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ABSTRACT: Ring-opening polymerization of the all-trans isomer of 1,2,3,4-tetramethyl-1,2,3,4-tetra- 
phenylcyclotetrasilane (1) using (PhMezSi)&u(CN)Liz affords nearly quantitative conversion to polymer 
with 75% heterotactic and 25% isotactic triads as determined by %i NMR spectroscopy. Polymerization 
of a mixture of the stereoisomers of 1 leads to a polymer with 58% heterotactic, 15% syndiotactic, and 
27% isotactic triads. The polymerization initiated with silyl cuprates occurs with inversion of configuration 
at  both the attacked silicon atom and the newly formed reactive center. The polymers have molecular 
weights up to 30 000 depending on the ratio of [Mld[I]o with MJM, 2 1.5. Kinetic measurements show 
a first-order dependence on monomer concentration and also on initiator concentration. 

Introduction 
Polysilylenes (polysilanes) are an interesting class of 

polymers which consist of a linear chain of silicon atoms 
carrying two substituents, generally alkyl or a r ~ l . l - ~  
Interest in these materials stems from their unique 
properties such as a-catenation and thermochromic 
behavior. They have potential applications as photo- 
resists, as electrooptical and nonlinear optical materials, 
and also as precursors to silicon carbide. 

The electronic properties of polysilylenes depend on 
the conformation of the silicon backbone, which can be 
affected by the configuration of the substituents. Tem- 
perature also plays an important role in the conforma- 
tion of the backbone as evidenced by the many cases in 
which thermochromic behavior has been ~ b s e r v e d . ~ - ~  
Polysilylenes have been prepared by several methods 
including (1) the reductive coupling of dichlorosi- 
l a n e ~ , ' - ~ , ~ , ~  (2) dehydrogenative coupling of hydrido- 
~ilanes,~-l '  (3) anionic polymerization of masked di- 
silenes,12 and (4) ring-opening polymerization of cy- 
clotetrasilanes.13J4 Each of these methods possesses its 
own advantages and disadvantages. In ring-opening 
polymerization, the resulting polymer microstructure 
depends on the configuration of the monomer used for 
polymerization and also on the mechanism of the 
polymerization, which in turn depends on the catalyst 
or initiator used and the polymerization conditions. 

Recent reports have described the synthesis and 
characterization of the isomeric 1,2,3,4-tetramethyl- 
1,2,3,4-tetraphenylcyclotetrasilanes (l), the first all- 
silicon-containing rings which have been polymerized. l3 
Ring-opening polymerization (ROP) of these monomers 
allows the preparation of well-defined polysilanes with 
controlled molecular weights, relatively low polydisper- 
sities, and defect-free structures. ROP allows for po- 
tential control over the resulting microstructure if the 
monomers, with known configurations of substituents, 
can be opened in a controlled manner. In addition, ROP 
of cyclotetrasilanes affords the possibility of preparing 
polymers with functionalities which would not survive 
other polymerization techniques as well as the prepara- 
tion of well-defined copolymers and block cop01ymers.l~ 
Experimental Section 

1,2,3,4-Tetramethyl-l,2,3,4-tetraphenylcyc~tetr~ila~. The 
stereoisomeric forms were prepared by previously reported 
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methods.I3 Upon recrystallization from cold hexane isomer 
la was obtained 95% purity. The monomer was stored in 
hexane and dried before use. 

Silyl Cuprate. (PhMezSi)zCu(CN)Liz was prepared by 
the addition of 2 equiv of PhMezSiLi to a stirred suspension 
of CuCN in THF at  -40 "C, similar to literature proce- 
dures.I6 

A typical polymerization experiment involved dissolving 
0.100 g of la in 1 mL of THF. To this stirred solution was 
added 2 mol % of cuprate initiator. The solution turned light 
brown and the color persisted for 1 h, at which time 'H NMR 
showed 99% conversion to polymer. The polymer was precipi- 
tated into 2-propanol and the filtered product dried in a 
vacuum oven, yielding 0.070 g of white powder (70% gravi- 
metrically). All analyses were carried out with the precipi- 
tated and dried polymer. 

