
How does an oxygen atom in the side chain affect the photophysical

properties of alkoxy-substituted organopolysilane homopolymers

and copolymers?

Haruhisa Katoa, Takashi Karatsua,*, Akira Kaitob, Shigetomo Matsuyamab, Akihide Kitamuraa,*

aDepartment of Materials Technology, Faculty of Engineering, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan
bNational Institute of Advanced Industrial Science and Technology (AIST), 1-1 Higashi, Tsukuba, Ibaragi 305-8565, Japan

Received 13 December 2002; received in revised form 25 February 2003; accepted 14 March 2003

Abstract

Alkoxy-substituted organopolysilane homopolymer (poly[SiMe(OR)]n) and random copolymers (poly[SiMe(OR)]m[SiMeR0]n were

synthesized and the solvatochromism and thermochromism for their absorption and fluorescence spectra were examined. The band maxima

shifted to longer wavelengths with an increase in the ratio of the alkoxy side chains; however, the influence of the solvent was very small. The

thermochromic shifts are dependent on the number of alkoxy side chains. Molecular dynamics calculation showed that the conformation of

the polysilanes was determined by the Coulomb interaction between the alkoxy side chains, and the conformations of the polyalkoxysilanes

are similar to those of polyalkylsilanes (poly[SiRR0]n). Molecular orbital (MO) calculations manifested that the interaction between the

orbitals of the oxygen atom in the side chain and those of the silicon atom in main chain (s conjugation system) was larger in LUMO than in

HOMO, and the decrease in LUMO energy shifted the absorption maxima to longer wavelength.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It was known that delocalized s electrons on the Si–Si

bonds of polysilanes produce unique electronic and optical

properties, such as electroluminescence, photoconductivity,

thermochromism, etc. [1]. The electronic and optical

properties of polysilanes have been controlled by introdu-

cing various substituents into the silicon backbone [2–10].

The structures of the chiral polysilanes were already studied

in detail by light scattering and molecular mechanic

calculations, and the various optical properties were

observed. The position of the chiral center in the side

chain affected the selective spiral conformation of the

polysilane, manifest rigidity of main chains of polysilanes

occurred due to the bulky side chains. Spectral changes were

occurred due to the inversion of their spirals by changing the

temperature. Moreover, various trials have also been carried

out to control the spectroscopic properties by introducing

the substituents containing heteroatoms [11–21]. The

polysilanes having oxygen or nitrogen atoms into the side

chain have been synthesized recently, and their absorption

wavelengths were longer than those of polysilanes having

simple alkyl side chains. These polysilanes also showed

unique solvatochromism and thermochromism. Interest-

ingly, these two remarkable spectroscopic characteristics

were different with the position of the heteroatoms in the

side chain. The polysilanes with ether side chains undergo

conspicuous spectral changes with change in the solvent or

temperature. Poly(dialkoxysilane) has, however, only small

thermochromism. In addition, an LB film was easily

prepared using the polarity of the side chains and favorable

characteristics were observed as optical materials. These

new phenomena were caused by the effect of the

heteroatoms, but the mechanism of the ‘heteroatom effects’

is not clear. There are two principal reasons considered. One

is the interaction between the heteroatoms in the side chain,

for example, steric or electrostatic interaction which affects

the conformation of silicon backbone. The other reason is

that heteroatoms affect the s orbital in the Si–Si bonds in
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the main chain. Our recent study on oligosilane with per-

pentoxy groups showed that the conformation of the silicon

backbone gave larger effect on its optical properties further

than the interaction between the oxygen non-bonding

orbitals and short length of s conjugation. However, this

is not suited for polyalkoxysilanes, because there are many

conformations, long or short-range intramolecular inter-

actions, and long length of s conjugation.

