&

D"'A235 ?58 OFFICR OF N;VAL RESEARCH
\WM\\WM GRANT OR CONTRACT N00014-90-J-1186

RAT Code 413;002

TECHNICAL REPORT NO. 25

PREPARATION AND DEGRADATION OF POLYSILYLENES

by
K. Matyjaszewski

; l’;;auon Yor q{
BTIS  CRAM T

Published DTLY TAB o
in the Unarnisvneed ] '

I [TV T8 b TUH 8 78 R
H 4

J. Inorg. & Organomet. Polym., in Press ‘ .
Eptatric s

H
PR

—aatry sy

. Avellttiiiy Uodes
Carnegie Mellon University ST TEend nadger T
Depariment of Chewmistry Bene Lpneinl
4400 Fifth Avenue i |
Pittaburgh, PA 16213 A\ } ‘
' ; i ,

e LN SN

May 2, 1991

Reproductlion in whole or in pert is permittad for any purpose of the United
States Government.

This document has been approved for public release and sale; its disiribution
is unlimitad.

T 003020701

Uy ]
I R I
AT BTy s i

"1 2 09 017




T 28, SECLRITY CLASSIFICATION AUTHORITY

] IFICATH iy PA

REPORT DOCUMENTATION PAGE .

Form Approved
OMB No. 07040188

e ———
1. REPORT SECURITY CLASSIFICATION

10. RESTRICTIVE MARKINGS

3. OISTRIBUTION/AVAILABILITY OF REPORT

remmn——
2D. DECLASSIFICATION / DOWNGRADING 5CHEDULE

Approved for Public Releass

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

$. MONITQRING ORGAMIZATION REPORT NUMI!RG)r

6a. NAME OF PERFORMING ORGANIZATION
Carnegie Mellon University

6b. OFFICE SYMBOL
(1f appiicable)

7a. NAME OF MONITORING ORGANIZATION
ONR

$c ADDRESS (City, State, ang JiP Coce)
Depsrtment of Chemistry
4400 Fifth Avenue
Pgh., PA 15213

70. ADORESS (Cy, Swee, end ZIP Code)
Department of Navy
Arlington, VA 22217

8a. NAME OF FUNDING / SPONSORING
ORGANIZATION
ONR

8b. OFFICE SYMBOL
{(If applicabie)

9. PROCUREMENT INSTRUMENT I1DENTIFICATION NUMSER

132, TYPE OF REPORT

§c. ADDRESS (City, State, ana 1P Coge)

800 N. Quincy Street
Arlington, VA 22217

10. SOURCE OF FUNO!NG_':UMI!RS

PROKCT TASK WORR UNIT
NO. NO

PROGRAM
SLEMENT NO. ACCESSION NO.

11. TITLE (ciucie Securrty Clasmheaton)

Preparation and Degradation of Polysilylenes

e ———————
12. PERSONAL AUTHOA(S)
Krzvsztof Matviaszewskd

Preprint

16. SUPPLEMENTARY NOTATION

13d. TiIME COVERED

mow _5/90 _ro_3/91
e

T4. OATE OF REPORT (Yaer, Moneh, Oay)

15. PAGE COUNT
May 2, 1991 33

To Be Published in J. Inorg. & Organomet. Polym.

17, COSATI CODES

FIELD GROUP SUS-GROUP

——
18. SUBJECT TERMS (Continue on reverse o

MM?MW)

&
Preparation, Degradation, Polysilylenes, Polysilanes,
Thermal, Mechanical, Chemical Degradation

719, ABSTRACT (Contwwe on reverse if necessary snxt dentity by Diock rumber)

Maechanistic aspects of preparation and degradation of polysilylenes (polysilanes)
are discussed. Reductive coupling of disubstituted dichlorosilanes at ambient
temperatures in the presence of ultrasound leads to monomodal polymers with relatively
narrow molecular weight distributions (Mw/Mp from 1.2 10 1.5) and relatively high
molecular weights (Mn from 50,000 to 100,000). Ring-opening palymerization of
cyclotetrasilanes initiated with carbanions and silyl anions provides polymers with
molecular weights from 10,000 to 100,000 and gives potential possibility ot the
microstructure control. Synthesis and solid state transitions in random copolysilylenes
are discussed. Thermal, mechanical, and chemical degradation of polysilylenes is

described.
70, OISTAIBUTION / AVAILABILITY OF AUSTRACT 21, ASSTRACT SECUMITY CLASSIFICATION
T uncLassipeorunumited X same as et [ onic usens Unclassified
228. NAME OF RESPONSIBLE INOIVIOUAL 220, TELEPHONE (inchuce Ares Coae) | 22¢. OFFICE SYMSOL
Dr. K. J. Wvnne (202)696-4410
DO Form 1473, JUN 88 Previous ecitions are 0bsoiete. ~TY IFICATY £ TS PA




Preparation and Degradation
ot Polysilylenes

Krzysztof Matyjaszewski
Department of Chemistry, Carnegie Mellon University
4400 Fifth Avenue, Pittsburgh PA 15213

Mechanistic aspects of preparation and Jegradation of polysilylenes (polysilanes) are
discussed. Reductive coupling of disubstituted dichlorosilanes at ambient temperatures in the
presence of ultrasound leads to monomodal polymers with relatively narrow molecular weight
distributions (Mw/M, from 1.2 to 1.5) and relatively high molecular weights (Mn from
§0,000 to 100,000). Ring-opening polymaerization of 1,2,3,4,-tetramethyl-1,2,3,4-
tetraphenyicyciotetrasilane initiated with carbanions and silyl anions provides polymers with
molecular weights from 10,000 to 100,000 and gives potenticl possibility of the
microstructure control. The dearylation of phenyl containing polysilylenes with triflic acid
provides polymers with strong electrophilic silyl triflate moieties. They can react with any
nucigophiles such as alcohols, amines, carbanions, organometallics, etc. and produce various
functional polysilyienas. Synthesis and solid state transitions in random copolysilylenes are

discussed. Thermal, mechanical, and chemical degradation of polysilylenes is described.