Wide-angle X-ray scattering (WAXS) measurements were 
performed on a Siemens D-500 refractometer with a 0.3" slit 
size using a 1.541-A Cu Ka X-ray source with a graphite 
monochromator and a scintillation counter detector with a step 
size of 0.04" from 2 5 20 5 32" and a measuring time of 4 s. 
WAXS samples were prepared in a Cu boat as pressed powder 
and heated at 130 "C for 20 min before acquisition. 

Molecular weights and molecular weight distributions were 
determined by gel permeation chromatography (GPC) using 
a Waters 510 HPLC equipped with a 410 differential refrac- 
tometer and a Waters 991 photodiode array detector with THF 
as an  eluent and a flow rate of 1.0 mL min-'. Three 
Ultrastyragel columns (100 A, 500 A, and linear) were used 
in series. The molecular weights are reported relative to a 
calibration curve obtained using polystyrene standards. Pre- 
vious results obtained by Devaux et al. using an on-line light 
scattering detector indicated that in the molecular weight 
range from 5000 to 100 000 the molecular weights determined 
for PMPS relative to polystyrene standards corresponded 
relatively well to absolute molecular weights.I7 

NMR measurements were performed using an IBM NR-300 
spectrometer. lH NMR spectra were recorded at  300 MHz, 
I3C NMR spectra a t  75.4 MHz, and 29Si NMR spectra at 59.6 
MHz, using a standard Bruker DEPT microprogram. All 
spectra were obtained using C6D6 as the solvent and C6H6 as 
an internal reference for 'H and I3C; TMS was used as an 
external standard for 29Si. 

Kinetic measurements were performed in NMR tubes using 
THF-ds as the solvent. MedPkSi4 was dissolved in THF-ds, 
transferred to an NMR tube, and sealed with a septum and 
Teflon tape. The initiator was taken into a syringe and then 
the syringe needle placed through the septum, but not injected. 
The initiator was injected, the sample was shaken well, and 
then NMR experiments were performed immediately, with the 
first spectrum being taken after a calculated 80 s had elapsed. 
Conversion was followed by lH NMR spectroscopy on a GE 
300-MHz spectrometer. 
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Figure 1. Short segments of (a) isotactic and (b) syndiotactic 
PMPS depicted in the planar, all-trans zigzag conformation. 
View is from the top looking down on the backbone. 

Materials.  Hexane was dried over LAH and distilled prior 
to use. THF was dried over sodium benzophenone, distilled, 
and then vacuum transferred from NaK alloy prior to use. 
Benzene was refluxed over potassium and distilled under 
argon prior to use. n-BuLi (1.6 M in hexanes; Aldrich) was 
used as received. 

Resulta and Discussion 
Microstructure of PolyCmethylphenykilykm) (PMPS). 

In polytmethylphenylsilylene) (PMPS) each silicon atom 
in the chain is pseudoasymmetric,'s and therefore the 
stereochemistry can be used to describe the microstruc- 
ture of the chain. The simplest picture of the micro- 
structure can be given by an analysis of triads, or three 
silicon atom sequences. The configurations of the two 
neighboring atoms relative to the stereochemistry at the 
observed silicon atom determine the microstructure of 
the triad. A mm triad, corresponding to isotactic 
sequences, results when the Configurations of the two 
neighboring silicon atoms are meso relative to the 
configuration of the central silicon atom. A rr triad, 
corresponding to syndiotactic sequences, results when 
the configurations of the two neighboring silicon atoms 
are both racemic relative to the configuration of the 
central silicon atom. A rm or mr triad, corresponding 
to heterotactic sequences, results when the configura- 
tions of the two neighboring silicon atoms are racemic 
and meso, or vice versa with respect to the configuration 
of the central silicon atom. 

pictorial descriptions of syndiotactic and isotactic 
triads are shown in Figure 1. It must be stressed that 
in syndiotactic PMPS, existing in the fully extended 
planar zigzag conformation, all of the phenyl groups are 
on one side and all of the methyl groups are on the other 
side of a plane passing through the backbone. This is 
in contrast to a typical vinyl polymer, where the 
stereocenters are separated by methylene units and the 
substituents would be on one side in the isotactic 
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polymer. However, in both systems mm and IT se- 
quences correspond to isotactic and syndiotactic struc- 
tures, respectively. 

