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with rH/rC 2 1.4. This is a significant observation, since 
we are currently unable to investigate sequence distribu- 
tion by NMR methods. The conclusion that the polymer 
is a t  least close to having a completely random structure 
is interesting in view of the fact that the monomers 
probably have different reactivities and that TPA is in- 
soluble in the initial synthesis mixture. It seems likely that 
transesterification will randomize the copolymer at  a 
relatively early stage of the synthesis, perhaps after the 
formation of oligomers. 
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ABSTRACT Eight kinds of organopolysilane radical anions in tetrahydrofuran solution were investigated 
utilizing the pulse radiolysis technique. UV absorption maxima of poly(alkylsi1ane) radical anions are observed 
at 355-363 nm. Introducing a methylphenylsilylene unit or diphenylsilylene unit into the polymer chains 
causes a slight red shift in the UV absorption of their radical anions. This can be understood on the basis 
of an electronic interaction between the silicon main chain and pendant phenyl groups. Extinction coefficients 
of these radical anions were determined to be 1.4-2.1 X lo5 per mol of added electron. 

Introduction 
In our previous report, high molecular weight organo- 

polysilane radical anions were first observed by utilizing 
the pulse radiolysis technique with 2-ns time reso1ution.l 
Poly(methylpropylsi1ane) (PMPrS) and poly(methy1- 
phenylsilane) (PMPS) radical anions in tetrahydrofuran 
(THF) solutions were investigated, and their optical 
properties and kinetics were discussed. On the other hand, 
cyclic organopolysilane radical anions such as (Si(CH3)2)n 
(n = 4-6) and (Si(C6Hs)2)m (m = 4,5) have been already 
observed by reduction with alkali metal.2-5 ESR studies 
have shown that unpaired electrons of these cyclic radical 
anions are delocalized over the ring ~ke le ton .~ ,~  Added 
electrons of PMPrS and PMPS radical anions are also 
considered to delocalize along the catenating silicon chain. 

Organopolysilane solid films reveal high electric resist- 
ance but become p-type semiconductors in the presence 
of strong electron acceptors such as AsF5 or SbFge6 This 
may suggest that catenating silicon atoms of organopoly- 
silane molecules can be essentially a semiconducting path. 
Ionic or charge-transfer states are often related to electric 
properties. Study of polysilane radical anions is of interest 
from the viewpoint of the potential semiconductivity of 
the silicon chain. The pulse radiolysis technique is very 
useful in that the dynamic behavior of polysilane radical 
anions can be observed. 

Organopolysilanes have strong absorption bands in the 
300-360-nm region. Absorption peaks (Amu) of poly(a1- 
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kylsilanes) are usually found at  300-320 nm, which have 
been attributed to a transition from the highest occupied 
silicon CT orbital to the u* orbital.' However, Xmax)s of 
poly(arylsi1anes) such as PMPS or diphenylsilane co- 
polymers occur a t  340-360 nm.8 This red shift indicates 
the contribution of r-u* character for the transition ac- 
cording to the aryl subs t i t~ents . '~~J~ Similar electronic 
interaction between the silicon main chain and aryl sub- 
stituents can be anticipated for polysilane radical anions. 
In this report, eight other kinds of polysilane radical anion 
in THF solutions are investigated by pulse radiolysis, and 
side-chain effects on their optical properties are discussed. 

Experimental Section 
The following polymers were synthesized according to  the 

conventional method:"-13 poly(@-phenethylmethylsilane) 
(PPnMS); poly[(dimethylsilane)-co-(methylcyclohexylsilane)] 
(DMS-MHxS); poly[ (dimethylsilane)-co-(methylpropylsilane)] 
(DMS-MPrS); poly[(dimethylsilane)-co-(@-phenethylmethyl- 
silane)] (DMS-PnMS); poly[(dimethylsilane)-co-(methyl- 
phenylsilane)] (DMS-MPS); poly[(diphenylsilane)-co-(di- 
methylsilane)] (DPS-DMS); poly[(diphenylsilane)-co-(methyl- 
propylsilane)] (DPS-MPrS); poly[ (diphenylsilane)-co-(@-phen- 
ethylmethylsilane)] (DPS-PnMS). Molar monomer feed ratios 
of these copolymers were fixed to 1:l. Molecular weights were 
determined by gel permeation chromatography (GPC). Com- 
positions of these copolymers were determined by 'H NMR signal 
intensities, except DMS-MHxS and DMS-MPrS, whose com- 
positions were determined by I3C NMR. Their compositions and 
molecular weights are listed in Table I. 
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Table I 
Molecular Weights and Compositions of Polvsilanes 

polymer 
PPnMS 

DMS-MPrS 
DMS-PnMS 

DMS-MHxS 

DMS-MPS 
DPS-DMS 
DPS-MPrS 
DPS-PnMS 

M ,  x 10-3 
702 
665, 13 
985, 11 
279, 10 
1080, 8 
471, 3 
1010,4 
719 

1.9 
2.5, 2.3 0.62 
2.2, 1.8 0.19 
1.7, 1.9 0.27 
2.9, 2.1 0.77 
1.9, 1.8 0.19 
3.2, 2.1 0.71 
4.2 