In order to clarify the effects of heteroatoms in the side

chains on the photophysical properties of polysilanes, we

synthesized polysilanes with n-pentoxy substituents, and

polysilane copolymers having both pairs of (n-pentoxy,

methyl) and (hexyl, methyl) substituents. We then measured

the absorption and emission spectra of those polysilanes in

some solvents. The structures of these polysilanes were

analyzed by the multiangle light scattering method, and

the intramolecular interactions and the conformation of

polysilanes were examined by Molecular dynamics (MD)

calculations. We also carried out ab initio MO calculations

to understand the orbital interaction between the Si–Si bond

and oxygen atoms in the side chains. Combining these

experiments and calculations, we estimated the effects of

oxygen atoms in the alkoxy side chains on the conformation

or optical properties of polyalkoxysilanes.

2. Experimental section

2.1. Sample preparation

Polysilanes and polysilane copolymers with alkoxy side

chains were synthesized as shown in Scheme 1. A typical

Wurtz coupling reaction was carried out. Sodium (twice as

much as the monomer in moles) was stirred in dry toluene

and heated at 110 8C under nitrogen atmosphere. Dichloro-

hexylmethylsilane and dichloromethylphenylsilane, mixed

in different proportions, were added to the solution and

refluxed for 1 h. The reaction was then stopped by adding

2-propanol. The crude polymers were washed with water,

purified by reprecipitation, and dried in a vacuum.

Heteroatom substituted polysilanes were synthesized by

the method of West et al. [15]. Phenyl-substituted polysilane

was dissolved in dry benzene. Aluminum chloride (twice as

much as the phenyl in moles) was added to the solution, and

acetyl chloride (the same as aluminum chloride in moles)

was slowly added to the solution. The solution color

changed to dark brown, and stirred for 10-h, then much

excess amount of pentanol was poured into the solution, and

it was stirred for a day. The crude polymer was dissolved in

toluene, washed with water, evaporated, and dried in a

vacuum. According to the integration of the 1H NMR

spectra, approximately 1 to 5% of the phenyl group

remained. However, we assumed that the amount of phenyl

groups was too small to affect the optical properties of these

polysilanes. The synthesized polysilanes were named as

follows. Poly(hexylmethylsilane) and poly(methylpentoxy-

silane) were named PHMS and PMPOS, respectively.

Polysilane copolymers were named HaOb, where a and b

are the ratios of hexyl substituents and pentoxy substituents,

respectively. For example, poly(hexylmethylsilane)-co-

poly(methylpentoxysilane) (1:2) is expressed as H1O2.
1H NMR and 29Si NMR spectra were measured at 600 and

120 MHz, respectively, by a JEOL JNM-LA600 spec-

trometer as shown in Table 1. CDCl3 was used as the solvent

and TMS as the internal standard. The free induction decay

signals were accumulated 64–8192 times.

2.2. Size exclusion chromatography–multiangle laser light

scattering (SEC–MALLS)

Molecular weight and molecular weight distribution

were determined by a Shimadzu LC-6A pump coupled with

two Tosoh TSKgel GMH HR-H mixed gel columns at 40 8C

(THF, 1.0 ml min21)(Table 1). The columns were cali-

brated with a series of 14 polystyrene standards of narrow

molecular weight distribution (Tosoh Co.). A Tosoh RI

8020 differential refractometer and a Dawn DSP laser

photometer (Wyatt Technology Co.) were used as detectors.

To detect by the laser photometer, the polymer concen-

tration at each elution time was calculated from the

differential refractive index increment ðdn=dcÞ of the THF

solution at 40 8C. The dn=dc was measured by the

differential refractometer using a He–Ne laser, DRM1030

(Photal). The independently determined dn=dc for the

respective polymers were as follows: PHMS:0.217 ml g21,

and H1O3:0.231 ml g21. The excess Rayleigh ratios were

measured at 12 scattering angles in a range of 39 to 1398.

After Zimm plots on the respective elution, the molecular

weight and radius of gyration were calculated.

2.3. Computational methodology

Ab initio MO calculations were carried out using the

GAUSSIAN98 program on IBM-RS/6000-SP. Decahydrox-

yltetrasilane: (OS4), meso and racemo-dihydroxylocta-

methyltetrasilane (OS4M and OS4R, respectively), and

decamethyltetrasilane (MS4) were used as model
Scheme 1. Synthetic route of alkoxy-substituted polysilane random

copolymers.