'H NMR spectra of PMPS possess broad peaks with 
very little detail for both the aromatic and methyl 
regions, which may be due to the shielding effeds of 
the aromatic groups. 29Si NMR spectra contain infor- 
mation which can be analyzed more successfully to 
determine the microstructure of the polymer. For 
PMPS prepared via the reductive coupling route, three 
broad resonances, in the ratio of 3 3 4 ,  are present 
between -38.5 and -41.0 ppm. The peaks have been 
previously tentatively assigned to isotactic, syndiotactic, 
and heterotactic triads, respecti~ely.'~ The assignments 
were based upon the corresponding six-membered ringa 
where the molecules are forced into cis and gauche 
conformations as opposed to trans and gauche for the 
linear chains. Shielding effects of the phenyl rings 
depend on the conformation and therefore in the cyclics 
may be different from those in the polymer chains. 

Synthesis and Characterization of Monomers. The 
monomers used for the ring-opening polymerization of 
cyclotetrasilanes are prepared via the route shown in 
Scheme 1. Polymerization of odaphenylcyclotetrasilane 
is not possible due to several factors including high 
crystallinity which causes very low solubility (<1% in 
most organic solvents) resulting in monomer concentra- 
tions below the equilibrium monomer concentration, 
repulsive interactions of the bulky phenyl groups upon 
ring opening to a linear structure which offset the 
release of angular ring strain, and slow attack at the 
PhzSi units that leads to the formation of the relatively 
stable PhzSi anion. However, replacing some of the 
bulky phenyl groups with methyl groups results in a 
monomer in which the ring strain is preserved, but 
smaller repulsive interactions are present in the ring- 
opened product. The new monomer is less crystalline 
and thus results in higher solubilities. Additionally, 
attack of a propagating chain at a PhMeSi unit is faster 
than that at a PhzSi unit. 

Replacement of phenyl groups with methyl groups is 
accomplished in a two-step process, the first of which 
is a dearylation reaction using trifluoromethanesulfonic 
acid (triflic acid). Four equivalents of the acid are used 
to remove four of the phenyl groups, resulting in the 
1,2,3,4-tetrakis(trifluoromethanesulfonato)-l,2,3,4-tet- 
raphenylcyclotetrasilane derivative.2O Nucleophilic sub- 
stitution of the trifluoromethanesulfonate groups using 
methylmagnesium bromide yields 1,2,3,44etramethyl- 
1,2,3,4-tetraphenylcyclotetrasilane in high yields (95%). 

The synthesis results in a mixture of three different 
isomers: la, l b ,  and IC. The dominating isomer is 
present in 55% abundance and can be enriched to 95% 
by repeated crystallizations from cold hexanes. The 
dominating isomer has been shown to possess an all- 
trans structure of Substituents and was assigned to la.2l 
The mother liquor contains a different proportion of la, 
l b ,  and IC (28%, 14%, 58%, respectively). The other 
two isomers, lb  and IC, have been assigned as well by 
NMR analysis but to date have not been separated into 
individual components. 

The ROP method has several disadvantages including 
the difficult synthesis of monomers, purification and 
isolation of individual isomers, and the low oxygen and 
moisture stability of the compounds. However, the 
method is valuable for the preparation of well-defined 
materials, enabling one to correlate properties with 
structures. 
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Scheme 1 

Scheme 2 
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Possibilities for Resulting Microstructures. Ring- 
opening polymerization of la to form the linear polymer 
2 can result in a variety of different microstructures 
depending on the mechanism. Scheme 2 depicts three 
different scenarios based on different combinations of 
retentions and inversions of configuration. These pos- 
sibilities assume that attack of the growing chain can 
occur with equal probability on either of the two 
equivalent prochiral faces in the monomer unit. 