Key words: Polysilylenes, Polysilanes, Sonochemical Reductive Coupling, Ring-Opening

Polymaerization, Modification, Copolysilylenes, Copolysilanes, Degradation, Synthesis,
Characterization, UV, NMR, DSC




!niroduction

Compounds with a linear Si-Si catenation in the main chain and two substituents at each
silicon atom belong 10 a genaral claz- of polysilanes or polysilylenas (a correct nomenclature,
based on the structure of the silylene repeating unit; thus, a poiymer with two n-hexyl
substituents is poly(di-n-hexyisilylene) and a polymer with methyl and phenyl groups is
poly(methylptenyisilylene)). Interesting physical and chemical properties of polysilanes such
as delocalization of clectrons in the main chain, photosensitt;/ity. incompatibility of the main
chair. with side organic groups, processability typical for thermopliastics, as well as potential
commercial applications'-2:3 led to intensive studies of these materisis. Some properties of
polysilylenes depend strongly on molecular weights and well-defined polymers are required for
correct characterization. it seems that the synthetic developments iag behind the current level
of characterization capabilities. Therefore polysilylenes with controfied molecular weights,
low polydispersities, controlled structure of segments in copolymers and designed
microstructure of the asymmetrically substituted units, with various functional groups are
needed as weil as ccrresponding well- defined block and graft copolysilylenes. Determination of
stability of polysilylenaes and their degradation during the characterization process is aiso very
Important. Thus, this paper will deal mostly with various synthetic aspects of polysilylenes
directed towards improvement of the structural control. It will aiso describe the possibility of
control of some properties of copolysilylenes of various composition. Also a discussion of

thermal, sonochemical, and chemical degradation of polysilylenes is given.

Preparation of Polysilylenes

First and still the most common preparative technique for polysilylenes is based on the
reductive coupling of disubstituted dichlorosilanes. Initially, this method was used by Kipping4
for dipheny! derivatives and then by BurkhardS for dimethyi derivatives. The polymars were

insoluble and impossible to characterize at that time. The first soluble polysilylenes were



prepared from unsymmetrically substituted dichlorosilanes 6:7.8. Usually alkali metals are
used, but some other reducing agents including electrochemical coupling has been attempted9.
The proddcts of condensation consist of a mixture of small cyclopolysilylenes (usually cyclic
tetramer, pentamer, and hexamer are formed), low molecular weight polymer (usually M
<10,000), and high polymer (M > 100,000).

The dehydrogenative coupling of disubstituted dihydrosilanes in the presence of
transition metals provides low molecular weight materials (DP<10), highly branched
polymers can be obtained from trihydrosilanes!0.11, There are two other routes to
polysilylenes based on the anionic polymerization of "masked disilenes®'2 and on the anionic
fing-opening polymerization'3. These techniques may provide additional control of the
microstructure of the nonsymmetrically substituted systems.

A last method for the preparation of novel polysilylenes i§ based on a modification
process via silyl triflate intermediates!4. Va .ous functional side groups are introduced to
polymers with existing Si-Si chains. The five major synthetic routes to polysiiylenes are
shown below:

Scheme 1

Three methods will be discussed in more detail: the reductive coupling of disubstituted

dichiorosilanes with alkali metals in the presence of ultrasound, the anionic ring-opening

polymerization, and the modification process.

There ars two basic mechanisms of the formation of macromolecules: chain and step
growth. In the latter case functional groups in the monomer and in the polymer chain ends
possess the same reactivity. The molecular weight increases slowly wiih conversion in these
systems and formation of high polymer requires precise stoichiometric balance of reagents and
nearly complete conversions (8.9. DPp=100 at 99% conversion in a homogeneous

polycondensation with exact stoichiometric balance). On the other hand, a monomer reacts only
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with the active site at the chain end in the chain growth machanism and, under usual conditions,
high polymer is formed at low conversion (e.g. DPy=1000 at 1% conversion in most radical
reactions). In these systems slow initiation is followed by rapid propagation, and eventually by
termination. Polymerization of disubstituted dichlorosilanes with akali metals via reductive
coupling is a chain (not a step) process. Molecular weights are very high at low conversions
and they are independent of the [Mt}/[SI-Cl] ratio. However, one must take into account the
heteroganeous nature of polymerization which resembles an interfacial systems in which high
polymers are formed at low conversion due to diffusion phenomena. Additional support for the
chain growth mechanism comes from the electrochemical studies of various chloroterminated
oligosilanes. Reductive potentials measured by polarography and cyclic voltametry for a,0-
dichloropermethylated mono- (-2 V), tri- (-0.50 V), tetra- (-0.47 V), and hexasilanes (-
0.43 V) show a monotonous decrease of the reductive potential and an increase in the electron
affinity15, Therefore, the electron transfer fror the alkali metal to chloroterminated
polysilylones and oligosilanes is much faster than to the monomer (disubstituted
dichlorosilane). A clear induction period gives an evidence of slow initiation and fast
propagation under most polymaerization conditions.

