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ABSTRACT: The orientation behavior of poly(methyloctadecylsilylene) (PMOdS), a comblike polysilane
having long alkyl side chains, was studied by the measurements of polarized ultraviolet (UV) and polarized
Fourier transform infrared (FTIR) spectra. The oriented films were prepared by drawing on supporting
polymer substrates, mechanical deposition, and crystallization on highly oriented polymer substrates.
The main chains of PMOdS are oriented parallel to the drawing direction in the film drawn on
polypropylene (PP) films and in the mechanically deposited film. Stretching PMOdS on polyethylene
(PE) films however induces side-chain orientation along the drawing direction. The orientation behavior
of PMOdS on the polymer substrates is discussed in relation to the surface morphology of the PP and PE
substrates. When PMOdS is crystallized on highly oriented poly(dimethylsilylene) and poly(tetrafluoro-
ethylene) films, the side chains tend to align in the orientation direction of the substrate polymer. Thus,
the side-chain orientation competes with the main-chain orientation, depending upon the processing
technique used. It is also shown that the silicon chains of PMOdS consist of various conformations and
that the extended conformation orients more highly to the mechanical direction than the disordered
conformation. The result of the polarized fluorescence measurement suggests that the electronic energy
is transferred from the disordered conformation to the extended conformation with higher trans content.

Introduction

Polysilanes have received considerable attention of
researchers because of their unique electric and optical
properties,1-6 such as electron conductivity, photocon-
ductivity, thermochromism, photoresists, and electrolu-
minescence. As the electronic properties originate from
the delocalization of σ-electrons along the main chain,
most of the properties are anisotropic with respect to
the silicon chain axis. Therefore, the control of molecular
orientation is an important subject not only in under-
standing the fundamental properties of the polymer but
also in utilizing the electronic properties of polysilanes.

The oriented films of polysilanes were prepared by
various processing techniques, such as hot drawing,7-10

the Langmuir-Blodgett method,11-14 vacuum deposi-
tion,15-17 mechanical deposition,18-24 and crystallization
on highly oriented polymer substrates.19,24-31 Hot draw-
ing is one of the most fundamental methods for the
processing of uniaxially oriented polymer films. It is
however difficult to prepare the free-standing films of
highly oriented polysilane by hot drawing, because
polysilane films are generally brittle and are easily
fractured at only a small strain. It is in the only reported
study on this subject that the free-standing films of poly-
(methylethylsilylene) with high molecular weight (Mw
) 1.7 × 106) were successfully stretched to a draw ratio
higher than 10.7 To overcome the brittleness of the
polysilane films, hot drawing of polysilane has been
carried out in the blend films8,9 or on the supporting
polymer substrates.10 Poly(dialkylsilanes) could be highly
oriented by blending in the gel films of ultrahigh
molecular weight polyethylene and by subsequent ul-
tradrawing.8,9 The oriented thin films of poly(dimeth-
ylsilylene) (PDMS) were obtained by casting a film of
PDMS on the polymer substrate film from boiling
R-chloronaphthalene solution and by subsequent draw-
ing together with the supporting film.10

On the other hand, it was reported that highly
oriented thin films were transferred onto the substrate
surface during the friction of polymers such as polyeth-
ylene (PE) and poly(tetrafluoroethylene) (PTFE).18 Witt-
mann and co-workers have recently proposed the me-
chanical deposition method, in which ultrathin oriented
films are mechanically deposited onto the substrate by
rubbing the polymer disk against the smooth sub-
strate.19-21 They have also reported that the mechani-
cally deposited PTFE film is able to orient other materi-
als which are cast or synthesized on the substrate.19,25-27

We have applied the mechanical deposition method to
prepare the highly oriented films of PDMS, which is
difficult to dissolve in most organic solvents, except for
R-chloronaphthalene, and does not melt before decom-
position.22-24 The oriented films of various poly(dialkyl-
silanes) have been prepared by casting polysilanes from
solution on the highly oriented ultrathin films of PTFE
and PDMS which are prepared by the mechanical
deposition method.24,28-31

Besides molecular orientation, the molecular organi-
zation in the ultrathin films is of great importance in
the properties of polysilane films. This subject has been
extensively studied on the spin-cast films of poly(di-n-
hexylsilylene) (PDHS) using UV absorption, fluores-
cence, and IR spectroscopy.32-35 The relative amount of
extended all-trans conformation decreases with decreas-
ing thickness of the film, resulting in drastic changes
in the UV and fluorescence spectra. The rate of crystal-
lization and the degree of crystallinity are markedly
reduced by the geometrical constraint of the ultrathin
films.