If the polymerization occurs with retentions of con- 
figuration at both the attacked silicon atom and the 
newly formed reactive center, then a series of racemic 
sequences will be formed. Since there is an equal 
probability of attack at either of the two prochiral faces 
of each silicon atom in the monomer, connections 
between individual monomer units may be either race- 
mic or meso in nature. The probability for a meso 
juncture may be equal to that for a racemic one, 
resulting in a microstructure sequence of [(rrr)r/ml. This 
sequence would lead to a polymer with 75% syndiotactic 
triads, 25% heterotactic triads, and 0% isotactic triads. 
If ring opening occurs with inversions of configuration 

I'CI (ttcc) 

at both the attacked silicon atom and the newly formed 
active site, a series of heterotactic triads is formed. A 
similar statistical analysis leads to a microstructure 
sequence of [(mrm)r/ml, and a polymer with 75% het- 
erotactic, 25% isotactic, and 0% syndiotactic triads 
results. If the polymerization occurs with a combination 
of inversions and retentions of configuration at the 
attacked silicon atom and the new active center, forma- 
tion of all three triads is possible. The end result would 
be a polymer with 37.5% syndiotactic triads, 12.5% 
isotactic triads, and 50% heterotactic triads. If the 
polymerization occurs with a combination of any of the 
three described scenarios, it becomes more difficult to 
determine the microstructures and therefore the mecha- 
nism by which it is formed. Nevertheless, successful 
fits of the 29Si NMR spectra of more complex polymer- 
ization routes have been made and will be discussed 
later. 

Nomenclature. To simplify the following discussion 
of microstructure in PMPS prepared by the various 
routes, a series of abbreviations will be used. For 
polysilylene, PS, prepared by the reductive coupling 
(RC) route, will be referred to as PSRC; for the polymer 
prepared by the n-BuLi (Li) initiated polymerization of 
the all-trans (T) isomer and the mixture (M) of stereo- 
isomers, PSTLi and PSMLi will be used, respectively. 
For polymers prepared by polymerizations of the all- 
trans isomer and the mixture of stereoisomers using 
silyl cuprates, Cu, PSTCu, and PSMCu will be used, 
respectively. 

Ring-Opening Polymerization. Si-Si bonds can be 
cleaved by a variety of nucleophiles.22 Polysilylene 
chains can be degraded in the presence of strong 
nucleophiles to give mixtures of five- and six-membered 
rings, which are the thermodynamic products.23 Since 
the linear polymers are kinetic products, only polym- 
erization conditions which favor the kinetic products can 
be used. 1,2,3,4-Tetramethyl-1,2,3,4-tetraphenylcy- 
clotetrasilanes were polymerized using anionic or nu- 
cleophilic initiators including n-BuLil[2.l.llcryptand 
and silyl cuprates. Initial results using n-BuLi in 
benzene with [2.1. llcryptand indicated that 100% con- 
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Table 1. Cuprate Initiators Utilized for the Polymerization of Meah& in THF Solution 

initiator temp ("C) [Mld[Ilo polymer M,  M J M n  
n-BuzCu(CN)Liz 20 0.2010.002 Yes 29 900 2.8 

(PhzMeSi)zCu(CN)Liz 20 0.2110.004 Ye5 11 800 2.1 
n-BuCu(CN)Li -30 0.1610.001 no 

(PhMezSi)zCu(CN)Liz 20 0.11/0.002 Yes 11 500 1.5 
(PhMezSi)zCu(CN)Liz -30 0.28/0.003 Ye5 20 700 1.7 
(PhMezSi)MeThCu(CN)Lif 20 0.21/0.004 Ye5 24 700 1.7 
(PhMezSi)Cu(CN)Li 20 0.59/0.006 no 
n-BuzCuLi 20 1.010.01 no 
n-BuMeThCuLP 20 0.2 710.003 no 

MeTh = 3-methylthienyl. 

version to PSMLi was possible without degradation to 
five- and six-membered rings via a backbiting process 
as long as the reactions were terminated after 1 h (the 
backbiting process was not evidenced until 3 h). How- 
ever, if n-BuLi is used in tetrahydrofuran (THF), 
degradation competes with propagation, giving rise to  
a mixture of cyclic products. 