Thus, polymerization must proceed with some type of active sites. Several intarmediates
such as silylene, silyl radicals, and silyl anions have been proposed as potential chain carriers.
The mechanism based on silylene intermediates is not of primary importance, since silylene
traps do not affect polymerization'8. Some experimentai data contradict the purely radical
process. They include strong solvent effects, the influence of crown ethers and cryptands on
polymerization rates and yields, and a high yield of cyclics which support anionic
intermediatas'7.18, Cyclic polysilylenes can hardly be formed via a radical process since this
would require the simuitaneous presence of two radicals at both chain ends, unless extensive
transfer exists. An anionic chain end will, however, very efficiently "end-bite” the chioro-

terminated chain end due to high anchimeric assistance in five- and six-membered rings.



The rate constant of the reaction of triethylsilyl radical with toluene is quite high at
room temperature (k=1.2x106 M-'s-1)9. A polymer with a degree of polymerization
DP=103 is usually formed in less than 100 s at a monomer concentration [M]o < 0.1 molL in
toluene ([Toluene]o=10 mol/L). Thus, the ratio of the rate constants of propagation to transfer
should be above 105. The rate constant of propagation estimated in this way (kp>101! M-1s-1)
would exceed the limits of a diffusion controlled process, assuming reactivity of the
macromolecular radical similar to triethyl radical. Therefore, a.purely radical mechanism of a
chain growth can not dominate in the formation of polysilylenes.'

Thus, polymer must be formed in the reaction bstween anionic intermediates and an
glectrophilic monomer. The exact nature and degree of ionization of the anionic species is at
prasent not known. A sequence of reactions involved in the entire polymerization process is
given:

Scheme 2
The first slow initiation step should involve electron transfer from alkali metal (sodium) 1o a
monomer {0 generate a monomeric radical anion. This species shouid very rapidly isomerize to
the monomeric radical and sodium chioride, which is insoluble in the reaction medium (1A and
1A’). The identical reaction between sodium and the chloro-terminated polymer chain may
provide a polymeric radical anion and eventually a polymeric radical (18 and 18’). Various
silyl radicals may recombine together (1C, 1C', 1C") but this can not ba a major pathway
leading to high polymers taking into account the low concentration of radicals. However, silyl
radicals which contain phenyl groups can easily be reduced iurther to silyl anions. The
polysilylene chain may additionally facilitate this reaction (2A). The resulting polysilyl anion
will react in a nucleophilic substitution reaction (probably Sy2) with a monomer which is a8
stronger electrophile (coﬁtains two electron withdraWing Cl-groups) than the chioro-
terminated chain. Thig is the anionic pathway of the chain growth (28). The chloroterminated
chain is now at the closest proximity to the surface of the aikali metal. It accepts an eiectron,
forms a radical anion, loses NaCl to rearrange 1o the radical which momentarily takes a second

electron from sodium to form an anionic species. In non-polar solvents this silyl anionic




species may have a stronq <o.lent nature and the polysilylene chain associated with the huge
droplet ot alkali metal may resemble an alectric wire plugged into a large wall. A monomer
comes to the "electric contact”, "squeezes” into the “plug” and a "wire" remains in essentially
the same position. Silyl anions may react either with a monomer (2B) or with a
chioroterminated chain end (2C). The reaction of anionic species with a monomer may be
favored because of the higher electrophilicity and concentration of the monomer. However, at
degrees of polymerization five or six, the anchimeric gssistance (neighboring group
participation) is very high and may reach values of 105 or even 108 moUL. Under such
conditions end-to-end cyclization or end-biting is possible. This results in a high yield of
cyclics. Cyclooligosilanes may also be formad via back-biting reaction when the anionic speciec
react with ils own backbone. However, as it will be discussed later, this reaction occurs only in
highly polar solvents. The chance ~f the end-biting reaction is high for six- and five-membered
rings, but is very low for smaller and larger cycles. in the case of the strainless, entropy
driven systems, the probability of end-to end intramolecular cyclization decreases with the
ring size n:
Pas k -n-37/2

The reaction between silyl anions and silyl chiorides may aiso occur bimolecularly, being
strongly concentration dependent. It is possible that this condensation mechanism happens oncs
or a few times per average chain. Nevertheless, the majority of the monomer is consumed in the
reaction with the anionic chain end. Thus, above 99% of monomer units are incorporated into
polymer chains via a oimolecular reaction between a monomer and a growing chain end (2B),
but some (<1% 7?) linkages in the macromolecules could be formed via chain coupling
(condensation (2C)). This chain coupling will have a very strong effect on the final molecular
weights.

In this scheme macromolecular silyl radicals play the role of transient species which
very rapidly take a second electron from sodium to form silyl anions. indeed, the lifetimes of

sityl radicals must be v~ -y short since polysilylenes with pendant alkenyl groups can be




prepared by the reductive coupling process. Some fraction of the double bonds is, however,
consumed which confirms the presence of transient radicals20,

In toluene, using sodium as a reducing agent, monomers with aryl groups react much
faster than those with alkylvgroupsz‘. Polymaerization of dialkyisubstituted dichlorosilanes
with sodium requires elevated temperatures (above 80 9C), aithough they react readily at
ambient temperatures either in more polar solvents (addition of glymes, THF, crown ethers, or
cryptands)22 or with stronger reducing systems (Na/K and K). Surprisingly,
methylphenyidichlorosilane does not react with potassium ‘within 2 hours under similar
conditions. At longer reaction times (16 hours) low molacular weight products are formed. The
apparent discrepancy (a slower reaction between a more reactive metal and a more reactive
monomer) has been soived by the analysis of the product of the reaction of
" methylphenyldichlorosilane with K at longer reaction times. The resulting polytﬁar
(Mn=2,000) i3 not a polysilylene.

