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Abstract

A poly(methyloctadecylsilane) oligomer was synthesized by a typical Wurtz coupling reaction. Upon cooling, three transitions were

observed at temperatures of 39.9, 37.5 and 33.98C at a rate of 2.58C/min in differential scanning calorimetry (DSC). The ®rst transition, with

enthalpy change of 0.47 kJ/mol and supercooling of 0.28C, was characteristic of the conformational change in the Si±Si backbone into an all-

trans conformation, which was detected by temperature-dependent Fourier transform infrared (FT-IR) spectroscopy. The second and the

third transitions with large supercooling were identi®ed as the formation of two-dimensional hexagonal crystal packing and three-dimen-

sional two-chain orthorhombic crystal packing, respectively. The crystal structure was determined by the combination of WAXD and

transmission electron microscopy (TEM) experiments. q 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polysilanes have attracted much interest because they

show unique electronic and optical properties due to the

delocalization of s-electrons along the silicon backbone

[1]. They have been considered as photoresist [2], non-

linear optical [3], photoluminescent [4] and electrolumin-

escent [5] materials. The function of polysilanes was

correlated critically to the conformation of the polymer

backbone similar to p -conjugated polymers [6,7]. Klemann

et al. have found that the degree of asymmetry of the side

chains in¯uences the conformation of the silicon backbone

and greatly affects the physical properties of polysilanes [8].

It has also been found that the crystallizable side chains

forces the Si±Si backbone into an all-trans conformation

with a more rigid structure [9]. This increase in rigidity of

Si±Si backbone induced by the crystallization of side chains

led to the formation of a mesophase even though there was

no classical mesogen in those polysilanes with linear ¯ex-

ible chains [10,11]. The structure of those mesophases was

identi®ed as a hexagonal columnar phase based on WAXD

[12,13]. However, detailed information on side chain crys-

tallization, such as crystalline structure, crystal growth, and

chain packing has not been studied.

In this work, a poly(methyloctadecylsilane) oligomer was

synthesized. Because poly(methyloctadecylsilane) oligomer

is stable under electron radiation, it is feasible to study

crystal morphology and structure from transmission elec-

tron microscopy experiments. The easily crystallizable

long side chains in the poly(methyloctadecylsilane) oligo-

mer provide a pronounced hindrance to the conformational

change of the Si±Si backbone. The in¯uences of

crystallization and asymmetry of the side chains of the

poly(methyloctadecylsilane) oligomer on the conformation

and rigidity of the Si±Si backbone are also discussed.

2. Instrumentation and experiments

2.1. Material

The poly(methyloctadecylsilane) (Si±C1C18) oligomer

was prepared by a typical Wurtz coupling reaction of

6.73 g from dichloromethyloctadecylsilane with 0.86 g of

highly dispersed molten Na in dry toluene under nitrogen.

The reaction was kept at 1108C for 8 hr and then cooled to

ambient temperature. 400 ml of 2-propanol was ®rst added

to eliminate any remaining Na, followed by precipitation

using 300 ml methanol mixed with 30 ml warm toluene.

After drying in a vacuum oven for a week at ambient

temperature, a white powder solid oligomer with a mono-

modal molecular weight distribution of Mw � 2489 g=mol

and Mn � 1743 g=mol and a polydispersity of 1.43 �Mw=Mn�
from a gel permeation chromatography (GPC) was obtained
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(Fig. 1). 1H NMR(CDCl3, TMS): d 0.5(3H, s, CH3±Si±),

0.73(2H, s, ±Si±CH2±), 1.26(32H, s), 0.88(3H, s, ±CH2±

CH3) (Fig. 2).

Differential scanning calorimetry (DSC) experiments

were carried out in a Perkin±Elmer DSC-7 at various cool-

ing and heating rates from 2.58C to 208C/min under nitrogen

atmosphere. The temperature range was from 0 to 808C. The

specimen size used were 7.840 mg. Consecutive heating

was performed at the same scanning rate as the preceding

cooling scan.

Wide angle X-ray diffraction (WAXD) experiments for

the powder sample were performed on a Rigaku 50 kV/

200 mA rotating anode generator (CuKa radiation) equipped

with a diffractometer. The scanning type was continuous

scanning and the diffraction peak positions and widths

were calibrated using standard silicon crystals.

Fourier transform infrared spectroscopy (FT-IR) was

carried out on Bio-Rad FTS-135. The measurements were

made on a ®lm cast on KBr plate with 0.2% (w/w) chloro-

form solution. The measurement resolution was 4 cm21.