“Phen = phenethyl; Me = methyl; c-Hex = cyclohexyl; Pr = propyl; Ph = phenyl. R is the ratio of the high molecular weight fraction 
of the bimodal distribution to the low molecular weight fraction from the GPC elution profile. 
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Figure 1. Transient UV absorption spectra of organopolysilanes 
at 40 ns after an electron pulse; cell length = 1 cm: (0) PPnMS; 
(0) DMS-MHxS; (A) DMS-MPrS; (A) DMS-PnMS; (0) DMS- 
MPS; (B) DPS-DMS; (0) DPS-MPrS; (+) DPS-PnMS. Ab- 
breviated forms are referred to in Table I. 

Pulse radiolysis measurement was performed by using the linear 
accelerator instruments at the University of Tokyo.’&16 Polymer 
solutions in THF were irradiated by a 35-MeV single-pulse 
electron beam at room temperature, and their ultraviolet-visible 
(UV-vis) absorption spectra were recorded. The pulse width was 
2 ns and the acquisition time was 200 or 500 ns with the ordinal 
investigation in nanosecond time region. A new pulse radiolysis 
systemI6 was also employed for the observation of the primary 
process in the picosecond time region. All sample solutions were 
prepared on the vacuum line. THF was dehydrated with sodium 
metal and distilled into the cell on the line. The samples were 
degassed 3 times under 2 x Torr. Polymer concentrations 
were usually more than 100 mM (average Si unit). 

Results and Discussions 
Transient absorption spectra of the polymer solutions 

in THF in 40 11s after an electron pulse are shown in Figure 
1. These are difference spectra before and after pulse 
irradiation and therefore represent the newly produced 
species, polysilane radical anions. Polysilane radical anions 
are produced by reaction with the solvated electron gen- 
erated by electron pulse irradiation. Shorter wavelength 
regions from ca. 20 nm and below are too opaque due to 
strong polymer absorption. 

The Amark of DMS-MHxS and DMS-MPrS radical 
anions were both at 356 nm. This is close to the previously 
reported A,,, value of the PMPrS radical ani0n.l Amax’s 
of polysilanes containing phenyl-substituted alkyl groups 
such as PPnMS and DMS-PnMS appeared in the same 
position, 357 and 355 nm, respectively. This indicates that 
electronic states of polysilane radical anions are not per- 
turbed if the first segment directly attached to the silicon 
atom is an alkyl group, without regard to the existence of 
phenyl groups a t  a more distant position. It was also 

Figure 2. Schematic structure of organopolysilane radical anions. 
W, X, Y, and Z substituents in the molecular structure represent 
alkyl or aryl groups. Poly(alkylsi1ane) radical anion is described 
on the left side by using a simple skeletal model where alkyl groups 
are omitted. Extra charge is dispersed along the silicon main 
chain. Poly(arybilane) radical anion is in the right side, and extra 
charge is dispersed on the phenyl groups as well as the main chain. 

observed that Amax’s of PPnMS and DMS-PnMS lie at 305 
and 303 nm, respectively, indicating no electronic inter- 
action between phenyl groups of phenethyl substituents 
in the neutral state. 

The A,, of the DMS-MPS radical anion appears at 370 
nm, close to the 372-nm value for the PMPS radical anion. 
This 370-372-nm value is somewhat longer than the Am’s 
of poly(alkylsi1ane) radical anions discussed above. The 
A,, of the DPS-PnMS radical anion was 390 nm, which 
was still longer than Amax’s of DMS-MPS and PMPS 
radical anions. Regarding DPS-DMS and DPS-MPrS 
radical anions, & regions were opaque due to the polymer 
absorption and only the tailing curves were measurable. 
The Amax’s of DPS-DMS and DPS-MPrS radical anions 
were estimated to lie at ca. 380 and ca. 385 nm, respec- 
tively, judging from their tailing curves. 