29gi NMR and UV exclude long Si-Si catenations (no absorption above 300 nm). 'H and
13C NMR, as well as IR indicate a large proportion of toluene moieties, in contrast to
polysilylenes which are prepared with Na. GC/MS analysis of the first products formed in this
reaction indicates the presence of X-SiMePh-PhMe species (X=H, Cl), formed via reaction of a
monomeric radical with the solvent molaecules. The incorporation of toluene moiety occurs via a
radical mechanism. An electron transfer from potassium to methyiphenyldichlorosilane is
faster than from sodium, and an electron transfer from potassium may occur from a much
longer cistance than from sodium. Therefore, the monomeric radicals may be separated from
the metal surface by two or three solvent molecules, they diffuse to the bulk soivent and react
with toluene , decreasing the efficiency of the coupling process or the second electron transfer.
Similar reasoning w23 used to explain lower yie'd of Grignard reagent formation from Mg and
alkyl iodides in comparison with less reactive alkyl chlorides23. Electron transfer to the

chiorides occur at the magnesium surface, whereas alkyl iodides accept eiectrons through




larger distance and could not efficiently form organomagnesium reagents but dimerize,
isomerize, react with a solvent, etc.

Reduction potentials of chloro-terminated oligesilanes decrease strongly with an
increase of chain length due to better electron delocalization in the longer oligomers. This is in
good agreement with the observed slow initiation / fast propagation behavior. These oligosilanes
must be initially formed by the coupling of radicals derived from a monomer. Silyl radicals
react with toluene very rapidly. The chance of radicals coupling will be higher at the surface
but much lower when separated from the alkali metal by a layer of two-three molecules of a
solvent. Since the more reactive potassium donates electrons via longer distance, it is therefore
~ less selective and can not provide oligosilanes with a chain length sufficient to participate in
fast propagation. Indeed, Si-Si catenations are interrupted by a toluene moiety which is
incorporated via a radical process. Less reactive sodium is more selective, and although it
reacts initially slower it leads to oligosilanes with a length sufficient for rapid propagation.
Polymaerization proceeds faster with sodium than with potassium because the overall rate of

polymerization is proportional to a number of active chain ends.

Sonochemical D jati

Reductive coupling at amoient temperatures in the presence of ultrasound leads to
monomodal polymers with relatively narrow molecular weight distributions (Mw/Mp from 1.2
to 1.5) and relatively high molecular weights (M, from 50,000 to 100,000)2'. Two
phenomena are responsibie for the more selective polymerization. First, a lower
polymerization tehperature and the continuous removal of sodium chloride from the sodium
surface suppresses the formation of low molacular weight polymer (Mpn from 2,000 to
10,000) which might be formed via some side reactions {(transfer or terminétion).
Suppression of the formation of low molecular weight fraction is observed with a decreass of
the reaction temperature in the presence of ultrasound but also in its absence. Apparently,

reactions which limit chain growth hava higher activation energies than propagation.



There are two limitations in the reduction of the reaction temperature: reactivity of
monomers and regeneration of metal surface. For example, dialkyldichlorosilanes do not react
with Na in toluene below 80 °C. Reactivity may be improved by either a zhift to a more polar
and better solvating media or by addition of compounds which readily solvate alkali metal
cations such as cryptands and crown ethers. A catalytic amount of the additives is sufficient
which indicates a rapid exchange between sily! anions and NaCl. Apparently, the size of
cryptands and crown ethers in fhesa reactions is not very important and similar results were
obtained with crown-4, crown-5, and crown-6 , as well as wit;a cryptand [2.2.2] and cryptand
[2.2.1] for sodium. This may indicate that the crown serves rather to separate the silyl ahion
from sodium surface than to form a crowned ...-SiR2°, Na* lon pair in solution. The
polymaerization of more reactive arylalky! dichlorosilanas leads to limited conversions at lower
temperatures due to the occlusion of sodium particles by sodium chioride and polymer. The
surface can be cleaned by ultrasound. Another possibility is to add a small amount of potassium
and form a liquid Na/K alloy.

The reduction of the polydispersity of the polysilylenes in the presence of ultrasound of
frequency 20 kHz has its origin in the mechanical degradation of polymers with molecular
weights above 50,000. This limit is probably set by chain entanglement and Si-Si bond
energetics. Polysilylenes prepared in separate experiments were selectivély sonochemicaily
degraded24. Low molecular weight polymers (M,<10,000) were intact in the presence of
ultrasound. Thus, selective formation of high polymer has the origin in the suppression of side
reactions limiting chain growth at higher temperatures and not in the degradation of low
polymer. Degradation occurs in the presence but also in the absence of alkali metals. in the
presence of alkali metals, the structure of degradation products depends on the nature of the
solvent. In toluene no cyclics are found, in THF polymer is degraded to cyclopentasilanes. This is
the chemical degradation discussed in the next section. The molecular weight of the polysilylene
degraded sonochemically depends on itsconceniration. in Figure 1 the linear correlation of the

intrinsic viscosity of the degraded polysilylenes and the reciprocal concentration is shown. This
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indicates that degradation by shear forces occurs predominantly in chains which are entangied
intermolecularly. The intercept may suggest also intramolecular entanglement. The degradation
occurs when bubbles and cavities are generated by sonic waves and then implosively coliapse
within the entangled chains. Shorter chains do not entangle as efficiently as longer ones and they
can relax in the time of the sonication event.

The efficiency of degradation decreases with temperature. in toluene at temperatures
above 80 °C degradation slows down corsiderably. This is due to the 100 high vapsr prescure of
the solvent which prevents an efficient cavitation process. Th‘erefora. sonochemical reactions
are usually performed at temperatures at least 20 °C below the boiling point of a solvent in
order to reduce its vapor pressure.