H. Kato et al. / Polymer 44 (2003) 3269–32773270



compounds in this study (see Fig. 1a – d), because

polysilanes were too large to use in performing ab initio

MO calculations. In order to discuss the effects of oxygen

atoms on the silicon backbone, the composition of methyl

and oxyl groups in the oligosilanes was changed, as shown

in these four models. The geometries were fully optimized

by the MO calculations at the B3LYP/6-31Gp p level. The

default criteria for convergence were used for all the

optimizations. Using the geometries as determined above,

CIS calculations were performed at the CIS/6-31Gp level. In

these calculations, the dihedral angles of the central Si–Si

bonds were set at a given dihedral angle, for tetrasilanes at

every 108.

MD calculations were carried out using the PCFF force

field, which was optimized by Sun for silicon-backbone

compounds [22–25]. All calculations were performed using

the general molecular mechanics program Cerius2

(Accelrys, Inc.). In this simulation, long-range non-bonded

forces were cut off above 9 Å, and the temperature was

stable throughout the data collection periods. For a

simplification of the MD calculation, (Me(Si(PO)2)3

(SiMePO)4(Si(PO)2)3Me), where PO means a pentoxy

group, and (Me(Si(Hex)2)3(SiMeHex)4(Si(Hex)2)3 Me),

where Hex means a hexyl group, were used as model

compounds (abbreviated PPO and PH, respectively, in this

study). The conformation of the central Si–Si bond was

then changed to examine the conformational energies. In

addition, PPO and PH have tacticity because of the

asymmetrical side chain. Considering only one central

dihedral angle, there are six tetrad microstructures: mmm,

mmr, mrm, mrr, rmr, and rrr (m—meso, r—racemo), as

shown in Fig. 1e. We have illustrated mmm and rrr in Fig. 1f

and g, respectively. For each tetrad microstructure, the

calculations of the conformational energies of the silicon

backbone were carried out as follows. First, the central Si–

Si bonds were set in given dihedral angles at every 108. In

order to determine the initial structure for the MD

simulation, the geometric parameters were optimized by

Table 1

Characteristics of polysilane homopolymers and copolymers studied in this work

Polymers M
ps
w (g mol21)a 1H NMR 29Si NMR xp

b

PMPOS 18800 Me: 20.7 to 0.5, OC5H11 (OCH2: 3.5–3.8, CH2: 1.2–15, 1.5–1.8, CH3:

0.8–1.1)

0.5–9.5 –

PHMS 482000 Me: 20.7 to 0.5, C6H13 (CH2: 0.9–12, CH3: 0.8–09) 235.5 to 229.5 –

H104 32000 Me: 20.7 to 0.5, OC5H11 (OCH2: 3.5–3.8, CH2: 1.2–15, 1.5–1.8, CH3:

0.8–1.1); C6H13 (CH2: 0.8–1.3, CH3: 0.7–0.8)

21.0 to 8.5, 235 to 227 0.8

H103 48200 Me: 20.7 to 0.5, OC5H11 (OCH2: 3.5–3.8, CH2: 1.2–1.5, 1.5–1.8, CH3:

0.8–1.1); C6H13 (CH2: 0.8–1.3, CH3: 0.7–0.8)

21.0 to 8.5, 235 to 227 0.74

H102 28100 Me: 20.7 to 0.5, OC5H11 (OCH2: 3.5–3.8, CH2: 1.2–1.5, 1.5–1.8, CH3:

0.8–1.1); C6H13 (CH2: 0.8–1.3, CH3: 0.7–0.8)

21.0 to 8.5, 235 to 227 0.65

H101 25000 Me: 20.7 to 0.5, OC5H11 (OCH2: 3.5–3.8, CH2: 1.2–1.5, 1.5–1.8, CH3:

0.8–1.1); C6H13 (CH2: 0.8–1.3, CH3: 0.7–0.8)

21.0 to 8.5, 235 to 227 0.47

H201 35000 Me: 20.7 to 0.5, OC5H11 (OCH2: 3.5–3.8, CH2: 1.2–1.5, 1.5–1.8, CH3:

0.8–1.1); C6H13 (CH2: 0.8–1.3, CH3: 0.7–0.8)

21.0 to 8.5, 235 to 227 0.38

a M
ps
w is obtained by SEC using polystyrene standard.

b xp ¼ b=ðaþ bÞ; where a is ratio of hexyl substituents and b is those of pentoxy substituents, calculated by 1H NMR.

