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high spin concentration of 5.4-7.1 X lo2' spins per molar 
(hydroxypheny1)acetylene residue (2.3-3.0 X lom spins/g). 
Surprisingly, these oxidized polymers are found to be 
paramagnetic even in the solid state (3.8-6.2 X loz2 
spins/mol), indicating that the formed radical species are 
very stable, probably due to a resonance stabilization of 
unpaired electrons through the conjugated main chain and 
to a steric effect of the polymer chain. IR spectra showed 
the strong peaks a t  1660 and 1610 cm-' attributed to 
phenoxy radical, and the 0-H stretching vibration at 3630 
cm-' had completely disappeared. GPC curves of 1 after 
oxidation were the same as that of 1: This is consistent 
with the assumption that the oxidation does not bring 
about oxidative degradation or cross-linking of the main 
chain. 

Magnetic properties of the polyradical will be reported 
in a future paper. 
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Alkoxy-Substituted Poly(diarylsi1anes): 
Thermochromism and Solvatochromism 

Soluble, high molecular weight polysilane polymers are 
attracting attention as an interesting new class of radia- 
tion-sensitive materials for which a number of applications 
have been described.l The electronic structure of these 
materials is particularly interesting since the chromophore 
is the a-bonded polymer b a c k b ~ n e . ~ , ~ ~ ~ ~  The absorption 
spectra depend not only on the nature of the substituents 
but also on molecular weight4 and the conformation of the 
b a ~ k b o n e . ~  

Recently, we have reported that poly(bis(p-alkyl- 
pheny1)silanes) are the most red shifted of all polysilane 
derivatives and have tentatively ascribed this observation 
to the presence of long, all-trans backbone segments even 
in ~ o l u t i o n . ~ ~ ~ ~  Some further support for this hypothesis 
based on light-scattering studies has recently been re- 
p0rted.I 

For some time, we have been interested in the chemistry 
and spectroscopy of substituted poly(diarylsilanes), par- 
ticularly those which incorporate substituents which would 
be expected to influence the polymer spectral properties 
and polarizability. We describe here the synthesis and 
spectroscopic characterization of a variety of alkoxy-sub- 
stituted poly(diarylsi1anes) and report on their unusual 
thermo- and solvatochromism. 

The desired substituted dichlorosilane monomers were 
prepared by the condensation of the corresponding alk- 
oxyphenyl Grignard or lithium reagents with silicon tet- 
rachloride as previously described for the preparation of 
the p-alkylphenyl derivatives.6 The unsymmetrically 
substituted derivatives were prepared in a stepwise fashion 
via the corresponding substituted trichlorosilanes. The 
structures of the monomeric dichlorosilanes were sup- 
ported by their analytical and spectral data. In this regard, 
13C NMR was particularly useful for the characterization 
of the unsymmetrical derivatives, since all of the carbon 
resonances were separated and easily identifiable. 

The polymerization of the highly purified dichlorodi- 
arylsilanes was performed using commercial sodium dis- 
persion as previously described: and the results are shown 
in Table I. The yields reported for the isolated and pu- 
rified polymers are low (<lo%), which is typical for the 
preparation of sterically hindered polysilanes, but the 
procedure is unoptimized. 

The polymer structures were consistent with their 
analytical and spectral data. For the diary1 derivatives, 
the 'H NMR signals for the aromatic hydrogens and the 
aliphatic methylene protons cy to oxygen were extremely 
broad and structureless at room temperature. In a typical 
polymer such as 2, these absorptions appeared as broad, 
featureless resonances around 5.0-6.8 and 3.2-4.0 ppm, 
respectively. The situation improves somewhat at elevated 
temperatures (60 "C) where these signals narrow to 1.45 
and 0.47 ppm and some fine structure appears. In general, 
the 13C spectra were much more diagnostic, particularly 
at elevated temperatures. For example, the 13C spectrum 
of 2 a t  6 0  "C showed four separated aromatic carbon 
resonances at 159.1, 138.9, 120.6, and 113.7 ppm, and the 
methylene carbon adjacent to oxygen appeared at 67.9 
ppm. The remaining carbons of the aliphatic chain were 
also separated and easily identified. The IR spectra of the 
poly( (alkoxypheny1)silanes) are all quite similar, with a 
number of characteristic strong bands in the region from 
1000 to 1600 cm-', particularly around 1250 cm-*. In fact, 
the infrared spectra of films of the model monoaryl poly- 
mer 1 and the bis(p-alkoxyphenyl) polymer 2 overlay al- 
most exactly, except in the region from -750 to 850 cm-l 
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Table I 

Relative to Polystyrene Standards 

R1R2SiC12 7 (R1R2Si), + 2NaC1 

Polymerization of (Alkoxypheny1)dichlorosilanes: (a) Molecular Weights Were Determined by GPC Analyses and Are 

NU 

Dolsmer solvent 
yield, 

% 1 0 - 3 E  1 0 - 3 E  
molec w t  
comu, % 

5 toluene 
diglyme (10%) 