Sonochemical degradatiovn resembles mechanical degradation by shear forces in which
homolytic cleavage of Si-Si bonds occurs. Tha generated radicals react rapidly with the solvent
and, for example, a small amount of methyl groups from the toluene-terminated chains can be
detected in NMR spactra of polysilylenes degraded in toluene. Sonochemical degradation leads to
a decrease of molecular weights and is not accompanied by the cycles formation, in contrast to
chemical degradation. Strong reduction of polydispersity is due to the selective nature of

degradation in which only the high molecular weight fraction of polymers is degraded.

Chemical D jati
Cleavage of Si-Si bond by Nucleophiles

Action of strong nucleophiles on disilanas leads to the formation of silyl anions which
are very reactive. There are a few methods for the generation of silyl anions. The first one is
the reaction of disilanes with alkali metals. Reaction occurs much faster for silanes with aryl
groups and its rate increases with the number of aryl groups?S. Thus, reaction with
hexaphenyldisilane is the fastest and with hexamethylidisilane the slowest. Cleavage reactions
usually require nucleophilic solvents such as THF, diglyme, HMPT, or ether which can solvate

afkali metal cations.



Trimethyisilyl anion can be generated by sodium and potassium alkoxides28, especially
in the presence of crown ethers. Trialkyisilyl anions can also be formed from disilanes and
methy! lithium27 or from trialkylsilanes and potassium hydride28. Silyl anions are very
reactive and unstable species. Thay can participate in a number of different reactions but they
can also loose an electron and form silyl radicals. For example, naphthalene abstracts an
electron from the trimethyisilyl anion29,

In preparative organosilicon chemistry the use of silyl anions has a long history and the
reactions of polysilylenes are often catalyzed by small amount c':t hexaphenyidisilane which is a
source of triphenylisilyl anions. Thus, silyl anions can rapidly attack Si-Si bond and form
thermodynamic products by a scrambling process.

Degradation of Poiysilylanes by Alkali Metals

Polysilylenes are usually prepared by the reductive coupling of dloubsmutnd
dichlorosilanes with alkali metals in non polar soivents such as toiuene or hexane. No
substantial degradaticn of the polymer is observed In the .resence of an excess of akall metal.
Polymers with higher molecuiar weights are prepared in solvents of lower solvating ability.
Polysilylenes carn be degraded by an excess of alkall metal in THF or in diglyme. Cyclic
oligomars are the only degradation products, The rate of degradation depends on the substituents
at the silicon atom, solvent, aikali metal, and temperature. Qualitative degradation results are
shown in Table 1.

Degradation is much faster in more polar THF than in tolusne. Addition of cryptand
[2.2.2] or THF 10 toluene increases the cdegradation rate. The rate of degradation strongly
increases with the reactivity of the metal. Electron transfer from potassium is much easier
than from sodium or from lithium. The ef oct of tha counterion seems to be less important,
since degradation initiated by sodium or lithium naphthalides proceeds nearly as fast as with
potassium. On the other hand, the initial electron transfer process is strongly metal dependent.

The application of the ultrasound heips to clean the metal surface by cavitational arosion but




does not change the rate of degradation. Degradation is much faster for
poly(phenyimethylisilylene) than for poly(di-n-hexyisilylene). This is in agreement with the
general trend in the stability of silyl anions discussed in the previous section. Aryl groups on
the silicon atom stabilize anionic intermediates. A counterion effect on the degradation is
observed. Degradation with K* is faster than with Na* or Li*. Moreover, lithium can not start
the degradation process. Even in THF solution the first electron transfer is not possible. This
may be due to suﬁace phenomena since lithium naphthalide degrades polysilylenes efficiently.
Ouring chemical degradation cycles are formed but the molocu’lar weight of polysilylenes does
not change. This indicates a chain process with siow initiation and fast propagation.

A plausible mechanism of the degradation is shown:

Scheme 3

The first step in which a polymeric radical anion is formed should be rate limiting. It is
faciiitated in more polar solvents due to the energy gain by the soivation of akaii metal cations.
The intermediate radical anion cleaves 10 a radical and an anion. The fate of the radicals is not
known. They may react with a solvent, take a second electron to form a silyl anion, or
recombine, sithough radical concentration is usually very low. The silyl anions may now start
cleaving Si-Si bonds. The rate of the intramolecular reaction must be much faster than the rate
of the intermolecular process due to entropic effects. The anchimeric assistance (or
neighboring group participation) is the highest for the least strained five- and six-membered
rings . Therefore, the degradation process leads to cycicpentasilanes and cyclohexasilanes. The
back-biting process for larger or smailer rings is retarded for enthaipic reasons. The back-
biting process has to be distinguished from the end-biting process which may occur during the
synthesis of polysilylenes. Additional evidence for dilferent mechanisms of end-biting and
back-biting processes are provided by the structure of cyclic oligomers which are formed
during the synthesis of poly(di-n-hexyisilylens). Above 80% of octa-n-hexyicyclotetrasilane

(8= -20.3 ppm in 29 S| NMR) is formed under the reductive coupling process in a mixture of

12



toluene and isooctane. On the other hand, the degradation leads to the formafion of deca-n-
hexylcyclopentasilanes (5= -34.6 ppm).

The present results clearly indicate that back-biting (or degradation) is not important
in toluene in the absence of any additives. It is also not very important for poly(di-n-
hexyisilylene) in THF. However. polymerization of methylphenyldichlorosilane with any alkali

metal in THF will result in cyclics rather than in a linear polymer.