Polysilanes generally contain alkyl and aryl substit-
uents, which sometimes dominate the structure and
properties of polysilanes. The side chains are expected
to play an important role in controlling the orientation
of polysilanes. Of particular interest is the orientation
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behavior of polysilanes bearing long alkyl side chains,
because the long side chains tend to orient to the
mechanical direction as well as the main chains.

In this work, we prepared the oriented films of poly-
(methyloctadecylsilylene) (PMOdS) having long alkyl
side chains, by drawing on the supporting polymer
substrates, mechanical deposition, and crystallization
on oriented polymer substrates. The effect of side chains
on the orientation behavior was discussed for each
processing method.

Experimental Section
Materials. PMOdS was synthesized by the Wurtz coupling

reaction. Dichloromethyloctadecylsilane was added to molten
sodium in refluxing toluene. The reaction was carried out for
20 h at 111 °C. Pouring the solution into methanol solidified
the white powder, after the reaction mixture was filtrated and
washed with water. Molecular weight distribution was mea-
sured using gel permeation chromatography (GPC) equipment
calibrated with polystyrene standards. A bimodal molecular
weight distribution was exhibited on the GPC curve of the
polymer product, which was separated into two fractions with
different molecular weights by repeated fractional precipitation
from hexane with 2-propanol. The higher molecular weight
fraction with Mw ) 400 000 was used for the experiment.

PMOdS films are drawn using PE, polypropylene (PP), and
poly(vinyl alcohol) (PVA) as supporting films. PMOdS films
were cast from hexane solution on the supporting polymer
films, and the PMOdS films were co-oriented with the sup-
porting films by stretching them at 70-140 °C.

The mechanical deposition of PMOdS was carried out using
the apparatus shown in ref 24. A thick PMOdS film cast on a
PE block was pressed on the surface of quartz substrate heated
at 40 °C, and the thin oriented layer was transferred onto the
quartz substrate by sliding the PMOdS film at a pressure of
0.3 MPa and at a velocity of 0.3 m/min.

PMOdS was also oriented by epitaxial crystallization on the
highly oriented PDMS and PTFE films, which were prepared
by the mechanical deposition method. The powder of PDMS,
which is commercially available from Nippon Soda Co., was
compressed into a disk at about 235 MPa under vacuum. The
PDMS disk was slid onto a quartz substrate at a velocity of 1
m/min and a pressure of 1 MPa. The temperature of the
substrate was controlled at 210 °C during deposition. The
mechanical deposition of PTFE films was carried out by sliding
the bulk piece of PTFE on the substrate, whose temperature
was controlled at 200 °C, at a velocity of 0.3 m/min and a
pressure of 0.4 MPa. The PMOdS films were spin-cast from
hexane solution onto the highly oriented PDMS and PTFE
films. PMOdS was epitaxially crystallized on the oriented
polymer substrates.

Characterization. Thermal properties of PMOdS were
investigated with a differential scanning calorimetry (DSC)
using a Perkin-Elmer DSC 7 calorimeter calibrated with a
standard melting temperature of Indium. The wide-angle
X-ray diffraction profile was measured with the reflection
method using Ni-filtered Cu KR radiation (40 kV, 200 mA)
generated by a Rota-Flex RU-300 (Rigaku-denki Co. Ltd.)
X-ray diffractometer.

The polarized UV spectra were measured with a Shimadzu
MPS-2000 spectrophotometer and a Glan-Thompson polarizing
prism. The polarized Fourier transform infrared (FTIR) spectra
were measured with a Biorad FTS-60A/896 FTIR spectropho-
tometer and a wire-grid polarizer.

