

H
(C!-13)251(OCI'I3)Z + (CHSO) (CH3;251- Na™ .
a substituted scdium amide

H H

I l
2. (CH,0) (CH,),Si—MND 4+ (CH,0) (CH,),8i—N—Si(CH,),(CH,0)

&

Na
e

| (CH30) (CII-ls)zSi-NH2 + (CH30) (CH3)ZSi—N—Si(CHs)Z(CH3O).

H

Overall Reaction : H

3 (CH30)(CH3)ZSi-I‘*I—Si‘(CHs)Z(CHsO) + aNdeH, 2 H, +

z{cu3)251(cu3o;2 + Z{CH3O){CH3T;ZSiZI\QNa@

Thia explains the formation of the sodium compound, ammonia and dimethyi-

dimethoxysilane.

I o,
3. Z(CH30)(CH3)ZSi NH, ——m (CH30){CH3)ZSi'-N'—Si{(..hs)z\CHaO)+NHs.
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A POSSIBLE MECHANISM FOR THE
FIRET STEP OF THE POLYMERIZATION
H H

!
Ao (CHJO)(CH3)ZSi—‘ N— Si.(CH3)2(CH3O) + (CH3O) (CII3)ZSi—-N—Si{CH3)2(CH3O)

e,

\ 4 H

(CH3)ZSi(CH3D)Z + (CH30)(CH3)ZSi‘—N—Si(CH3)2—-N-—Si(CH3)2(CH3O).

This polymerization process is undoubtedly enhanced by the ability of the meth-

oxide ion to breai the silicon-nitrogen bond. The crosslinking reaction does
not seem to be so straightforward, although it probably arises from attack by

the substituted sodium amide {(shown in the first mechanism) on a linear silazane

|

|

!

| in an, as yet, poorly uncderstood manner.

‘ it is worthy of note at this point that the methoxy groups in sym-dimethoxy-

‘ tetramethyl-isilazane apparently have a labilizing effect on the silicon aitrogen

| bond, because sodium methoxide had absoiutely no effect on a sample of hexa-
methyldisilazane which was treated in exactly the same manner.

Because sodium methoxide apparently entered into reaction with the

sym-dimethoxyteiramethyldisilaza—~e by nucleophilic attack on the silicon by

rethoxide by an S,.2 mechanism, it was thought to try a base of equal or may-

N

be even somewhat greater base strength; but one which was sufficiently bulky

so that a2 bi-molecular nucleophilic substitution mechanismn would be far less

likely. Potassium tertiarybutoxide was chosen for this purpose.
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Sixty g. of disilazane (03mole ) was mixed with 5 g. of potassium
tertiarybutoxide in the absence of a solv.. _..d refluxed for 24 hours. The
KOC(CH3)3 appeared tc dissolve somewhat. Ammonia was given off during
the heating process, and after 24 hours, the reaction mixture consisted of
a light yellow liquid and a colorless solid. This solid was separated from
the liquid by filtration, and the liquid was fractionated. At 86-90° a mix-
ture coraposed largely of dimethyldimethoxysilane and a small amount
of methoxy-t-butoxydimethylsilane was coilected. When almost ail of this
vdatile fraction had been removed from the material remaining in the distil-
lation bulb, ammonia evolution began. At the e¢nd of the distilla*:on, 32 g. of
volatile liquid had been collected. Upon cooling to 25° the residue solidified into
a clear, cracked, very tough, glassy material. This polymer was soluble in
benzene and its NMR spectrum was obtained in benzere solutior. There were
no peaks corresponding to methoxy protons and orly two very broad methyl
proton resonances, which occurred in exactly the same place as those in the
spectru n of the polymer obtained using sod/um :aetkoxide. Although the
larger of these two peaks had to be 252igned (o methy] protons ir a crosslinked
environment, this polymer was less cressl »ked thar the poivmer obtained
using sodium methoxide.

In subsequent polymerizations it was possible to reduce the crcss-
linking further by very careful heating during removal of the volatile fractions.
Nevertheless, ammonia evolution was always observed and it was not pos-
sible to obtain anything but highly crosslirked polymers by this method.

The experiment was modified in such a way that the ammonia, evolved
during refiux, could be measured. Also, the fractional distiilation of the

products was done at reduced pressure in ordex to aveid high temperatures

IR
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and, thereby. eliminate the pyrolysis which led to the evolution of ammonia
during the distillation described in the previous run. The general procedure was
the same as that described above. However, the reflux condenser, rather

than being equipped with a drying tube, was connected through two Leider gas-

washing bottles to a reservoir of concentrated hydrochloric acid. Any am-

monia generated during the course of the reaction was trapped in this way and
its amount determined by standard Xjeldahl procedures. Table V shows the

results obtained in two typical experiments.

TABLE V

1 2

Moles of disilazane 2.69 x 1077, 3.19°x 1071

3 2

Moles of potassium tertiarybutoxide 6.42 x 10 2.12x10

2 2

Moles of notassium tertiarybutoxide 2.38 x 10~ 6.65x 10

Moles of disilazane

2 2

Moles of NH, liberated during : 1.00 x 10~ 2.89x10

the polymerization

Moles of ammonia 1. 56 1.36
Moles of potassium tertiarybutoxide

1
Percent of total nitrogen, as
liberated ammonia

[
(8]
[ ¥}
Ui

The potassium tertiarybutoxide appeared to dissolve in the disila-
zane. After cooling, the reaction mixture consisted of a coiorless, crys-
talline solid which contained potassium and nitrogen as determined by
qualitative tests, and a slightly y=llow liquid. The crystalline material
was presumably the potassium salt of the disilazane. Analytical data

were not obtained, but the solubility characteristics, sensitivity to

moisture and presence of potassium as well as the NMR spectrum,, taken
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in benzene, all argue in favor of the potassium sali. N» potassium tertiary -
butoxide could be isolated f:om.the reacticn mixture.