Degradation by Electrophiles

The Si-Si bond in polysilylenes resembles C=C bond in some chemical reactions. Thus,
oxidation and halogen additions proceed under very mild conditions. Rates of reactions of
disilanes with bromine decrease with the number of phenyl groups (Me3Si-SiMe3 is 300 times
more reactive than MePh2Si-SiMePh2)30, This is exactly the opposite to the reaction with
alkali metals. Rates of degradations are also affected by ring strain and the nature of the haiide.
Thus, chiorine is more reactive than bromine which is more reactive than iodine. This rate
order follows the order of stability of the final silyl halides rather than the order of the halogen
reactivity. This indicates a relatively late transition state which closely resembles the
products. We have degraded polysilylenes by iodine and found that the cleavage of
poly(methyiphenyisilylene) occurs with a rate constant k=0.15 L/mol/s at 20 °C in CHCla
soivent. Insertion of lodine leads to a decrease of molecular weight and o broader
polydispersity. The a,w-dilodopolysilylenes did not degrade by the back-biting process during a
few hours. lodosilanes are very strong silylating reagents and can be converted to a number of
terminally functional polysilylenes. These telechelic materials may be further used as

functional polymers and oligomers.

Ihermat Degradation

Thermal decomposition of poly(methylphenyisilylene) starts at approximately 150 °C

and it is accompanied by a decrease of the molecular weight of the polymer and by the formation

13




of cyclopolysilylenes. After 24 hrs at 150 °C almost half of the polymer has been converted to
cycles and the molecular weight has been reduced from Mn=85,000 to Mn=2,900. A similar
decrease of the molecular weight requires 3 hours at 240 °C and 0.5 hour at 280 °C..

Figure 2 shows changes in the GPC traces for a solution of poly(methylphenyisilylene)
in decaline at 150 ¢C. Degradation is siower than in the solid state probably due to better

protection from traces of oxygen, aithough both reactions were run in the inert gas atmosphere:

argon or nitrogen. The decrease of the molecular weight is accompanied by the formation of

’

cyclopenta- and cyclohexasilanes.
A typical reductive coupling process is run at T < 100 °C, and therefore thermal
decomposition can be neglected during the synthesis.

Cepolymerization

Copolymerization of various dialkylsubstituted dichlorosilanes by the reductive
coupling process may lead to products with blocky structures. This may be due to poor
compatibility of poiymers with very differant substituents (e. g. small dimethyl and much
larger dihexyl). In the case of similar substituents (di-n-butyl and di-n-pentyl, or di-n-
hexyl) the copolymer composition corresponds to the monomer feed. The NMR spectra (Figure
3) represent a 20/80 statistical copolymer of di-n-propyisilylene and di-n-hexyisilylene.
The fine pattern in the methyl group region Is found in the spectra recorded with an enhanced
resolution.

The expansion of the region of methyl groups of the hexy! substituents allows for the
identification of signals coming from different heptads in the haxyl-rich region and pentads in
propyl-rich region. Figure 4 shows spectra recordea for 50/50, 80/20/ and 90/10
copolymers. The distribution of various triads, pentads, and heptads indicate similar
reactivities of di-n-propyl- and di-n-hexyldichiorosilanes29. There is a small tendency to

form blocky structures and reactivity ratios slightly larger than 1 may be deduced from the
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analysis of the spectra. Similar resuits were found with di-n-butyl- and di-n- .

pentylderivatives.

Polysilylenes can be easily degraded to cyclic oligomers in the presence of strong
reducing agents (potassium / cryptands). Thus, polysilylenes can be considered as kinetic
products, whereas cyclic oligomers are true thermodynamic products. The majority of known
cyclooligosilanes are thermodynamically stable and can not be converted into linear polymers.
Some potentially strained rings such as octaphenyicyclotetrasilane can be prepared in high
yield due to the repulsive interactions between two phenyl groups at each silicon atom. These
interactions are more important than the anguiar strain in the four membered ring. Probably
due to similar reasons, octa-n-hexylcyclotetrasilane has not yet been polymerized. Both
octaphenyicyclotetrasilane and octa-n-hexylcyciotetrasilane are formed in high yields during
the reductive coupling of the corresponding dichlorosilanes. On the other hand, polymerization
of methyiphenyidichiorosilane yields oniy cycliopenta- and cyclohexasilanes, and no
cyciotetrasilane has been found. This indicates the potential polymerizability of 1,2,3.4-
tetramethyl-1,2,3 4-tetraphenyicyciotetrasilane. This monomer can be prepared by the
displacement of four phenyl groups from octaphenyicyciotetrasilane with four equivalents of
trifluoromethanesuifonic (triflic) acid3!. The reaction of octaphenyicyciotetrasilane with the
acid leads to 1,2,3,4-tetraphenyl-1,2,3,4-tetra(triftuoromethanesuifonyloxy)cyciotetra-
silane. The subsequent reaction with either methylmagnesium iodide or methyl fithium yields
four stereoisomers of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylicyclotetrasilane3!. Attempts
to introduce more than four Iriflate groups on the four membaered ring were unsuccessful and
ring cleavage was observed. However, up 10 fcur phenyt groups can be displaced without ring
opening.

A Si-Si bond is quite labile in the presenca of strong electrophiles and nucleophiles. The

scheme below shows the anionic polymerization of the "ail-trans” isomer. Reaction with silyl




anions (any reactive carbanion can be used, 6.g. butyl lithium) leads to ring-opening and to the
regeneration of a silyl anions32, This is the propagation step. Silyl anions may also attack the
Si-Si bonds in the polysilylene chain and form macrocycles and strainiess cyclooligosilanes:
Scheme 4

The rates of polymerizatior and degradation depend on solvent, temperature, and alkali metals.
Cyclopentasilanes have been exclusively found after less than 2 minutes at room temperature
with 1 moi% of silyl potassium or butyl lithium initiator in pyre THF. in benzene, with less
than 3% THF, polymerization is completed in more than 1 ‘hour. In mixtures of THF with
benzene (60:40), polymerization is completed within less than 2 minutes, but degradation
starts after 1 hour. Polymers with molecular weights from 10,000 to 100,000 have been
prepared via an anionic ring-opening polymerization of cyclotetrasilanes. Polydispersities of
these polymers are approximately My/Mp=2. This indicates some side reactions such as

transfer and termination which have not yst been successfuly eliminated.