The polarized fluorescence spectra were measured at an
excitation wavelength of 310 nm with a fluorescence spectro-
photometer, FP777 (Japan Spectroscopic Co., Ltd.), equipped
with two Glan-Thompson polarizing prisms. The optical system
for the polarized fluorescence measurements is shown in
Figure 1, in which the Z and X axes correspond to the draw
direction (DD) and the axis perpendicular to DD, respectively.

The fluorescence intensity, Iij, (i, j ) X, Y, Z) represents the
intensity of a component of polarized fluorescence, which is

measured with setting excitation polarization to the i-axis and
emission polarization to the j-axis. The excitation beam was
incident at a 25° angle from the normal of the film plane, and
the fluorescence was detected at a 45° angle from the excitation
beam. The polarization for the fluorescence light beam was
set normal to the optical base, whereas the polarization for
the excitation beam was rotated. When the draw direction,
Z-axis, is perpendicular to the optical base (Figure 1a), the
polarized fluorescence spectra, Ixz and Izz, are measured. From
the optical system shown in Figure 1b, the polarized fluores-
cence spectra, Ixx and Izx, are obtained. Four components of
polarized fluorescence, Izz, Izx, Ixz, and Ixx, can be detected by
rotating the polarizer for the excitation beam and the sample
direction. The polarization characteristics of the excitation
spectrometer were corrected with a measured intensity of the
polarized fluorescence of the isotropic sample according to the
procedure shown in the appendix of ref 36.

The surface morphology of the stretched films was examined
with scanning electron microscopy (SEM) and scanning force
microscopy (SFM). SEM images were obtained with a TOP-
CON DS-720 scanning electron microscope, after the sample
surface was coated with a plasma-polymerized OsO4 film. SFM
was examined with a Nanoscope IIIa (Digital Instruments,
Inc.) equipped with a 200 µm long cantilever with a triangular
silicon nitride tip. The nominal spring constant of the canti-
lever is 0.12 N/m. The images (512 × 512 pixels) were taken
with a 150 µm × 150 µm scanner (J-scanner) with “height
mode” and “friction mode”. The height mode, which keeps the
force constant, was employed to estimate the surface rough-
ness; meanwhile, the friction mode was used to observe the
detailed structure of the surfaces. The typical force acting on
the surfaces during imaging was 1-2 nN.

Results and Discussion

Structure and Thermal Properties of PMOdS.
PMOdS shows an endothermic peak at 51.25 °C on the
DSC curve with associated enthalpy change of 81 J/g.
No birefringent structure was observed in the polarized
optical microscopy above the phase transition temper-
ature. Therefore, the endothermic peak was ascribed to
the first-order transition from crystal to isotropic melt.
The order of crystal structure in the low-temperature
phase was examined by wide-angle X-ray diffraction. An

Figure 1. Optical arrangement for the polarized fluorescence
measurements.
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intense reflection (d ) 0.410 nm) and several small
peaks (d ) 1.415, 0.909, 0.783, and 0.665 nm) are
observed in the range 2θ ) 5-25°. These reflections are
however broad and overlap with each other, suggesting
a low degree of periodic order in the crystal lattice.37

The solution-cast film of PMOdS shows a thermo-
chromic transition in the UV spectrum associated with
the phase transition. A UV absorption peak is observed
at 308 nm below 45 °C, and the peak shifts to 300 nm
above 55 °C. Only a small shift of the UV peak suggests
that the phase transition does not cause drastic changes
in the main-chain conformation. The conformation of
molecular chains is poorly ordered containing gauche
Si-Si bonds even in the low-temperature phase.

OrientationDevelopmentinPMOdSFilmStretched
on Supporting Polymer Substrates. The stretched
PMOdS films were composed of two layers. The thin
layer contacting the supporting film was oriented and
was not soluble in hexane. A thick layer on it was
however almost isotropic. The unoriented layer was
extracted with hexane, and the remaining oriented layer
was used for the spectroscopic measurements. Although
PMOdS is known as one of the soluble polysilanes, the
thin oriented layer of PMOdS barely dissolves in organic
solvents. The decrease of absorbance of the UV spectrum
is less than 10% even when the sample film is immersed
in hexane at 40 °C for 150 h.