The lH N M R  spectrum for PSMLi contains broad and 
nearly featureless resonances for both the methyl and 
phenyl protons; similar to the spectrum obtained for 
PSRC. The 29Si N M R  spectrum of PSTLi displays three 
resonances in the ratio 4:1:3 present at -38.5, -39.2, 
and -40.7 ppm, respectively. The three resonances are 
identical in chemical shift to those reported by West et 
al. for PSRC,l9 but the ratio is considerably different. 

Because it was apparent that using Lit as the 
counterion did not lead to  the desired level of control 
over the polymer microstructure, other systems were 
explored. The use of cuprates for the anionic polymer- 
ization of methyl methacrylate has been reported and 
resulted in poly(methy1 methacrylate) with regular 
 structure^.^^ A silyl cuprate, (PhMezSi)zCu(CN)Liz, has 
been used for the ring-opening polymerization of 1,2- 
disilacyclopentane, yielding nearly quantitative conver- 
sion of the monomer to linear polymer with molecular 
weight distributions as low as 1.3.25 These results 
prompted the use of cuprates for the polymerization of 
cyclotetrasilanes. 

Ring-Opening Polymerization with Silyl Cuprates. 
Cuprates are generally complex systems which can 
aggregate and form dimers and higher aggregatesaZ6 The 
structures of cuprates are not widely understood, but 
some systems have been studied in detail. Silyl cu- 
prates, (PhMezSi),Cu(CN)Li,, studied in detail by Oe- 
hlschlager,16 display equilibria between the higher and 
lower order cuprates, with equilibrium constants de- 
pending on the ratio of RsSiLi to Cu. No free RsSiLi 
was observed: 

PhMe2SiLi + CuCN PhMezSiCu(CN)Li 

PhMezSiLi 1 
PhMezSiLi 1 

LiCN + (PhMe2Si)~CuLi2 T (PhMe&3i)2Cu(CN)Li2 

A series of cuprates and silyl cuprates were prepared 
and used as initiators for the ROP of 1. The polymer- 
ization results are listed in Table 1. The results varied 
widely, with the silyl cuprates affording the best results 
with regard to the conversion of monomer and the 
molecular weight distributions. The use of (PhMez- 
Si)zCu(CN)Liz (3) in THF yielded the most effective 
initiator for polymerization and resulted in nearly 
quantitative (> 95% in most cases) conversion to poly- 

mer, PSMCu. However, when the lower order analogue, 
PhMezSiCu( CN)Li (41, was used, no polymerization was 
observed. 

Despite using 3 in THF, no depolymerization or 
transsilylation to form cyclic compounds is observed, 
even after allowing the solution to stand for 12 h, in 
contrast to the BuLi system in THF, where degradation 
competes with propagation. Another feature of this 
initiation system is the apparently higher tolerance to 
impurities. Considerably lower concentrations of cu- 
prates as initiators compared to BuLi could be used (3.3 
x vs 1.0 x mol&), which affords the possibility 
of obtaining higher molecular weight polymers. Finally, 
the molecular weight distributions are considerably 
narrower as compared to those of BuLi-initiated poly- 
merizations, MwlMn I 1.5 versus approximately e2.0 
at comparable molecular weights. 