Madification of Poly(methylphenylsilylena)

The severe conditions of the reductive coupling process and of the anioric
polymerization allow only alkyl and aryl substituents at silicon. There are only a few
polysilylenes with substituents other than alkyl and aryl. However, the Si-Ph bond can be
easily cleaved by strong protonic acids such as trific acid33.34, Sily! triftates are among the
strongest known silylating reagents. They react 108 times faster than silyl chlorides with
ketones3S. They react with nucleophiles such as aicohols, amines, carbanions, organometallics,
etc. This approach opens a new synthetic avenue towards various functional polysilylenes:

Scheme 5
The reactivity of sily! triflates is so high that they can initiate the cationic polymerization ot
some alkenes and heterocyclics to form graft copolymers38.37. However, the strong

electropositive character of silicon results in a considerable charge density on the exocyclic




groups. Therefore, the rates of opening of these cations are low and long acceleration periods
are found. Slow initiation prevents formation of well defined polymers and copolymers.

Oxiranes, acetals, and ketones have been used as promoters in THF polymerization
initiated by silyl trifiates38. Initiation with oxiranes is the fastest due to the ring strain in
silylated oxiranium cations which facilitates the ring-opening process. Oxiranes are less
nucleophilic than THF and do not homopolymerize under the reaci:on conditions. Thus, amounts
of oxiranes equimolar to silyl triflates are sufficient as promoters.

Charactarization of Copolysily! in Solid §

Symmaetrically substituted polysilylenes form highly ordered crystalline structures at
ambient temperatures and transform to columnar mesophase at elevated temperaturgs39,
Poly(di-n-hexylsilylene) (PDHS) forms at room temperature a planar zig-zag conformation
with very extensive de'ncalization of sigma electrons in the all-trans bonds. This deiocalization
leads to UV abscrption at 372 nm. At 42 °C transtyrmation to the mesophase occurs and the
maximum shifts to 316 nm40, The thermochromism is thermaily reversible. Poly(di-n-
pentyisilylene) (PDPS) shows an intense absorption band at 315 nm, which broadens upon
heating to 100°C4'. The different properties ot PDPS and its longer side chain homologue are
attributed to changes in the backbone conformation of the polymers. POPS as confirmed by X-
ray studies forms at ambient temperatures a 7/3 helical structure in which delocalization of
electrons is much less extensive than in the all-trans structure of PDHS

The population of all-trans ordered segments present in the molecular backbone
determines the length of the o-conjugated chromophores42, Therefore, we prepared and studied
the transitions in copolysilylenes PDHS-co-PDPS of different composition in order to correlate
a change from the all-trans to the helical structure with the increasing proportion of PDPS
units43. As discussed previously, these copolymers have random structure.

in Figure 5 UV spectra of copolymers are shown. A continuous decrease of the maximum

of low energy absorption with the incorporation of a larger proportion of POPS defects is
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observed (370 nm for PDHS, 360 for 90/10 copolymer, 350 for 80/20, and 345 nm for
50/50 copolymer). Also, the transition temperature is decreased from 42 °C, to 30 °C, 0 °C,
and -10 °C, respectively. In the 80/20 copolymer a second weak maximum at 360 nm may
correspond to a small proportion of longer PDHS sequences. The probability of finding seven
consecutive DHS units decreases from 53% for 90/10 copolymer to 26% for 80/20
copolymer. For nine consecutive DHS units these probabilities decrease to 43% and 16%,
respectively. Thus, a long wavelength absorption may be due to the smali proportion of longer
DHS sequences. Of course, this is only 3 rough estimate of the distribution of segments and, in
addition, it I3 possible that DHS can force one or two isolated DPS units into the all-trans
conformation. Much stronger extinction coefficients of the longer wavelength absorption has to
ba taken into account in any attempts to quantify these observations.

The transitions are well confirmed by the 29Si.-CP-MAS NMR. Pure PDPS and
copolymers down {0 = 25% comeﬁt of PDPS units show two signals, a broad one at -26 ppm
(helix) and a sharp one at -23 ppm (mesophase). Pure PDHS and copolymers up 1o = 25%
content of POPS units show two signals, a broad one at -20 ppm (all-trans) and a sharp one at
-23 ppm (mesophase). The broad absorptions of regular phases can be detected only with a
cross polarization technique. The maximum below 350 nm for 50/50 copolymer observed at -
10 °C could comrespond to the short all-trans sequence but was not detected by NMR. The NMR
chaemical shift suggests the helical structure and a constant dihedral angle. This may indicate
that in a 50/50 copolymer some deformation of the valency angle (not detected by NMR) may
lead to the change in UV absorption.

The phase transitions of the copolymers were also monitored by differential scanning
calorimetry (DSC). The transition temperatures decrease from 42 °C for pure POHS to below 0
oC for the =1:3 copolymer, and then gradually increase up to 70 °C for pure PDPS. Entropies of
phase transition decrease from AS=11 J)K-mol for pure POHS to below AS=2 J/K-mol for the
=1:3 copolymer, and then remain constant and equal to AS for pure PDPS. This indicates that

PDPS and copolymers with at least = 25% of PDPS units form similar morphologies based on a
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7/3 helix at low temperatures and on a columnar mesophase at higher temperatures.
Copolymers with a lower content of PDPS form predominantly all-trans conformations at lower
temperatures. Defects introduced stepwise into the highly regular structure of PDHS
apparently lead to a Jecrease of the crystallinity, but for copolyrers containing up to 25% of
the di-n-pentyl substituents, a predominantly all-trans structure is maintained.