Figure 2 shows the polarized UV spectra of PMOdS
stretched on PP. The transition moment of the lowest
σ-σ* electronic transition of polysilanes is parallel to
the silicon backbone. As the absorption intensity for the
parallel polarization is higher than that for the perpen-
dicular polarization, the silicon main chains are oriented
parallel to the stretching direction. The absorption peak
for the perpendicular polarization is observed at 307 nm
similarly to that for the as-cast film, whereas the peak
for the parallel polarization shifts to 322 nm. The
drawing stress changes the backbone conformation of
oriented molecular chains into the extended form with
trans-rich segments. Figure 3 shows the polarized UV
spectra of PMOdS stretched on PE. In contrast to the
PMOdS film on PP, the main chains of PMOdS are
oriented perpendicular to the draw direction on PE. The

absorption maximum is observed around 313 nm for
both polarizations.

Figure 4 summarizes the effects of draw ratio, draw-
ing temperature, and substrate polymers on the orien-
tation function. The orientation function, f, was calcu-
lated from the dichroic ratio, D.

The orientation function is not significantly affected by
the draw ratio, but is much more sensitive to the
substrate polymer. It is difficult to prepare the oriented
films by stretching PMOdS on PVA. The orientation
function does not much depend on the drawing temper-
ature, if the samples are drawn above the phase
transition temperature of PMOdS. In the melt-drawing
process, the mobile chains of PMOdS are supported by
the substrate polymers and are co-oriented with the
supporting polymers by stretching to the higher draw
ratio. If the stretching were carried out also below the
phase transition of PMOdS, the PMOdS layer easily
fractured at low elongation.

The scanning electron micrographs of the surface of
drawn samples are shown in Figure 5. A number of fine
fibrils are uniaxially oriented in the stretched film of
PP without PMOdS, whereas the fine striations of the
fibrillar morphology become obscured on the surface of
PMOdS layer stretched on PP (Figure 5a,b). PMOdS is
grooved in the interfibrillar region of the fibrillar

Figure 2. Polarized UV spectra of PMOdS film stretched on
PP at 140 °C (draw ratio: 11×): (s) parallel polarization; (- -)
perpendicular polarization.

Figure 3. Polarized UV spectra of PMOdS film stretched on
PE at 120 °C (draw ratio: 9.2×): (s) parallel polarization; (- -)
perpendicular polarization.

Figure 4. Orientation functions of stretched PMOdS as a
function of draw ratio: (]) PE, XX °C; (O) PE, 120 °C; (0) PP,
70 °C; (4) PP, 140 °C; (3) PVA, 140 °C.

f ) (D - 1)/(D + 2) (1)
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morphology of the stretched PP substrate and covers
the surface of PP forming some lumpy structures. The
height mode experiment of SFM shows that the mean
surface roughness of PMOdS on PP is 450-500 nm
around the lumpy structure and is larger than that for
the bare surface of stretched PP (250 nm). In the regions
without lumps, the mean surface roughness of PMOdS
on PP is as small as 150 nm. The surface of the PE
substrate was shown to be smoother (150-200 nm) than
that for the PP substrate. The morphology of PMOdS
on the PE substrate is similar to that of the bare surface
of the drawn PE at this magnification (Figure 5c,d). As
described before, the oriented PMOdS layer on the
polymer substrates is not soluble in organic solvents,
for which two possible causes can be considered. The
polysilane domains are strongly adsorbed to the PE and
PP substrates, or PMOdS is miscible with the substrate
polymers and molecular chains so that the polysilane
dissolves in the amorphous region of the substrate
polymer. The latter is however improbable in the
present case. Figure 6 shows the polarized optical
micrograph of the PMOdS/PE blend. The morphology
of the blend consists of the phase-separated domains of
PE and PMOdS. In the case of PMOdS on the PP
substrate, the smooth PMOdS layer is shown to cover
the fibrillar surface of stretched PP. The oriented layer
of PMOdS is firmly adsorbed to the polymer substrate,
forming a thin surface layer whose solubility is re-
stricted by the interfacial interaction with the substrate.