Fig. 1. Schematic representation of calculated model compounds of

oligosilanes: (a) OS4, (b) OS4M, (c) OS4R, and (d) MS4. Variable dihedral

angles of Si–Si–Si–Si for calculations are indicated in the figures, (e)

zigzag projection formula of six tetrad microstructures, (f) simple model of

PH (mmm), and (g) simple model of PH(rrr).
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molecular mechanics calculations using the same force

field. In the MD calculation, the temperature was initially

set at 600 K for 1 ps and then decreased to 298.15 K. After

the system was assumed to reach equilibrium, the total

energies, recorded for 500 ps at 10 fs intervals, were

averaged. The atomic partial charges were calculated at

every 10 fs by the QEQ method [26].

3. Results and discussion

3.1. UV absorption and fluorescence emission spectra for

polyalkoxysilanes

The UV absorption spectra of the polysilanes and

polysilane copolymers in THF are shown in Fig. 2a. In the

case of PMPOS, the band maximum was observed at a

longer wavelength compared with PHMS, which had a side-

chain length similar to that of a pentoxy group. Fig. 2b

shows the band maxima for polysilanes as a function of the

ratio of alkoxy substituents. This clearly shows that the band

maxima were shifted to longer wavelengths by the increase

in the ratios of alkoxy substituents. Fig. 3 shows the

fluorescence spectra for PMPOS and PHMS in THF.

Fluorescence emission maxima were observed at 330 and

365 nm for PHMS and PMPOS, respectively. The Stokes

shift is about 30 nm, and another polysilanes have the

similar values.

3.2. Conformational analysis of polysilanes

It is well known that the optical properties of polysilanes

are largely dependent on their conformation [27–31].

Therefore, we carried out conformational analysis of

polyalkoxysilanes. In order to discuss the effects of oxygen

atoms on the conformation of the silicon backbone, we

compared PPO with PH in Fig. 4. The potential energy

Fig. 2. (a) UV absorption spectra of various polysilanes and polysilane

copolymers in THF at room temperature, and (b) UV absorption maxima of

various polysilanes in THF at room temperature as a function of the fraction

of the pentoxy groups, xp ¼ b=ðaþ bÞ; where a and b are the ratio of hexyl

substituents and pentoxy substituents, respectively.

Fig. 3. (a) Fluorescence spectra of PMPOS and PHMS excited at UV

absorption maxima in THF at room temperature, and (b) FL band maxima

in THF as a function of the fraction of pentoxy groups.

Fig. 4. Calculated ground state potential energies of polysilane model

compounds for each tetrad microstructure as a function of the central

dihedral angles in the Si-backbone, (a) PH, and (b) PPO.
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surfaces as a function of the dihedral angles of the central

Si–Si bond for PH and PPO were calculated for six types of

possible tetrad microstructures: mmm, mmr, mrm, mrr, rmr,

rrr. The potential energy curves for of each model

compound have two similar energy minima for trans (ca.

150–1708) and gauche (ca. 60–908) conformations.

These polysilane models have two types of energy

surfaces. One is the energy surface in which the energy

minimum is at the trans conformation, matched to mrm,

mrr, and rrr tetrad microstructures. The other is the energy

surface in which the energy minimum is at the gauche

conformation, symmetrically. This type is obtained for mmm,

mmr, and rmr tetrad microstructures. These tendencies are

similar, irrespective of alkyl or alkoxy side chains. The

effects of tetrad microstructures on potential energy surface

are common for PH and PPO; however, the potential energy

differences between the stable and unstable conformations

in the respective tetrad microstructures are much larger for

PPO than that for PH.