L J, 

7 toluene 

where some differences are observed. 
The UV spectra of the poly(bis(pa1koxyphenyl)silane) 

derivatives were somewhat unexpected, and the spectrum 
of 2 is shown in Figure 1, together with that of the mo- 
noarylsilane l and poly(bis(p-n-hexylpheny1)silane) for 
comparison. The most striking feature in the spectrum 
of 2 is the appearance of a strong absorption a t  326 nm 
(e -9OOO/SiSi). The long wavelength absorption around 
400 nm is weak and broad. Similar results were obtained 
for all the poly(bis(p-alkoxypheny1)silanes). These spectra 
were quite different from those of typical poly(bis(alky1- 
pheny1)silanes) which all absorb strongly (e 20-25OOO/SiSi) 
around 400 nm (25 "C) and are practically devoid of sig- 
nificant absorptions between 320 and 330 nm.6 The strong 
absorption at 326 nm observed for 2 is substantially blue 
shifted even relative to that observed for the monoalk- 
oxyphenyl derivative 1. It  seems unlikely that the large 
hypsochromic shift in 2 is caused by increased twisting of 
both of the aryl substituents on each silicon atom of 2 
completely out of conjugation with a trans planar silicon 
backbone, since space filling molecular models suggest that 
such a structure would be impossibly sterically congested. 
Furthermore, it  is expected that an all-trans silicon 
backbone would absorb a t  much longer wavelengths even 
in the absence of any significant electronic substituent 
effects. In this regard, it has been observed that poly- 
(di-n-hexylsilane) in the solid state, where the backbone 
has been shown to be planar zigzag, absorbs a t  -375 nm. 
For these reasons, it seems more reasonable to assume that 
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Figure 1. UV spectra of some aryl-substituted polysilane de- 
rivatives in cyclohexane: (--) poly(((mhexy1oxy)phenyl)- 
methylsilane); (- - -) poly(bis@-n-hexylpheny1)silane); (-) poly- 
(bisb- (n-hexy1oxy)phenyl)silane). 

the short wavelength absorption observed for 2 and the 
other poly(bis(p-alkoxypheny1)silanes) results from a sig- 
nificant distortion of the polymer backbone from a planar 
zigzag conformation. 

Interestingly, the absorption spectra of the poly(bis(p- 
alkoxypheny1)silanes) are strongly thermochromic both in 
solution and in the solid state. This is in contrast with the 
poly(bis(p-alkylpheny1)silanes) where the long wavelength 
maximum around 400 nm merely broadens with increasing 
temperature with only minor changes in the A,,,=. Figure 
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Figure 2. Thermochromism of poly(bis(p-n-butoxypheny1)silane) 
in p-tert-butylbenzene: (-) 35 "C, ( - - - )  75 "C, (--) 150 "C. 

2 shows the thermochromic behavior for a solution of 3 in 
p-tert-butylbenzene. The spectral changes observed with 
temperature are completely reversible. The implication 
from the variable temperature behavior of 3 is that back- 
bone conformational changes are occurring and at  high 
temperatures significantly longer planar zigzag segments 
of the polymer chain are present. The UV spectra of the 
poly(bis(jdkoxypheny1)silanes) at elevated temperatures 
closely resemble those previously reported for the poly- 
(bis(p-alkylpheny1)silanes) at  ambient temperatures, al- 
though the spectral width of the long wavelength absorp- 
tion is somewhat greater for the former. 

The origin of this unusual substituent effect is inter- 
esting to contemplate. It seems unlikely in nonpolar 
solvents that the steric demands of the p-alkoxy substit- 
uents are significantly greater than those of the comparable 
p-alkyl groups. Furthermore, space-filling molecular 
models suggest that both types of p-aryl substituents can 
be nicely accommodated into a planar zigzag backbone 
conformation by a slight twisting of the aromatic rings so 
that the plane of the ring is not exactly perpendicular to 
that of the polymer backbone. However, a trans coplanar 
backbone leads to an alignment of the p-alkoxy substituent 
dipoles on silicon atoms which are 1,3 to one another. 
Perhaps, it is this unfavorable dipole alignment rather than 
steric effects which destabilizes the planar zigzag form and 
causes it to twist. 

If this is the case, substitution at  the meta positions on 
the ring relative to silicon should bring some relief, since 
the substituent dipoles on the aromatic rings positioned 
1,3 to one another could adopt a conformation where they 
are not in alignment. Consistent with this proposal, the 
UV spectrum of the meta-disubstituted derivative 4 shows 
a strong, narrow absorption (t/SiSi 18300, FWHH = 11 
nm) a t  403 nm with only a weak, barely detectable 
shoulder a t  325 nm. 

Similarly, when the symmetrical, substitution pattern 
of the bis(p-alkoxypheny1)silane polymers was disturbed 
by either the formation of the 1:l copolymer 6 or by the 
generation of the atactic, unsymmetrically substituted 
homopolymer 5,  changes were observed in the UV spectra. 
In this regard, the UV spectra of both 5 and 6 exhibited 
two absorption maxima around 322 and 400 nm, the in- 
tensities of which were comparable. These spectra were 
also thermochromic in the fashion described earlier. In 
addition, the absorption spectra of 5 and 6 were both 
solvent dependent. For example, for 5,  the ratio of the 
absorbance at  324 nm to that a t  400 nm changed from a 
value of 1.3 when measured in hexane to -0.38 in THF 
solvent. This solvatochromic behavior is also consistent 
with the suggestion of a delicate conformational equilib- 
rium which is perturbed by the interaction of the polar 
solvent with the dipolar substituents. 

0024-9297/88/2221-3122$01.50 / O  

In summary, the poly(bis(alkoxypheny1)silanes) con- 
stitute another class of substituted silane polymers with 
interesting spectroscopic properties. The unexpected 
spectral effects caused by the presence of p-alkoxy sub- 
stituents appear to be conformational in origin as suggested 
by their thermochromism. In addition, certain unsym- 
metrically substituted materials are solvatochromic due 
to conformational changes induced by solute-solvent in- 
teractions. 
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Preparation of Controlled Molecular Weight, 
Olefin-Terminated Polymers by Free Radical 
Methods. Chain Transfer Using Allylic Sulfides 

Carbon-centered radicals react with allylic sulfides of 
general structure 1, to effect SH2' displacement of the thiyl 
group (Scheme I).l The mechanism may be visualized as 
an initial radical addition to the olefinic center of 1 fol- 
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