A thin ®lm was made by casting a 0.1% (w/w) powder

sample/chloroform solution. After the solvent evaporated at

room temperature, the ®lm was heated to 608C and was then

cooled to 358C and held at this temperature for 2 h. The

structure and morphology of the thin ®lm was observed

using a JEOL-2010 transmission electron microscopy

(TEM) with an accelerating voltage of 200 kV. The thin

®lm was coated by carbon and shadowed by Pt for morphol-

ogy observations. Gold was used as calibration of the ED

spacing.

The optical texture of the sample was observed on an

Opton Feintechnik GmbH D-7082 Oberkochen polarized

optical microscope (POM). The isothermal and non-isother-

mal observations with both cooling and heating rates of

about 2.58C/min were made.

3. Results and discussion

3.1. Phase transition behavior

Three phase transitions have been observed in the DSC

cooling process of poly(methyloctadecylsilane) at a scan-

ning rate of 2.58C/min (Fig. 3a). The ®rst transition on cool-

ing from the high temperature is observed clearly and the

second and the third ones are overlapped. To obtain more

distinct information on those transitions, a PeakFit software

based on an asymmetric double sigmoidal function from

Jandel Scienti®c was used for peak resolution. As shown

in Fig. 3b, the peak temperatures of the three transitions are

39.9, 37.5, and 33.98C, respectively. The phase transition

behavior was studied by a series of DSC cooling and heating

curves with different scanning rates (Fig. 4). It is found that

the ®rst transition, with as a minor enthalpy change of

0.47 J/g, has small supercooling of 0.28C within the scan-

ning rates from 2.58C to 208C/min. This indicates that the

®rst transition is close to an equilibrium state upon cooling

[14]. Such a transition with small supercooling and enthalpy

change should not be considered as a traditional crystalline

phase transition, which might be an entropy dominant term.

A 58C supercooling is found in the second and third

transitions with the scanning rates from 2.5 to 208C/min.

On heating, the second and the third transition overlap,

which leads to the formation of a sharp and large

endothermic peak at 428C, having an enthalpy of

31.8 kJ/mol. Therefore, it is deduced that that these

two peaks could belong to more ordered crystalline transi-

tions due to the kinetic dependence.

3.2. Conformational change of silicon backbone

It is of great interest to see that the small values of

enthalpy change and supercooling, as of those in the ®rst

transition, are characteristic of a conformation change [15].

It is well known that the conformation change in polysilanes

with long side chains is due to the steric hindrance of long

side chains [9]. Temperature-dependent FT-IR spectroscopy
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Fig. 1. GPC diagram of poly(methyloctadecylsilane) oligomer.

Fig. 2. 1H NMR spectra of poly(methyloctadecylsilane) oligomer.



in Fig. 5 provides evidence for such conformational

change in the sample. At 258C, a series of peaks in

the region of 400±500 cm21 attributed to the stretching

vibration of the Si±Si bones are observed. When the

sample is heated to 508C, which arrives in the ®rst transition

of the sample upon heating, the peaks become weak and

disappear soon. During cooling, a similar phenomenon is

observed. When the temperature is lowered to the ®rst tran-

sition temperature, the peaks in the region of 400±500 cm21

appear again. The sharp vibration appearing at 418 cm21

may be attributed to the all-trans conformation of the back-

bone [16].

When the temperature is below the ®rst transition, the

intensity of peaks in the region of 400±500 cm21 remains

constant. This result indicates that the conformational

change of the Si±Si backbone takes place at the ®rst transi-

tion. Also, the intensity of the peak at 721 cm21, which

represents the CH2 rocking vibration of the side chains,

does not change at the ®rst transition. This result also

demonstrates that the ®rst transition arises from the
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Fig. 3. The original DSC cooling curve of poly(methyloctadecylsilane) oligomer at: (a) scanning rate 2.58C/min; (b) after the peak resolution.



conformational change of the Si±Si backbone rather than

the side chains.

3.3. Crystal structure

In DSC experiments, because the second and the third

transitions overlap on cooling, a careful thermal treatment

should be performed to investigate the crystal structure.

First, the sample is isothermally annealed at 37.58C for

24 h, at which temperature the third transition just begins.

The WAXD pattern of the isothermally treated sample is
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Fig. 4. DSC cooling and heating curves of poly(methyloctadecylsilane)

oligomer at different scanning rates.

Fig. 5. Temperature-dependent FT-IR spectrum of poly(methyloctadecyl-

silane) oligomer during: (a) cooling; (b) heating.