We summarized the calculated potential energies:

(trans þ, trans 2, gauche þ, and gauche 2) for six tetrad

microstructures in Tables 2 and 3. For instance, such four

conformers of mmm are shown in Fig. 5. As shown in Tables

2 and 3, most of the differences in calculated potential

energies between trans and gauche conformations are much

larger in the polyalkoxysilane models than that in the

polyalkylsilane models. These results showed that electro-

static interactions between the oxygen atoms in their side

chains are larger than steric interactions between alkyl side

chains. These effects might be the origin of the potential

energy difference between trans and gauche conformations;

therefore, these are larger in PPO than in PH. It was also

estimated that the interaction between long side chains

(hexyl and pentoxy, not methyl), which located gauche

position each other, is the dominant factor determining their

conformation in all tetrad microstructures, even if the

polysilane has alkyl or alkoxy side chains. For example, in

Fig. 5, it was showed that trans þ, trans 2, and gauche 2

conformers have such interaction, while the gauche þ

conformer has no such interaction for mmm. Therefore, as

shown in Tables 2 and 3, mmm takes energy minimum at the

gauche þ conformation.

We also obtained the statistical averaged potential

energy surface for each polysilane. To average the potential

energies of six tetrad microstructures, we applied Bernoulli’s

statistics. Previously, polysilanes having asymmetric side

chains have been studied by 29Si NMR measurements [32].

In that study, such polysilanes are assumed to take atactic

configurations with the same number of meso and racemo

tacticities and that means Bernoulli’s statistics could be

applied to average the configurations. Then, in this work, we

averaged each potential energy surface of each tetrad

microstructure, using this assumption. The results for PH

and PPO are shown in Fig. 6a and b, respectively. The

statistical averaged potential energy surfaces were very

similar between the two polysilanes with different side

chains, though the energy differences between the cis and

trans conformations are larger in PPO than that in PH. Then,

we extracted the Coulomb and van der Waals energies from

the potential energy curves. For PPO, the Coulomb energy

distribution curve was very similar to that of the potential

energy curve, suggesting that the Coulomb repulsion

energies are the most important factor on the conformation

of polyalkoxysilanes. In addition, the Coulomb interaction

between alkoxy side chains makes cis conformer more

unstable than trans conformer for PPO. There are two

energy minima at the trans and gauche conformations in

PPO and PH. These two polysilanes are stabilized in the

trans conformation, and the energy differences between

trans and gauche conformers are almost 0.8 kcal/mol for

both PH and PPO. These results mean that these polysilanes

are much extended, compared with carbon-backbone

polymers. In addition, these polysilanes also seem to take

a similar conformation, according to the idea of a rotational

isometric state (RIS) model [33], considering only first-

order interaction.

We carried out SEC–MALLS measurements on these

asymmetric polysilanes. Unfortunately, the molecular

weights of most polymers were too low to be able to

observe reliable values of the radius of gyration. However,

we could measure those for PHMS and H1O3. The results

are shown in Fig. 7. These two polysilanes have a similar

Table 2

First-order interaction of potential energies of PH models for each tetrad

microstructure (kcal/mol)

mmm mmr mrm mrr rmr rrr

trans þ 4.52 2.61 0.00 0.51 2.14 0.00

trans 2 2.98 2.37 1.97 0.00 1.79 0.44

ganche þ 0.00 0.00 2.60 2.45 0.84 1.19

gauche 2 1.37 1.46 2.73 3.73 0.00 2.00

Table 3

First-order interaction of potential energies of PPO models for each tetrad

microstructure (kcal/mol)

mmm mmr mrm mrr rmr rrr

trans þ 5.05 3.73 0.00 0.16 2.83 0.00

trans 2 3.82 3.63 0.19 0.00 3.52 0.17

ganche þ 0.00 0.00 5.36 4.14 1.61 2.25

gauche 2 2.89 2.63 5.12 3.60 0.00 3.20

Fig. 5. Newman projection formula of four conformers for mmm.
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radius at the same molecular weight. This result also

suggested that these polysilanes have similar global

conformations of individual polymer chain in solution,

irrespective of alkyl or alkoxy substituents. Under the

limitation that MM/MD calculation done here can only

estimate local conformation for tetrasilane oligomer model,

these results do not contradict each other. The global

conformation of polysilane can rationalize from the

conformation consist of local conformations calculated for

oligomer models.