Figure 7 shows the magnified views of surface mor-
phology observed by the friction mode experiment of
SFM. Fibrillar structure is observed on the surfaces of
the drawn PP and PE substrates without PMOdS.

Diameters of stripes are 60-70 and 180-220 nm for
PP and PE, respectively (Figure 7a,c). Closely packed
domains of PMOdS are observed on the surface of the
film stretched on the polymer substrates (Figure 7b,d).
As the domains of PMOdS grow on the fibrillar mor-
phology of the polymer substrate, the size and shape of
the domains are affected by the morphology of the
substrate. The domains of PMOdS grown on the fibrilar
morphology of PP are elongated in the stretching
direction, and the width of the domains matches with
the fibril diameter of the PP substrate (Figure 7a,b).
The molecular chains of PMOdS orient in the long axis
of the domains. The domain size of PMOdS on the PE
substrate is also similar to the fibril diameter of the PE
substrate (Figure 7c,d), which is much larger than the

Figure 5. SEM photographs of drawn samples: (a) PP substrate without PMOdS (draw ratio: 11×); (b) PMOdS on PP substrate
(draw ratio: 11×); (c) PE substrate without PMOdS (draw ratio: 9.2×); (d) PMOdS on PE substrate (draw ratio: 9.2×).

Figure 6. Polarized optical micrograph of PMOdS/PE (1:1)
blend.
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diameter of PP fibrils. Therefore, the domain size of
PMOdS on PE is much larger than that of PMOdS on
PP. The shape of the domains of PMOdS on PE is
irregular and irrelevant to the orientation direction of
the substrate polymer. The main chains of PMOdS are
oriented in the perpendicular direction inside the do-
mains of PMOdS on PE. Although the origin of the
perpendicular orientation is not clearly known, one of
the possible explanations is that the octadecyl chains
orient along the molecular chains of polyethylene at the
interface and that the orientation at the interface
induces the oriented morphology of the whole domain.

In summary, the surface morphology of the polymer
substrate affects the shape and size of the domains of
PMOdS, which is closely related to the mode of molec-
ular orientation of the PMOdS layer. Despotopoulou et
al. discussed the effect of film thickness on the struc-
tural organization of spin-cast films of poly(di-n-
hexylsilane).32-35 This work demonstrates that the
molecular orientation of the very thin films of polysi-
lanes is affected by the surface morphology of the
substrate polymers.

Orientation Development in PMOdS by Me-
chanical Deposition. The mechanically deposited
films are smooth and uniform, when are observed with
a polarizing optical microscope under crossed polariza-
tions (Figure 8). Fine striations are observed to be
running along the sliding direction, suggesting that the
oriented morphology is formed by the mechanical depo-
sition. Figure 9 shows the polarized UV spectra of the
PMOdS films prepared by the mechanical deposition
method. The molecular chains are oriented parallel to
the stretching direction. The absorption maximum for
the parallel polarization shifts to 320 nm, suggesting
that the friction force is transmitted to the silicon main

chains, and extends the molecular conformation of
PMOdS.

Figure 10 shows the polarized FTIR spectra of me-
chanically deposited PMOdS. The absorption bands at
2848 and 2916 cm-1 are assigned to the symmetric and
antisymmetric CH2 stretching vibrations, respectively.
The absorption intensity for the parallel polarization is
slightly higher than that for the perpendicular polariza-
tion. Table 1 summarizes the orientation functions
calculated from the polarized UV and IR spectra. The
orientation function, fCH2, is defined as the degree of
orientation of the axis normal to the HCH plane of the
methylene units and represents the orientation function

Figure 7. SFM images (friction mode) of drawn samples: (a)
PP substrate without PMOdS (draw ratio: 11×); (b) PMOdS
on PP substrate (draw ratio: 11×); (c) PE substrate without
PMOdS (draw ratio: 9.2×); (d) PMOdS on PE substrate (draw
ratio: 9.2×).