Microstructure of PMPS Prepared with Silyl Cuprates. 
The polymerization of 1 initiated by 3 provided a 
significant improvement over normal anionic systems, 
with respect to molecular weights and molecular weight 
distribution, but the most dramatic difference was in 
the polymer microstructure. lH NMR spectra of PSTLi, 
PSRC, PSTCu, and PSMCu are shown in Figure 2. The 
methyl region of the spectrum for PSTCu shows more 
clearly defined peaks and covers a narrower chemical 
shift range than is observed for PSRC and PSTLi, 0.7 
versus 1.0 ppm, respectively. The sharper lines indicate 
some degree of regularity imparted into the system and 
indicate a different microstructure for PSTCu than for 
PSTLi or PSRC. The aromatic regions of all of the 
polymers are quite similar. 

13C NMR spectra for PSTLi, PSRC, PSTCu, and 
PSMCu are given in Figure 3. The methyl region of the 
spectrum of PSTLi is similar to that for PSRC; however, 
the methyl region of PSTCu contains one dominating 
signal, which is an indication of one particular type of 
microstructure. The intensity ratio and number of the 
peaks in the 13C NMR spectrum do not correlate well 
with the ratio of peaks in the 'H NMR spectrum. This 
discrepancy may be due to the promixity of the methyl 
carbons to the backbone causing them to be more 
sensitive to longer structural sequences, such as tetrads, 
pentads, etc., in PMPS than are the methyl protons. 

Figure 4 contains the 29Si NMR spectra for PSTLi, 
PSRC, PSTCu, and PSMCu. There are three broad 
resonances present in different ratios in the spectra for 
PSTLi and PSRC, but the spectrum for PSTCu contains 
only two resonances. Even though reliable integration 
is not possible for spectra obtained using the DEFT 
program, silicon atoms with identical substituents 
should be enhanced to the same degree; therefore, the 
relative intensities should give an indication of the 
percentages of the particular signals. The two peaks 
in the spectrum of PSTCu are in a 3:l ratio. 
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Figure 2. Methyl regions of the 300-MHz lH NMR spectra 
of (a) PSRC, (b) PSTLi, (c) PSMCu, and (d) PSTCu in C&. 
Residual c5H6 was used as an internal reference. 

PSRC PI  h PSMCu 

,_1_1_ 

-4.0 .6.0 -8.0 .4.0 -6.0 -8.0 
PPM PPM 

Figure 3. Methyl regions of the 75.4-MHz 13C NMR spectra 
of (a) PSRC, (b) PSTLi, (c) PSMCu, and (d) PSTCu in C&. 
Spectra were obtained using a standard Bruker DEPT micro- 
program for carbon and are referenced internally to CsH6. 

In Scheme 2, two possibilities for polymerization 
routes leading to 3:l ratios of microstructures were 
presented. These mechanisms resulted in 75% syndio- 
tactic and 25% heterotactic triads and 75% heterotactic 
and 25% isotactic triads. However, based on the previ- 
ously reported assignments of configuration, the two 
peaks should correspond to 75% isotactic and 25% 
heterotactic triads.lg Regardless, differentiating be- 
tween the two possible mechanisms of polymerization 
is important because the different microstructures could 
have different effects on the electronic properties of the 
polymer. In fact, it has been predicted that syndiotactic 
PMPS is the most likely structure to exist in a planar, 
all-trans zigzag, which should give rise to a higher value 
of flmax.27 

Microstructural Assignments. Assignment of the 
29Si NMR signals to specisc microstructures was achieved 
by comparison of the 29Si NMR spectra of PSTCu and 
PSMCu. The possible microstructures resulting from 
the polymerization of la and a mixture of la, lb, and 
IC (28%, 14%, and 58%, respectively) are shown in Table 

PSTCu 

- 3 5 . 0  -40.0 -45.0 .35.0 -40.0 -45.0 
PPM PPM 

Figure 4. 59.6-MHz %Si NMR spectra of (a) PSRC, (b) PSTLi, 
(c) PSMCu, and (d) PSTCu in CeD6. Spectra were obtained 
using a standard Bruker DEP" microprogram. Spectra are 
referenced externally to  TMS. 