3.3. Interpretation of optical properties by ab initio MO

calculation

From the MD calculations and SEC–MALLS measure-

ments, it was estimated that the conformation of two

polysilanes having alkoxy and alkyl side chains are similar.

However, as shown in Fig. 2, remarkable effects of oxygen

on the absorption maxima of the polyalkoxysilanes were

observed. These results suggest that the conformational

effect on spectroscopic properties of polyalkoxysilane is

small and characteristic spectroscopic results may be caused

by the orbital interaction between the oxygen atom and the

Si–Si orbitals. Then, we examined the effects of the orbital

of oxygen on the s-orbital of Si–Si linkage, using

tetrasilane models.

Fig. 8a and b shows the results of CIS/6-31Gp

calculations of singlet excitation energies and the corre-

sponding oscillator strengths as a function of dihedral

angles, f1 for OS4M (see Fig. 1b). Because of a large

number of excited states, the results of the four lowest

excited states are shown in these figures. Four states are

called A and B due to the symmetry of the excited orbital

and are numbered from the low-lying excited singlet states.

As seen in Fig. 8b, the oscillator strengths of the transitional

states of 1B and 2B are calculated to be much stronger than

1A and 2A. The two transitions of 1B and 2B are largely

Fig. 6. Averaged conformational energies of polysilane model compounds,

(a) PH, and (b) PPO, as a function of central dihedral angles in the Si-

backbone, solid line (squares), potential energies; broken line (circles),

coulomb energies; dotted line (triangles), van der Waals energies.

Fig. 7. Radius of gyration of polysilanes as a function of molecular weight:

filled circles, PHMS; circles, H1O3.

Fig. 8. (a) Calculated (CIS/6-31Gp) singlet excitation energies as a function

of dihedral angles, and (b) the corresponding oscillator strengths for OS4M:

circles, 1A; squares, 1B; triangles, 2A; rhombuses, 2B. (c) Calculated

(CIS/6-31Gp) singlet excitation energies of 1B and 2B states for oligosilane

models as a function of dihedral angles; filled circles, MS4 (1B); circles,

MS4 (2B); filled squares, OS4R (1B); squares, OS4R (2B); filled triangles,

OS4M (1B); triangles, OS4M (2B); filled rhombuses, OS4 (1B);

rhombuses, OS4 (2B) (see in text).
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dependent on the dihedral angles, and they have large

oscillator strengths in the trans and cis conformations,

respectively. The oscillator strengths of 1B and 2B are

crossed near 908.

We have also carried out ab initio MO calculations for

the equal basis sets for other tetrasilane model compounds

which have different numbers of alkoxy side chains, in order

to clarify the effects of the alkoxy side chains on the Si–Si

orbital. We summarized the calculated results of singlet

excitation energies as a function of the dihedral angles of

these model compounds in Fig. 8c. For the 2B transition, the

singlet excitation energies of each model having oxyl side

chains are smaller values over all ranges of dihedral angles

than that of MS4. Then, it could be estimated that the effects

of oxygen on the s orbital of the Si-skeleton are much larger

in a twisted conformation than that in an extended

conformation, because the oscillator strength of the 2B

transition is larger at the twisted conformation than that at

the extended conformation as shown in Fig. 8b. On the other

hand, the tendencies of excitation energy distribution for 1B

were different with the side chain. The 1B energies of

tetrasilanes having asymmetric side chains were largely

dependent on the dihedral angles, and they were from 6.5

to 7.0 eV.

