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Highly Ordered High Molecular Weight 
Alternating Polysilylene Copolymer Prepared by 
Anionic Polymerization of Masked Disilenel 

Recent findings of polysilylenes as S ic  precursors by 
Yajima et a1.2 created new industrial applications of this 
class of polymers. More recently, potential applications 
of polysilylenes are indicated in microlithography,3 in repre 
graphy? as nonlinear optics: and in other  area^.^,^ To date, 
polysilylenes are prepared mostly by the Wurtz-type 
coupling of dichlorodialkylsilanes with sodium in reflux- 
ing t01uene.~ However, the method has several difficulties 
such as the poor control of molecular weight and poly- 
dispersity. Yields of polymers are also generally low. 

Very recently we have reported an entirely new method 
of preparing polysilylenes based on anionic polymerization 
of masked disilenes.8 We have prepared polysilylene 
homopolymers (SiMeR-SiMeR), and  al ternat ing 
copolymers (SiMez-SiMeR), of highly ordered structure 
(Scheme I). 

Herein we report the preparation of poly( 1,l-dihexyl- 
2,2-dimethyldisilene) (SiHexp-SiMez), by the anionic 
polymerization method. The comparison of the polymer 
with those of the similar composition made by the 
conventional sodium coupling method revealed intriguing 
differences in structure and properties. 

We have synthesized poly(dihexylsily1ene-co-dimeth- 
ylsilylene) by three different methods. A masked di- 
silene monomer 1 was prepared by the process shown in 
Scheme I1 as described before.8 Monomer lb was a major 
isomer over la (lb/la = 7.811). Separation of these two 
isomers may be possible but was not attempted at this time. 
Anionic polymerization of 1 with n-BuLi in THF followed 
by quenching with ethanol afforded polymer 2 in 56% 
yield.g The molecular weight distribution of the polymer 
was determined by gel permeation chromatography (GPC), 
calibrated by polystyrene standards, with chloroform as 
eluent; M n  = 6.1 X lo4, MwIMn = 1.3. 
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Figure 1. 13C NMR spectra of (a) polymer 2, (b) polymer 3, and 
( c )  polymer 4. 
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Figure 2. 13C NMR spectra of methyl signals of (a) polymer 2, 
(b) polymer 3, and (c) polymer 4. 

Polymer 3 (Scheme 111) was made by sodium coupling 
of the corresponding 1,2-di~hlorodisilane.~~ Thus sodium 
coupling of 1,2-dichloro-l,l-dihexyl-2,2-dimet_hyldisi- 
lane in refluxing toluene gave 3 in 18% yield (3, Mn = 1.4 
x lo4, Mw/Mn = 3.8). Polymer 4 was also made by sodium 
coupling of a 1:l mixture of dichlorodim_ethylsilane and 
dichlorodihexylsilane in 22% yield (4, M ,  = 4.8 X lo4, 
Mw/Mn = 5.1). It is clear that the anionic polymerization 
method is far superior to other methods in both polydis- 
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Figure 3. 29si NMR spectra of (a) polymer 2, (b) polymer 3, and 
(c) polymer 4. 

persity and yield of the polymer. 
Figure 1 shows the 13C NMR spectra for these three 

polymers. Six well-defined peaks are observed for the hexyl 
part of 2. The methyl region of the spectra is expanded 
in Figure 2. The signal a t  -0.66 ppm of 2 is assigned to 
the methyl group of SiHex2-SiMe2-SiHexz (the unit A), 
while the minor signal at slightly higher field (-1.66 ppm) 
can be assigned to that of SiHex2-SiMe2-SiMe2-SiHex2 
(the unit B). The latter arose from the concomitant minor 
monomer la." Judging from these results, the polymeri- 
zation process itself is indicated to be strictly in a head- 
to-tail fashion. This conclusion is further supported by 
29Si NMR spectra shown in Figure 3. Thus the %i NMR 
spectrum of 2 shows only two sharp signals assignable to 
those of SiMe2-SiHexz-SiMez (-27.57 ppm) and SiHex2- 
SiMe~SiHex2 (-36.07 ppm). These signals are surprisingly 
sharp as for polymer signals, indicating a highly ordered 
structure for 2. A minor peak a t  -36.54 ppm can be 
ascribed to the silicon signal of the minor unit B (SiHex2- 
SiMepSiMe2-SiHexz). 