Table 2. Expected Tacticities for Cuprate 
Polymerization of la and a Mixture of Isomers: 28% la, 

14% lb, and 58% IC 
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intensity peak in the 29Si NMR spectrum for PSMCu 
(the most downfield peak, Figure 4) should be assigned 
to the heterotactic triads. The most upfield peak can 
be assigned by analysis of the spectrum of PSTCu. 
Because the spectrum of PSTCu contains only two peaks 
and the most downfield peak is assigned to heterotactic 
triads, the upfield peak must be assigned to the isotactic 
triads (Scheme 2). Therefore, the third peak in the 
spectrum for PSMCu between the heterotactic and 
isotactic triads must be assigned to the syndiotactic 
triads. In summary, the polymerization of la and the 
mixture of la, lb, and IC appear to proceed with two 
inversions of configuration at both the attacked silicon 
atom in the ring and the newly formed reactive center. 
Previous reports from our group have indicated that the 
most likely microstructure was predominantly syndio- 
tactic based on two retentions of configuration.28 This 
polymerization mechanism was expected by intuitive 
arguments involving the steric interactions of the cu- 
prate and the more covalent Cu-Si bond compared to 
the Si-Li bond in the presence of cryptand. The 
reasons for two inversions of configuration will be 
discussed later. 

For PSTLi, the ratio of intensities corresponds the 
closest to the polymerization mechanism in which there 
is a combination of inversions and retentions of config- 
uration. This indicates that the control over the ster- 
eochemistry at  the newly formed reactive site is lower 
with Li as the counterion solvated by [2.l.llcryptand 
than with silyl cuprates. The reaction appears to occur 
with an inversion of configuration at the attacked silicon 
atom and incomplete racemization at the newly formed 
reactive center. 

Kinetic Studies 
Kinetic measurements were performed with this 

system to gain a further understanding of the reaction 
mechanism. Kinetic measurements were performed 
using 'H NMR spectroscopy to  follow the conversion of 
monomer to polymer. The first spectrum, in all experi- 
ments, was acquired after approximately 80 s, a t  which 
time up to 20% conversion had already taken place in 
some cases (at the higher [I10 values). A representative 
time-conversion plot is shown in Figure 5 and indicates 
first-order behavior with respect to  monomer and the 
overall kinetics obeying the equation: 
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Figure 5. Time-conversion plot for the polymerization of la 
in THF-dg (0.26 mol&) initiated with (PhMezSi)zCu(CN)Liz 
(0.005 mol/L) at 22 "C. Conversions were determined by 
comparison of the integration of the methyl region for the 
monomer with the polymer. 
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Similar plots were obtained for all kinetic runs. 
Figure 6 displays a logarithmic apparent rate con- 

stant of propagation versus initiator concentration. The 
slope of the fit is nearly equal to n = 1.0, which indicates 
a first-order relationship with respect to initiator con- 
centration. The first-order dependence indicates that 
either the aggregation state remains constant over this 
concentration range or the reactivities of different 
aggregation states are similar. An Arrhenius plot is 
shown in Figure 7. An activation energy, E ,  = 8.1 kcall 
mol, was calculated for this system. 

Proposed Mechanism. Determination of the micro- 
structure of PSTCu along with the kinetic data allows 
a tentative proposal for a polymerization mechanism 
using silyl cuprates which is depicted in Scheme 3. A 
pentacoordinate silicon intermediate is proposed, with 
the incoming chain and the exiting reactive center in 
apical positions. Because of the potential aggregation 
of the cuprate, attack, with inversion of configuration, 

Figure 6. Plot of k,,, versus initiator concentration for the 
poiperization of lainitiated with (PhMezSi)zCu(CN)Liz in 
THF-ds at 22 "C. 

at one of the ring silicon atoms may result from the 
presence of other metal centers, Cu or Li, which could 
aid inversion of the newly formed reactive center. The 
first-order dependence of the polymerization rate on 
monomer indicates that the first step, attack of the 
growing species at one of the silicon atoms in the 
incoming monomer ring, is the rate-determining step. 