The Amax’s of poly(alkylsilanes), polysilanes containing 
a methylphenylsilylene unit, and polysilanes containing 
a diphenylsilylene unit appeared at 355-363,370-372, and 
380-390 nm, respectively. Amax’s of polysilane radical an- 
ions were found to show a red shift due to pendant groups, 
similar to what is observed for polysilane absorption. This 
red shift from 355 to 390 nm is thought to arise from 
electronic interaction between the silicon main chain and 
phenyl groups directly attached to silicon atoms. MO 
calculation on organopolysilanes showed that the Sisp band 
of the main chain and the C p p  band of the phenyl groups 
may undergo u-?T m i ~ i n g . ~  Photoelectron spectroscopic 
analysis also indicates the same a d m i ~ t u r e . ~  Similar 
electronic interaction may exist in polysilane radical an- 
ions. The added electron is thought to delocalize over 
phenyl groups as well as the silicon main chain. The 
schematic structure of polysilane radical anions is shown 
in Figure 2. 

A typical rise of UV absorption after an electron pulse 
irradiation is shown in Figure 3. Optical density of 
PMPrS radical anion was monitored at 360 nm. The 
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Figure 3. Rise of UV absorption of the poly(methy1propylsilane) 
radical anion in the nanosecond time region, monitored at 360 
nm. Polymer concentration was 93 (solid line) and 12 mM (dotted 
line); cell length = 1 cm. 
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Figure 4. Rise of W absorption of the poly(methy1propyLsie) 
radical anion in the picosecond time region, monitored at 375 nm. 
Polymer concentration was 200 mM; cell length = 2 cm. 

growth of the absorption observed for the 93 mM solution 
reached a maximum value in ca. 20 ns and did not decay 
in an acquisition time. For 12 mM solution, the growth 
was complete in ca. 70 ns. Growth of other polysilane 
radical anions consisting of alkylsilylene units and/or a 
methylphenylsilylene unit was similarly complete within 
ca. 20 ns when polymer concentrations were higher than 
100 mM. All radical species were quite stable and did not 
decay within 500 ns. 

The rise in the picosecond time region with the resolu- 
tion of 20 ps was observed by utlizing a new picosecond 
pulse radiolysis system.16 PMPrS solution in THF was 
investigated at  375 nm. The 360-370-nm region was 
somewhat opaque due to high polymer concentration (200 
mM) and long cell length (2 cm). Optical density a t  375 
nm was increased monotonously after a single electron 
pulse irradiation as shown in Figure 4. This figure rep- 
resents the electron transfer reaction in the picosecond 
time region. Following the reaction in nanosecond time 
region corresponds to Figure 3. Only the generation of 
PMPrS radical anion was observed in the picosecond time 
regions. 

Extinction coefficients (E) of the radical anions were 
measured by using pyrene as an electron scavenger. A,, 
of pyrene radical anion is 495 nm and its extinction 
coefficient is 49 500 M-’ 12m-l.l~ Kinetic treatment of the 
electron-transfer reaction from polysilane radical anions 
to pyrene can give t values of the polymer radical anions. 
Details of the reactions and treatments were described in 
the previous paper.l The t and A,, values obtained are 
summarized in Table I1 together with PMPrS and PMPS 
data. All t values were quite large, 1.4-2.1 X lo5 per mol 
of added electron (including 10-20% for experimental 
error). These large extinction coefficients may possibly 
be attributed to the fact that the extra charge on the 

Table I1 
Absorption Maxima (X-) and Extinction Coefficients (e)” 

of OrganoDolssilanes and Their Radical Anions 
~ ~~ 

polymers radical anions 
e x 10-3, E x 10-6, 

A,,, nm M-’ cm-’ Am-, nm M-’ cm-’ 
PMPrSb 306 5.9 363 1.6 
PPnMS 305 6.6 357 2.1 
DMS-MHxS 305 6.5 356 1.8 
DMS-MPrS 302 5.2 356 1.6 
DMS-PnMS 303 6.8 355 1.5 
DMS-MPS 331 7.0 370 1.6 
PMPSb 340 11.0 372 1.6 
DPS-DMS 340 5.0 ca. 380 1.4 
DPS-MPrS 352 6.0 ca. 385 1.4 
DPS-PnMS 356 8.4 390 1.4 

OExtinction Coefficients are defined as per average Si unit for 
polymers and per added electron for radical anions. *Reference 1. 

polymer chain is very polarizable. 
The concentration of polysilane radical anions was 

calculated from optical densities and absorption coeffi- 
cients to be ca. 2.5 X lo4 M. Sample concentrations were 
so high that a single polymer chain can receive only one 
excess electron. Therefore, only one radical anion structure 
such as is shown in Figure 2 may exist in each polymer 
chain. This feature reminds us of the postulated behavior 
of a polaron.18 