Figure 8. Polarized optical micrograph of PMOdS film
mechanically deposited at 40 °C.

Figure 9. Polarized UV spectra of PMOdS film mechanically
deposited at 40 °C: (s) parallel polarization; (- -) perpen-
dicular polarization.

Figure 10. Polarized FTIR spectra of PMOdS film mechani-
cally deposited at 40 °C: (s) parallel polarization; (- -)
perpendicular polarization.
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of octadecyl chains, and fSi stands for the orientation
function of silicon main-chains, determined by the
polarized UV spectra. The value of fCH2 can be calculated
from the orientation functions, fCH2sym and fCH2antisym,
associated with the CH2 symmetric and antisymmetric
stretching vibrations, respectively, because the transi-
tion moments of these vibrations are normal to the
octadecyl chains and perpendicular to each other. As
the orientation functions of the three orthogonal axes
sum up to zero,37 fCH2 is related to fCH2antisym and fCH2sym.

The Si main chains are oriented parallel to the sliding
direction of the mechanical-deposition film, whereas the
octadecyl chains are poorly oriented perpendicular to
the sliding direction. The friction force orients the silicon
backbone in the sliding direction, but is not effective on
orienting the octadecyl chains. The low degree of
perpendicular orientation in the octadecyl chains is
induced by the parallel orientation of the Si main-
chains.

Orientation Development in PMOdS by Crystal-
lization on Highly Oriented PDMS and PTFE
Substrates. Figures 11 and 12 show the polarized UV
spectra of PMOdS films epitaxially crystallized on the
highly oriented PTFE and PDMS films, respectively,
which were prepared by the mechanical deposition
method. PMOdS films were cast from hexane solution,
in which PDMS and PTFE do not dissolve. A sharp
absorption peak at 346 nm in Figure 12 is assigned to
the lowest σ-σ* transition of PDMS. The orientation
direction of the backbone of PMOdS is shown to be
perpendicular to the orientation direction of molecular
chains of PDMS and PTFE films. The degree of orienta-
tion of PMOdS on PDMS is similar to that for PMOdS
on PTFE, suggesting that the substrate polymers have
only minor effects on the orientation behavior. The
degree of orientation decreases with increasing thick-
ness of PMOdS films. For example, the orientation

function of PMOdS on PTFE changes from -0.145 to
-0.040 with increasing thickness from 150 to 590 nm.
The oriented structure of PDMS and PTFE is effective
only on orienting a very thin layer near the interface.

Figure 13 shows the polarized FTIR spectra of PMOdS
films crystallized on a highly oriented PTFE film. The
absorbance for the perpendicular polarization is much
higher than that for the parallel polarization in the
range of CH2 stretching vibrations. As the transition
moments of CH2 stretching vibrations are perpendicular
to the octadecyl chains, the large perpendicular dichro-
ism of the FTIR spectra shows that the octadecyl chains
are highly oriented in the sliding direction. The orienta-
tion functions are shown in Table 1. The values of fCH2

and fSi suggest that the degree of orientation of octadecyl
chains is higher than that of Si main chains and,
thereby, that the dominant factor in the structural
organization is the epitaxial orientation of the side
chains along the oriented direction of the polymer
substrate. It is interpreted that the oriented PDMS and
PTFE layers selectively align the octadecyl side chains
of PMOdS along their orientation directions and that
the parallel orientation of octadecyl chains forces the
silicon main chains to align perpendicular to the sliding
direction. Analogous orientation behavior has been
reported for poly(2,5-diheptyl-p-phenylene).25

Polarized Fluorescence Spectra. Figure 14 shows
the polarized fluorescence spectra of drawn PMOdS on
PP. The molecular chains are oriented along the draw
direction in this sample. The fluorescence spectra show

Table 1. Orientation Functions of Main Chains and Side
Chains of PMOdS

sample
fSi (main
chain)

fCH2 (side
chain) fCH2antisym fCH2sym

mechanical
deposition film

0.210 -0.089 0.058 0.031

crystallized on PTFE -0.112 0.416 -0.202 -0.214
crystallized on PDMS -0.112

Figure 11. Polarized UV spectra of PMOdS film crystallized
on the highly oriented PTFE film: (s) parallel polarization;
(- -) perpendicular polarization.

fCH2
) -fCH2antisym - fCH2sym (2)

Figure 12. Polarized UV spectra of PMOdS film crystallized
on the highly oriented PDMS film: (s) parallel polarization;
(- -) perpendicular polarization.