The 13C spectral features of 3 are much more compli- 
cated. I t  might be expected t h a t  the Wurtz-type 
condensation of 1,2-dichloro-l,l-dihexyl-2,2-dimethyldi- 
silane should give only two kinds of methyl signals 
corresponding to the head-to-head (the unit B) and the 
head-tu-tail (the unit A) structures. However, at least four 
methyl peaks at  -0.66, -1.67, -2.78, and -4.35 ppm were 
observed in the 13C NMR spectrum (Figure 2b). The 
former two can be easily assigned to the expected peaks 
of units A and B as similarly observed for 2. The other 
high-field methyl peaks should arise from the poly- 
(dimethylsilylene) part SiHe~p-(SiMe2)~-SiHexp (the unit 
C). A sharp peak at  1.03 ppm is assigned to SiHex2- 
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Figure 4. Temperature-dependent UV spectra of (a) polymer 
2, (b) polymer 3, and (c) polymer 4. 

SiMe2-O-SiHex2 because partial oxidation of 2 with 
m-chloroperbenzoic acid to disi10xane'~J~ produced the 
same peak. The BSi NMR spectrum of 3 shows two broad 
peaks corresponding to the units A and B in addition to 
that corresponding to the unit C. A sharp signal a t  -21.89 
ppm arose from disi10xane.l~ 

The Wurtz-type condensation of chlorosilanes with 
sodium metal involves silylsodium and/or silyl radicals in 
the mechanism.'J5 Under rather vigorous reaction 
conditions, polysilylene chains may be cleaved to create 
new reactive ends, which may undergo further conden- 
sation. Some years ago, we had demonstrated that tri- 
methylsilylsodium can cause facile redistribution of the 
Si-Si bonds to create a new silylsodium end in a polar 
solvent.16 Similar redistribution of the polymer end may 
occur under these conditions, and this may be the reason 
for rather poor control of polydispersity as well as of 
molecular weight of polysilylenes made by the Wurtz- 
type coupling method with sodium. 

The 13C NMR spectra of polymer 4 is shown in Figure 
1. The presence of peaks in the methyl and hexyl regions 
indicates that it is definitely a copolymer. However, rather 
simple peaks of methyl groups appear at high field (Figure 
2). This means that 4 is composed of blocklike com- 
ponents, (SiMen), and (SiHexz),. 

The differences in the structures of these polymers are 
quite remarkable and are demonstrated most dramatically 
in the UV spectra. Figure 4 shows temperature-dependent 
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(9) A 50-mL two-necked flask, equipped with a magnetic stirrer, 
a rubber septum, and a three-way stopcock, was evacuated and 
fiiled with dry argon. A solution of 1 (1.49 g, 3.62 mmol) in THF, 
freshly distilled from sodium (30 mL), was placed in the flask. 
A hexane solution of n-BuLi (0.36 mmol) was added to the 
solution a t  -78 OC. The color of the solution changed red 
immediately. The mixture was kept stirring after removing the 
cooling bath for 30 min to reach room temperature. At this stage, 
a few drops of ethanol was added and the color of the the solution 
changed to yellow. After removal of the solvent, the residual 
mass was dissolved in benzene and polymer was precipitated 
by pouring the solution into methanol. The second cycle of 
dissolving-precipitation followed by freeze-drying gave polymer 
as a white solid (0.517 g, 56%). 

(10) (a) Watanabe, H.; Akutsu, Y.; Shinohara, A.; Shinohara, S.; Ya- 
maguchi, y.; Ohta, A.; Onozuka, M.; Nagai, Y. Chem. Lett. 1988, 
1883. (b) Wolff, A. R.; Nozue, I.; Maxka, J.; West, R. J .  Polym. 
Sci., Part A: Polym. Chem. 1988,26, 701. 

(11) Strictly speaking, the conclusion should be reserved until the 
respective regioselectivities for initiation of both pure l a  and 
l b  could be determined. We will discuss this point in detail 
in a forthcoming paper. 

(12) Sakurai, H.; Imoto, T.; Hayashi, N.; Kumada, M. J .  Am. Chem. 
SOC. 1965,87, 4001. 

(13) (a) Trefonas, P., 111; West, R. J .  Polym. Sci., Polym. Lett. Ed. 
1985,23,469. (b) Helmer, B. J.; West, R. Organometallics 1982, 
1,1463. (c) Alnaimi, I. S.; Weber, W. P. Organometallics 1983, 
2, 903. 

(14) In small-scale experiments, it was rather difficult to prepare di- 
siloxane-free polysilylenes by the Wurtz-type coupling method. 
The Si-0-Si bands centered a t  1074 cm-l in IR were observed 
for both 3 and 4, but no such absorption band was observed for 
2. 

(15) (a) Ziegler, J. M. Polym. Prepr. (Am. Chem. SOC., Diu. Polym. 
Chem.) 1986,27,109. (b) Gauthier, S.; Wonfold, D. J. In Silicon- 
Based Polymer Science. A Comprehensive Resource; Advances 
in Chemistry Series 224; Zeigler, J. M., Fearon, F. W. G., Eds.; 
American Chemical Society, Washington, DC, 1990, Chapter 18, 
p 299 and references cited therein. (d) Teramae, H.; Takeda, 
K. J .  Am. Chem. SOC. 1989,111, 1281. 