The liquid fracticn was separa‘ed frem the crystallire reaction product
by filtratior. This liquid was her distilied under vacuum. The first two
fractions were collected at a pressure of 1. mm. whiie a pressure of 0. 1mm.
was used in the distillation of the third. Tablc VI ¢hows the bciling points

and amounts of the various fractions collected i runs ! ard 2.

TABLE VI
Yractions Beilirg Points Amounts
1 2 1 2
A 25-27° 25-27° 17g. 24, .
B 62-70° 64-70° idg. 13g.
C 65¢ 62-65 2g. 18g.

Fraction (A) was collected in a trap at -78° because of its lowboiling
point. The infrared spectrum, taken as a pure ligqu.d fiim between sodium
chloride plates, agrees in al: respects with that of 1 k- wr sample of methyl-
dimethoxysilane. The NMR spectrum cf (CH.'B"'-Z_.S fCH3O}Z sho.id contain
just cne methyl and ore methoxy profton peak, The experimestal results are
in agreement with this. There was, however, c:e ci%er much g nailer peak
which has been assigned to the prcotons of the f<rti~ ybutaxy-group present
in the impurity (CH3)ZS:?,(CH3

tertiarybutoxy proton ratio, if ail of the patassivm ter*iarvbutoxide reacted

-

O}(C'ZCH.;}' SO}' The ~zl:lzted methoxy to

with the disilazane, s 24/i. The fourd vaive was 23,'i. The methyl to
methoxy ratio in the dimethyldimethexysiiane was found tc be 1. 06/1 and
1.1/}, compared to the calculated value of 1,t. Table Vi gives the ana-

lytical data obtained for thi: compou=nd.
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T/RLE VII
Calculated Found

for (CH3)251(CH39)._,

°/o C 39. 92 40. 10
°/o H 10. 50 12, 61
°/o Si 23,37 23:35

There can be little doubt that fraction (A) is dimethyldimethoxysili.z., Tkhe
presence of the calculated amount nf methoxy-t-butoxydimethylsila:e irapurity
gives credence to a mechanism of the type shown on page 27 of this report,
F‘;,ad;ion (B) was unreacted sym-dimethoxytetramethyldisilzazane as
shown both by its infrared and NMR spectra. The calculated methyl to methoxy
ratio for tr.s compound is 2/1 while the found values were 2.1/1 and 2. 08 /1.

Table VIII gives the analytical data which also support this conclus:ior.

TABLE VIII
Calculated Found
°% C 37.25 37. 58
°/o H : 9.90 9.99
°/o si 29. 04 30, 25
°/ N 7.24 7.46

Fraction (C) had an NMR spectrum which contained 5 methy! peaks
and one methoxy peak. They were in the ratio 4. 0/1 and 4.2/1. Tle pres-
ence of only one methoxy peak is reasonable and shows that all of the mathoxy
groups are in the same environment. They are most likely attached to ter-
minal silicon atoms, as they are in the starting material. The 5 mnethyl

peaks suggest that there are at least 2 different kinds of methyl groups in
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this molccule and probably more tha- 2. The infrared spectrum was typical
[ ] inits general features [of a polysilazane] and did show that there was

2 significantamount of N-H in the molecule. The relatively low boiling
point of this compound suggests that it 18 prcobably not a very large molecule.
The analytical data which are given in able IX do not correspond to the cal-
cuiated values for anv linear polysilazane ard no speculation as to its struc-

ture has been made.

TABLE IX

°/o C 35.05 °/o Si 35,27

°/o H 9. 06 °4 N ). 57
o 20 1. 4385

The distillation residue was composed of a smal! amount of the
potassium compound of the disilazane, which had been dissolved in frac-
tion A through C and also several grams of a colorless oily liquid. The
NMK spectrun of this oil showed one type of methoxy group and a broad
resonance for the methyl protons, composed of a large singlet and two
smaller doublets. The methyl to methoxy ratio was 6.02/1. From the
analvtical data shown in Table X it was obvious that this oil was not
strictly a 1'~ear polysilazane. The nitrogen percentage was too low for
that. The number of methyl peaks in the NMR spectrum also suggests

a more complicated structure.

TABLE X

¢/lo 34.71 °/, Si 42.50

(0]
o 4 8.79 % N 11. 90

&Y 1. 4651
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CONCLUSION:

These studies involving sodium methoxide and potassium tertiarybutox-
ide-induced polymerization of sym-dimethoxytetramethyldisilazane clearly
:how that it is possible to obtain low molecular weight polymers in w! ‘th a
significant amount of linearity has been achieved. These polysilazanes do,

however, contain the order of only 5 or 6 silicon atoms at the most aund are

the highest molecular weight species that can be obtained under mild ccaditions.

If, however, these low polymers are pyrolyzed (perhaps significantly) in the
presence of a small amount of dissolved sodium or potassium salt of the
disilazane, high molecular weight solid polymers are obtained. These are
highly crosslinked as evidenced by tb: evolution of ammonia. This dimsthoxy-
tetramethyldisilazane system provides another example of the great propen-
sity that silazanes seem to exhibit to cresslink through the nitrogen rather than

forming linear polymers.
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