Considering the molecular orbital in these tetrasilanes,

for MS4, the HOMO consisted of silicon and a connected

carbon orbital, and the LUMO consisted of vacant silicon

and carbon orbitals. On the other hand, for OS4, the HOMO

was constructed of orbitals of oxygen and silicon, and the

LUMO was constructed of vacant oxygen and silicon

orbitals. In addition, for the polysilane copolymer models;

OS4M and OS4R, the HOMO was composed of oxygen,

silicon, and carbon orbitals; however, the LUMO was

mainly constructed of oxygen and silicon vacant orbitals.

The molecular orbital coefficients of oxygen are larger than

that of carbon in all model compounds, and this means that

the oxygen orbital largely affects the excited state of

Si-backbone compounds. These effects are much larger in

the LUMO; therefore, the singlet excitation energies

become lower in tetrasilane models with alkoxy side chains

than that in MS4. In addition, such effects of oxygen are

much larger in a twisted conformation of the silicon

backbone than in an extended conformation. Therefore,

because a twisted conformation certainly exists in a random

coil of polysilanes, polyalkoxysilanes show long wave-

length maxima in their absorption spectra.

3.4. Effects of the oxygen atoms on thermochromic and

solvatochromic properties

Fig. 9a shows that the solvent effects on the band maxima

for polysilanes as a function of the ratio of alkoxy

substituents. The band maxima shifted to a longer

wavelength due to the increase in alkoxy substituents in

all solvents. The shifts of the band maxima are observed for

all solvents studied, although the polarities of the solvents

are different. In addition, all polysilanes show almost the

same maxima in all solvents.

Fig. 9b shows that the band maxima for polysilanes and

polysilane copolymers as a function of the ratio of alkoxy

substituents in a mixed solvent (CH2Cl2/CF3CH2OH). The

composition of the mixed solvent was changed from 0 to

10 wt% content CF3CH2OH in CH2Cl2. It was observed that

the band maximum was slightly shifted to a shorter

wavelength with the increasing ratio of CF3CH2OH.

These results are similar to those in Fig. 2. Even if the

polarity or acidity of the solvent is changed, it is estimated

that the spectral change is small. It was already reported that

the polysilanes with ether side chains have an obvious

solvatochromism in such system. The solvatochromism of

such polysilanes was caused by the hydrogen bond between

oxygen in the side chain and hydrogen of the solvents [12,

14]. However, polysilanes in this study showed only a small

solvatochromism, and this result may be explained by the

long carbon side chains, which prevent the approach of the

solvents to an oxygen atom in the side chains.

Fig. 10a–c shows the absorption band maxima of

polysilanes as a function of temperature. The measurements

were carried out in three solvents, which have different

polarities ((a) THF, 1 7.52 D, (b) CHCl3, 1 4.81 D, (c)

hexane, 1 1.89 D) [34]. When the polysilanes have the same

side chains, the tendencies of the shift of band maxima as a

function of temperature are very similar for all solvents

examined here. In contrast, thermochromism greatly

depended upon their side chains. A thermochromic shift

of the band maxima for PHMS was much larger than that of

Fig. 9. (a) UV absorption maxima of various polysilanes and polysilane

copolymers in various solvents at room temperature as a function of the

fraction of pentoxy groups ðXpÞ; and (b) UV absorption maxima for

polysilanes and polysilane copolymers as a function of the fraction of Xp in

mixed solvents (CH2Cl2/CF3CH2OH) at room temperature.
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PMPOS. The shifts of band maxima became larger with a

decreasing ratio of the pentoxy side chains. The solvent

effects on the thermochromic shifts of band maxima were

different due to the side chains. Thermochromic shifts for

the polysilanes with higher ratio of alkyl side chains were

larger in non-polar solvent, such as hexane, but the reverse

is true in a polar solvent. On the other hand, the

thermochromic shifts of polysilanes with higher ratio of

alkoxy side chains were larger in polar solvent than that in

non-polar solvent.