Attack of the propagating center on the monomer has 
a significant effect on the resultant microstructure. As 
described earlier, the attack can occur with equal 
probability on either of the two prochiral faces of each 
silicon atom in the ring and, therefore, the connections 
between monomer units are random. Low-temperature 
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Figure 8. Variable-temperature WAXS data for PSTCu. 
-7 Q 
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Figure 7. Arrhenius plot for the polymerization of la initiated 
with (PhMezSi)zCu(CN)Liz in THF-de. E, = 8.1 kcal/mol. 
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experiments, -40 "C, were performed to examine the 
energetic difference between the two arrangements, but 
no effects were observed, indicating the energy differ- 
ence is very low. 

In the polymerization using n-BuLi, the mechanism 
is proposed to occur with inversion of configuration at  
the attacked silicon atom and racemization at the newly 
formed reactive center. This may result because of the 
highly ionic character imparted to the Si-Li bond by 
the cryptand which could allow the silicon anion to 
undergo pyrimidal inversion much easier than with silyl 
cuprates where the Si-Cu bond is more covalent. 

Polymer Characterization. The polymers prepared 
using silyl cuprates and mixed cuprates were character- 
ized by a variety of methods including GPC, DSC, 
WAXS, UV-vis, fluorescence, and the previously men- 
tioned NMR spectroscopy. The Am= for the PSTCu was 
found to be 336 nm. This value is 2-4 nm lower than 
the literature value for PMPS (338-340 nm).1,2 The 
lower value can arise because of relatively short isotactic 
segments which may result in short segments of the 
trans backbone conformation. This may also give rise 
to a shorter persistence length for the polymer. Theo- 
retical predictions suggest that the actual chromophores 
are all-trans chain segments separated by gauche 
links;29 therefore, it is likely that the polymer prepared 
by ROP possesses much shorter segments of all-trans 
conformations. 

Figure 8 contains a plot of WAXS results for PSTCu 
at various temperatures. DSC had shown no detectable 
transitions up to  300 "C, whereas the WAXS measure- 
ments indicated a transition near 137 "C. The room 
temperature plot displayed one sharp peak present at 

4 

2Q P) 

Figure 9. Variable-temperature WAXS data for PSTLi. 

9.7 A, which may be assigned to the interchain distance, 
and a broad peak centered at 3.7 A. As the temperature 
is increased, no changes were observed until 137 "C was 
reached, at which point the intensity of both peaks 
began to decrease. By 147 "C the 9.7 A peak was 
weaker and the broader peak at 3.7 A was barely 
perceptible. The tentative assignment of the observed 
changes in WAXS is based on the loss of the long-range 
order in the polymer with sufficiently long (mr), runs 
which might be able to crystallize. 

WAXS measurements on PSTLi did not show a 
similar transition in the same temperature range 
(Figure 9). The room temperature diffraction attern 
showed the same intensity for a peak at 9.7 f as for 
PSTCu at  lower temperatures; also present are two 
broader, but defined, peaks centered at 5.2 and 3.7 A, 
respectively. PSTLi contains a larger proportion of 
isotactic and syndiotactic triads. However, they cannot 
form sufficiently long sequences to exhibit long-range 
order. 

Conclusions 
Ring-opening polymerization of the all-trans isomer 

of 1,2,3,4-tetramethyl-1,2,3,4-tetraphenylcyclotetrasi- 
lane using silyl cuprates leads to poly(methylpheny1si- 
lylene) with a microstructure consisting of 75% hetero- 
tactic triads and 25% isotactic triads. Nearly quan- 
titative conversions to polymer were observed without 
the presence of backbiting to cyclics. Molecular weights 
of up to 30 000 were achieved with molecular weight 
distributions, MJM,,, 21.5. Polymerization of a mixture 
of stereoisomers (28% la, 14% lb, and 58% IC) with 
silyl cuprates leads to polymer with 58% heterotactic 
triads, 15% syndiotactic, and 27% isotactic triads. The 
polymerization mechanism proceeds via a route in 
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which two inversions of configuration occur at both the 
attacked silicon atom in the ring and the newly formed 
reactive center. 
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