Fig. 6. WAXD power diffraction patterns of poly(methyloctadecylsilane) oligomer annealed at 37.5 and 358C.



shown in Fig. 6. Only a sharp and intense Bragg re¯ection

peak at 2u � 21:38 is observed. Generally speaking, in a

WAXD powder pattern the presense of a single intense

peak at about 2u � 21:38 re¯ected by the (100) and

(010) planes and the absence of other re¯ections at

the vicinity of 2u � 21:38 is characteristic of two-

dimensional (2D) hexagonal packing [11,17±19]. So, one

can conclude that the second transition in the DSC for the

poly(methyloctadecylsilane) oligomer is the formation of

2D hexagonal packing with dimensions of a � b �
4:80 �A; g � 1208:

When the sample is annealed at 308C, a different WAXD

pattern is obtained, as shown in Fig. 6. There are six Bragg

diffraction peaks. The molecular c-axis is calculated from

this WAXD powder pattern. The diffraction peaks at 2u �
6:29; 9.44, and 12.67 are assigned as (002), (003) and (004)

with d-spacing values of 14.05, 9.36 and 6.98 AÊ , respec-

tively. The two major diffraction peaks with d-spacing

values of 4.05 and 4.10 AÊ re¯ect superimposed (110) and

(200) crystal planes, which can be further observed in the

following electron diffraction pattern. The diffraction

peak at 2u � 23:76 is assigned as (113) or/and (203)

with d-spacing values of 3.72 and 3.75 AÊ . Therefore,

it is deduced that this three-dimensional (3D) crystal

structure could be assigned as two-chain orthorhombic

packing with size of a � 8:20 �A; b � 4:66 �A; c �
28:10 �A: Although the c-axis is larger than the extended

conformation of aliphatic side chains (22.86 AÊ ), an interdi-

gitated model of side chains could be considered in this

case. The calculated density of this crystal packing is

0.92 g/cm3, which is quite consistent with the measured

density of 0.90 g/cm3. Thus, the third transition can be iden-

ti®ed as the transition from the 2D hexagonal packing to 3D

orthorhombic packing.

During heating, it seems that there are only two transi-

tions in DSC curves, as shown in Fig. 4. In fact, it is not that

only two transitions exist, but that the second and third

transitions overlap. The DSC curve of the sample annealed

at 358C con®rms this statement. A DSC scan of this sample

with a heating rate of 2.58C/min is shown in Fig. 7. Three

separable transitions are observed as expected, which are

reproducible from three scanning operations.

The process of crystallization in polysilane is also observed

through POM, as shown in Fig. 8, when the temperature is

decreased to 358C. The micrograph of POM shows the

polymer birefringence is relatively weak and the optical

structure is small. Above 428C, the high-temperature

phase only exhibits very weak birefringence without any

clear observation of low-ordered liquid crystalline phases.

To understand more details of the side chain crystal-

lization, a single crystal of poly(methyloctadecylsilane)

sample formed from the melt was obtained (Fig. 9). The

electron diffraction on the single crystal is from a (001)

zone. According to the electron diffraction spots along

the (hk0) plane, the lateral packing symmetry of the

single crystal is 2D orthorhombic with diffraction

spots of (110) and (200) planes. This phase look like a

pseudohexagonal phase with g � 608 between the (110)

and (200) planes, in which the dimensions of (110) and

(200) diffraction spots are quite close. The morphology

of this single crystal implies that the asymmetric shape

has the feature of orthorhombic packing crystal with
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Fig. 7. DSC heating curve with rate of 2.58C/min of poly(methyloctade-

cylsilane) oligomer annealed at 308C for 2 h.

Fig. 8. POM micrograph of poly(methyloctadecylsilane) oligomer cooled to

358C from the melt.



dimensions of a � 8:20 �A; b � 4:66 �A; c � 28:10 �A;

which are consistent with the WAXD at 308C (Fig. 6).

4. Conclusions

Upon cooling, three phase transitions with transition

temperatures of 39.9, 37.5, and 33.98C were found in

poly(methyloctadecylsilane) oligomer. Those transitions

were identi®ed as a conformational change of the Si±Si back-

bone, a 2D hexagonal phase, and a 3D orthorhombic phase,

respectively. The all-trans conformation is only observed in

ordered structures in the Si±Si backbone. Then, the second

transition that appears in DSC is a 2D hexagonal packing

with a � b � 4:80 �A; g � 1208: The low-temperature phase

could be assigned as the two-chain orthorhombic lattice

with parameters of a � 8:20 �A; b � 4:66 �A; c � 28:10 �A:
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