Conclusion 
Eight kinds of organopolysilane radical anions were in- 

vestigated by means of pulse radiolysis with 2-ns time 
resolution. The radical anions were quite stable in THF 
solution. Radical anions of poly(alkylsi1anes) such as 
PMPrS, DMS-MPrS, and DMS-MHxS exhibited A,,’s 
at  355-363 nm. Those of PPnMS and DMS-PnMS 
showed almost the same A,-. The phenethyl group be- 
haves like an alkyl group. Am’s of DMS-MPS and PMPS 
radical anions were 370-372 nm, and those of DPS-DMS, 
DPS-MPrS, and DPS-PnMS radical anions were at  still 
longer wavelengths, 380-390 nm. This red shift can be 
understood on the basis of an electronic interaction be- 
tween silicon main chain and phenyl groups. Extinction 
coefficients of these radical anions were determined to be 
1.4-2.1 X lo5 M-l cm-’. 
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ABSTRACT 13C C P / W  NMR experiments are carried out for poly(?-n-octadecyl L-glutamate) as a function 
of temperature, in order to elucidate dynamic and conformational features in the solid state and liquid-crystalline 
state. From these experimental results, it is found that the main chain of the polymer takes on a right-handed 
a-helical conformation within the temperature range from 27 to  100 "C, while long n-alkyl side chains take 
on an all-trans zigzag conformation in the crystalline state at room temperature and are in a mobile state 
above 35 "C. Further, i t  is found that at about 40 "C the a-helical main chain in the liquid-crystalline phase 
is undergoing molecular motion a t  a frequency of ca. 60 kHz. 

Introduction 
Recently, Watanabe et al.' have reported that in a series 

of a-helical poly(L-glutamates) with n-alkyl side chains of 
various lengths (n (number of carbon atoms in the alkyl 
group) = 4-18), n-alkyl side chains longer than n = 10 form 
a crystalline phase composed of paraffin-like crystallites 
together with the a-helical main chain packing into a 
characteristic layer structure. The polymers form ther- 
motropic cholesteric liquid crystals by the melting of the 
side-chain crystallites. In order to investigate the structure 
and dynamics of these thermotropic cholesteric liquid 
crystals, it is important to collect detailed information 
about the main-chain and side-chain structures and 
motions at  various temperatures. 

It has been demonstrated that 13C cross polarization/ 
magic angle spinning (CP/MAS) spectroscopy is a very 
powerful tool for structural analysis of polymers in the 
solid state.2 In a previous paper? it was reported that, from 
the observation of 13C NMR chemical shifts in the solid 
state, the main cha in  of poly(y-n-alkyl L-glutamate) as- 
sumes a right-handed a-helical conformation irrespective 
of side chain length and that in the side-chain crystallites 
the n-alkyl chain assumes an all-trans zigzag conforma- 
tiona3 In these studies, 13C CP/MAS experiments have 
been carried out only at  room temperature. If 13C CP/ 
MAS NMR experiments can be done as a function of 
temperature, such experiments may present the potential 
for detailed insight into the molecular structure and dy- 
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namics of these polymers in the solid state and liquid- 
crystalline state. 

The purpose of this work is to investigate the structure 
and dynamics of poly(y-n-octadecyl L-glutamate) with a 
long n-alkyl chain in the solid state and liquid-crystalline 
state as a function of temperature. 

Experimental Section 
Materials: Poly(y-n-octadecyl L-glutamate) (PG-18, where 

the number of carbon atoms in the n-alkyl group follows the letters 
PG) was synthesized by ester-exchange reactions between poly- 
(7-methyl L-glutamate) (M, = 100000) and n-octadecyl alcohol 
as described in a previous paper.' The complete replacement of 
methyl groups by n-alkyl groups was confirmed by the 'H NMR 
spectra. The film of PG-18 was prepared by casting the solution 
from chloroform a t  room temperature. 

Measurements. 13C CP/MAS NMR spectra were measured 
by means of JNM-GX270 NMR (67.5 MHz) with a variable- 
temperature (VT) CP/MAS accessory at  temperatures from room 
temperature (27 "C) to 100 "C. The sample (ca. 200 mg) was 
contained in a cylindrical rotor made of ceramic materials and 
spun at 4.5-4.8 kHz. Contact time is 2 ms and repetition time 
5 s. Spectral width and data points were 27 kHz and 8K, re- 
spectively. 'H field strength was 1.6 mT for both the CP and 
decoupling process. The number of accumulations was 200-400. 
13C chemical shifts were calibrated indirectly through external 
adamantane (29.5 ppm relative to TMS). 

Results and Discussion 
In Figure 1 is shown the 13C CP/MAS NMR spectrum 

of PG-18 at  room temperature. Assignment of peaks for 
the CO(amide), CO(ester), C,, and C, carbons is 
straightforward in view of reference data for poly(y-benzyl 
L-glutamate) as examined previ~usly.~ As for the C, car- 
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