A dacrease in the disordering temperature reflects the loss of intermolecular order of
the stiff molecules. In the disordered high temperature phase all copolymers seem to have a
similar mesophase structure, with conformational disorder of the backbone and rotationai
motions of the side chains. A similar behavior has been observed for other inorganic-organic
hybrid polymers44. As more di-n-penty! side chains are incorporated, the packing of the all-
trans rods becomes increasingly inefficient and short all-trans segments cannot sufficiently
interact to preserve the planar backbone structure. Thus, a helical structure is adopted by the
25/75 co-PD(HS/PS). This polymer presents an energetic dilemma, similar to the case of the
atactic, asymmetrically substituted poly(n-hexyl n-pentyisilylene) and poly(n-hexyl-n-
butylsilylene)45. 46,

The control of the composition of copolysilylenes allows fine tuning of the phase
transitions in copolymers, their spectroscopic properties and morphologies. Thus, not only

microstructure, but also chain packing and supramolecular structure can be controlled by a

rational synthesis of polysilylenes.
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Captions for Figures:
Figure 1
Dependence of the Intrinsic viscosity of poly(methyiphenylsilylene) degraded sonochemically at

25 °C on the reciprocal of the polymer concentration in toluene.

Figure 2

GPC traces of poly(methyiphenylisilylene) degraded thermally in decaline at 150 °C and 190
°C.

Figure 3

TH NMR spectrum of poly(c!-n-hexyisilylene-co-di-n-propyisilylene) [80:20] in benzene

at room temerature under normal, and under enhanced resolution.

Figure 4
1H NMR spectrum (region of methyl groups of hexyl moiety) of poly(di-n-hexyisilylene-co-
di-n-propylsilylene) [50:50], [80:20], ([90:10].

Figure 5

UV spectra of thin films of various copolymers of POHS and PDPS recorded at variable

temperatures.
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Scheme 1
1. Reductive Coupling

n R2SiCl; + 2n Mt ---> 2MtCl + ...-(-R2Si-)p-...
2. Dehydrogenative Coupling
nR2SiHz + Mt* «=> n M3 + ..-(-R3Si-Jp-...

3. Polymerization of Masked Disilenes

Sl-—-Sl

\BH
< }, —-—-> .{8i8i)p.... ~+nPHPH

4. Anionic Ring-Opening Polymerization

’ A
@,.si-s ‘

sa—sr © tl4n .A(Sl)n....

5. Polymer Modification

+HOTt +X-Y
- i - e - i - -
....MeSiPh-... P MeSiOTf-.. -Y ot - MeSiX-..
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Scheme 2

R2SICl2 + Na --> R2SiCl2--, Na+

R2SiCl2-*, Na* --> R2SiCl- + NaCl

..-R2SIC! + Na -> ...-R2SICl-*, Na*

..-R28iCl-*, Na* --> ...-R2Si- + NaCl

«.-R28I- + R28ICl- -->...-R2SIi-SiR2CI

2 ...-R2Sl- -->...-R28I-SiR2-...

2 R2SICI- --> CIR2SI-SiR2CH

...-R2Si- + Na -> ...-R2Si", Na*

...-R2SI*, Na* + R2SICI2 -->...-R2SI-SiR2Cl + NaC!

(1A)
(1A%
(18)
(18°)
(1)
(1€
(1c")
(2A)
(2B)

...-R2SI", Na* + ...-R2SICl -->...-R28i-SiR2-... + NaC! {2C)

R d e S LI PN
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Scheme 3. Chemical Degradation of Polysilanes with Alkali Metals in
Three Steps. .

\VAVAVAVAVAVAVAVAVAY;
veesS1-Si-Si-Si-Si-Si-Si-Si-Si-Si...

+ /¢
M

\lst step

\/\/\/\/\/\/ \/ \/\/ \/
ee-8i-8i-Si-Si-Si-§i-Si-Si-Si-Si...

o
Mt
2nd step

\VAYAVAVAVAVEEERVAVAVAY
...S1-8j-8i-8i-8i-8§i" + 'Si-Si-Si-Si...




Scheme 4
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Schewe. 5

CH; CHy CH, CH,
coseBieeeSiec-§isoo§iee-Si-  + HOSOLCFs

CH, CH, cn, CH,
eesSiee-Si--- l---Si---S ‘e
so,CF,
. X-Y -YOT!

cooPieceSfe-- l---Si---S “eee
Ca,

X-¥Y: ROH, R,NH, RLI, RMgBr, etc.
also various graft copolymers: polyTHF, poly(vinyl ethers), etc

JA|




Table t. Summary of Chemical Degradation of Polysilanes with “Alkali
Metals.

Soivent Mt (PhMeSI), | (Hex,SD),
K v fast sliow
Na slow no
THF L no no
Na* v tast v siow
—
L v fast v slow
—
K no no
—
Toluene| Na no no
r
*Na slow v slow

U°® or Na*: Mt" [nsphthaienidel

# Addttion of cryptand (222) or THF after polymenzation
v fast < 10 min; fast < 30 min: sliow > 2 hrs:

v siow > 10 hrs: no > 3 days
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Fig.2 . GPC Traces of Thermal Degradation of in Solution at the

Different Temperatures as a Functon of Time: (a) 150 °C and (b) 190
°C
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. 620 MHz 'H NMR of
. . poly(di-n-hexylsilylene)-co-(dl-n-propylsilylene)
80 : 20
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620 MHz 'H NMR of
poly(di-n-hexyisilylene)-co-(di-n-propylisilylene)
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