The thermochromic properties of general polysilanes

have unique features, and this is explained by two

mechanisms. One is a change in conformation for an

isolated polysilane chain [35– 42], and the other is

aggregation caused by intermolecular or intramolecular

side-chain interaction [43–45]. However, the latter mech-

anism seemed to affect slightly because the concentration of

the measurement solution is sufficiently small and it was

proved that the silicon backbone moved earlier than the side

chain in thermochromism system [41]. Based on the former

mechanism, Schweizer proposed that thermochromism was

dependent only on a conformational change caused by the

interaction between delocalized electrons in the silicon

backbone and surrounding molecules such as a side chain or

solvents [39,40]. Two factors must be taken into consider-

ation in this theory. One is polarized interaction between the

solvents or a side chain and electrons delocalized along the

all-trans backbone. If this interaction was large, it was

predicted that a larger thermochromic system was observed

in that theory. The other is the energy difference between an

all-trans conformation and defective conformation, which

disturbed the s electron delocalization. If this energy

difference is large, the thermochromic properties should be

weak. Based on this theory, we estimated the thermo-

chromic properties of these polymers.

Considering the polarized interaction, it was predicted

that a polyalkoxysilane has a larger interaction with the

solvents than a polyalkylsilane, because polarizabilities and

ionization energies are much larger for the alkoxy side chain

than that for the alkyl side chain. This predicted that the

polyalkoxysilanes have a larger thermochromic system than

polyalkylsilanes. However, as shown in Fig. 10, there are

only small effects due to the polarizabilities of the solvents,

because the interaction between the polysilane and the

solvents is small, even though the conformational effects on

the polarized interaction is expected to be large according to

Welsh’s study [37]. Unusual s electron delocalization due

to the alkoxy side chains makes it difficult to explain these

phenomena.

On the other hand, another mechanism, the energy

difference between a trans and a defective conformation can

easily explain this thermochromism. As shown in Figs. 4

and 5, the energy differences are much larger in a

polyalkoxysilane than in a polyalkylsilane. We estimated

that this characteristic is caused by the interactions between

vicinal alkoxy side chains. According to this assumption, if

the numbers of alkoxy side chains decreases, the electro-

static interactions between vicinal alkoxy side chains

becomes small and the energy difference becomes small.

As shown in Fig. 10, the thermochromic shifts strongly

depend on the ratios of the alkoxy side chains. The shifts

became larger with a decreasing ratio of alkoxy side chains.

Therefore, the thermochromic properties of polysilanes

having alkoxy side chains, are reasonably explained by

energy difference between an all-trans conformation and a

defective conformation.

4. Concluding remarks

The absorption maxima of polysilanes having alkoxy

side chains shifted to a longer wavelength than that of

polysilanes having alkyl side chains, and the shift was

proportional to the number of alkoxy side chains. This is

explained by the decrease in LUMO energy, which is caused

by interaction between oxygen and the Si–Si s orbital. The

conformational interaction was also estimated by MD

calculations, and the conformation of polyalkoxysilanes

Fig. 10. UV absorption maxima of various polysilanes and polysilane

copolymers as a function of temperature (a) in THF, (b) in CHCl3, and (c) in

hexane.
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was determined by the Coulomb interaction between alkoxy

side chains. However, the stable conformation of poly-

silanes is similar to each other, irrespective of alkyl or

alkoxy side chain. This was supported by SEC–MALLS

measurements. The MO and MD calculations showed that

the conformational effects are small on the spectroscopic

properties and that orbital interaction between oxygen and

silicon atoms affects the optical properties of polyalkoxy-

silanes. A small solvatochromism was observed, and this is

due to the steric hindrance preventing the approach of the

solvent to the oxygen atoms. The thermochromic properties

of these polysilanes are proportional to the number of the

alkoxy side chains. Polysilanes with higher ratios of alkoxy

side chains showed a small thermochromism. This is

explained by the large difference in conformational energies

between an all-trans conformation and a defective confor-

mation, which are caused by interaction between oxygen

atoms in the side chains.
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