(16) Sakurai, H.; Okada, A. J.  Organomet. Chem. 1972, 35, C13. 
(17) (a) Harrah, L. A.; Zeigler, J. M. J .  Polym. Sci., Polym. Lett. Ed. 

1985,23,209. (b) Trefonas, P., 111; Damewood, J. R., Jr.; West, 
R.; Miller, R. D. Organometallics 1985, 4, 1318. (c) Schwei- 
zer, K. S.; Harrah, L. A.; Zeigler, J. M. In Silicon-Based Polymer 
Science. A Comprehensive Resource; Advances in Chemistry 
Series 224; Zeigler, J. M., Fearon, F. W. G., Eds.; American 
Chemical Society, Washington, DC, 1990; Chapter 22, p 379 and 
references cited therein. 

(18) Wallraff, G. M.; Baier, M.; Miller, R. D.; Rabolt, J. F.; Hallmark, 
V.; Cotts, P.; Shukla, P. Polym. Prepr. (Am. Chem. Soc., Diu. 
Polym. Sci.) 1989, 30 (2), 245. 
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UV spectra of 2-4. Polymer 2 shows well-defined ther- 
mochromic behavior. Thus 2 shows absorption at A,, 
314.0 nm at 23 "C, but below 0 "C a new band at A, 342.4 
nm starts to grow. Below -40 "C, the peak at A,, 314.0 
nm disappears completely.  

The thermochromic behavior o f  polysilylenes has 
attracted much interest and has been studied extensive1y.l' 
Thermochromic shifts have been observed for symme- 
trically and unsymmetricallylS substituted polysilylene 
homopo lymers  but have never been observed for  copoly- 
mers. As shown in Figure 4, no such bathochromic ther- 
mochromism was observed fo r  either 3 or 4. Only a small 
peak growing at A,, 355.8 nm at low temperature m a y  
be recognized for 4. We believe this is due to blocks o f  
poly(dihexylsily1ene). The ba thochromic  s h i f t  observed 
for  2 is comparable and s imi l a r  t o  that observed for  poly- 
(dihexylsilylene).  

The fact that a thermochromic sh i f t  is  observed on ly  
fo r  the high molecular w e i g h t  polysi lylene alternating 
c o p o l y m e r  o f  highly ordered structure creates a new 
interesting challenge in the structural chemis t ry  of poly- 
silylenes. The present results also demonstrate additional 
values and usefulness of the new method of preparing poly- 
s i lylene high polymers based on anionic polymerizat ion 
of masked disilenes.  

Acknowledgment. The research is supported by t h e  
M i n i s t r y  of Education, Science, and Culture (Grant- in-  
Aid for Special Research No. 01649002). 

References and Notes 
(1) Chemistry of Organosilicon Compounds. 269. 
(2) (a) Yajima, S.; Hayashi, J.; Omori, M. Chem. Lett. 1975, 931. 

(b) Yajima, S.; Shishido, T.; Kayano, H. Nature 1976,264,237. 
(c) Yajima, S.; Omori, M.; Hayashi, J.; Okamura, K.; Matsuzawa, 
T.; Liaw, C. Chem. Lett. 1976,551. 

(3) Miller, R. D.; MacDonald, S. A. J .  Imaging Sci. 1987, 31,43. 
(4) Abkowitz, M.; Knier, F. E.; Yuh, H.-J.; Weagley, R. J.; Stolka, 

M. Solid State Commun. 1987, 62, 547. 
(5) Kajzar, F.; Messier, J.; Rosilio, C. J .  Appl. Phys. 1986,60,3040. 
(6) (a) West, R.; Wolff, A. R.; Peterson, D. J .  Radiat. Curing 1986, 

13, 35. (b) Fujino, M. Chem. Phys. Lett. 1987, 136, 451. 
(7) For reviews, see: (a) West, R. J .  Organomet. Chem. 1986,300, 

327. (b) West, R. Organopolysilanes. In Comprehensive Or- 
ganometallic Chemistry; Abel, E., Ed.; Pergamon: Oxford, 
England, 1982; Chapter 9.4, p 365. (c) West, R. In Chemistry 
of Organic Silicon Compounds; Patai, S., Rappoport, Z., Eds.; 
John Wiley & Sons: Chichester, England, 1989; Chapter 19, p 
1207. (d) Miller, R. D.; Michl, J. Chem. Rev. 1989, 89, 1359. 
(e) Synthesis and Applications o f  Organosilicon Polymers; Saku- 
rai, H., Ed.; CMC: Tokyo, Japan, 1989. 

(8) Sakamoto, K.; Obata, K.; Hirata, H.; Nakajima, M.; Sakurai, 
H. J .  Am. Chem. SOC. 1989,111, 7641. 