Figure 13. Polarized FTIR spectra of PMOdS film crystallized
on the highly oriented PTFE film: (s) parallel polarization;
(- -) perpendicular polarization.
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an emission peak at 350 nm, and the peak position does
not significantly shift by the excitation wavelength. If
the transition moment angle does not change during the
excitation-emission process, fluorescence intensity Ixz
should agree with Izx. The observed intensity, Ixz is
however much higher than Izx, indicating that the
transition moment angle for the emission is different
from the angle for the excitation. The orientation
functions for the excitation site and for the emission site
are treated independently in this work. The angles θex
and θem represent the angle between DD and the
transition moment for the excitation and emission
processes, respectively. The orientation functions, fex
and fem, for the excitation and emission sites, respec-
tively, are defined by

where the 〈 〉 averages over the spatial distribution of
the transition moments. On the other hand, the fluo-
rescence intensity of the polarized fluorescence is given
by

where Mex and Mem stand for the unit vectors along the
transition moment vectors for the excitation and emis-
sion, respectively, i and k are the unit vectors along the
X- and Z-axes, respectively, and C is the proportional
constant. The orientation functions can be calculated
from the fluorescence intensities

where

The orientation functions are calculated to be fex ) 0.063
and fem ) 0.407 for the stretched PMOdS films. The
result shows that the degree of orientation of the
emission site is much higher than that of the excitation
site.

It was reported that the molecular chains in poly(di-
n-hexylsilylene) were separated into a series of chro-
mophores communicating by a rapid energy transfer.38

When the short trans segments are excited at a shorter
wavelength, the electronic energy is transferred to the
long segments, resulting in emission from the long trans
segment. The difference of orientation function between
the excitation and emission sites is interpreted as a
result of the energy transfer between segments of
PMOdS molecular chains. PMOdS shows broad absorp-
tion bands in the wavelength region 280-350 nm. The
molecular chains of PMOdS are expected to contain
various segments with different conformations, which
would contribute to the broad UV absorption band. The
extended segments rich in trans give rise to the optical
absorption in the longer wavenumber region of the
absorption band, whereas the coiled forms with disor-
dered conformation absorb UV light in the shorter
wavelength side of the band. The extended segments
are oriented more highly to the drawing direction than
the coiled segments by stretching the film. In fact, the
dichroic ratio of the absorption spectra is higher in the
longer wavelength region within the absorption band.
The excitation site contains poorly oriented segments
with disordered conformation, from which the electronic
energy is transferred to the highly oriented segments
with trans-rich conformations. The emission occurs from
the highly oriented trans-rich segments with the lowest
electronic energy. This view is in agreement with the
polarization characteristics and the large Stokes shift
in the fluorescence spectrum.

Conclusions
The orientation behavior of poly(methyloctadecylsi-

lane), a comblike polymer having long side chains, was
studied with polarized UV absorption spectroscopy. The
two modes of molecular orientation compete with each
other. One is the orientation of silicon backbone to the
mechanical direction, which is caused by the transmis-
sion of applied stress to the silicon main chains. The
other is the orientation of side chains to the mechanical
direction, which forces the main chains to orient per-
pendicular to the mechanical direction. The main-chain
orientation is the principal process in the case of
drawing PMOdS films on PP and mechanical deposition
of PMOdS itself. On the other hand, the side-chain
orientation dominates over the main-chain orientation
in the PMOdS film stretched on PE. When PMOdS is
crystallized on the oriented PDMS and PTFE films, the
side chains tend to orient in the orientation direction
of the substrate polymers.

The mode of orientation of PMOdS films stretched on
the polymer substrates was discussed in relation to the
surface morphology of the polymer substrate. On the

Figure 14. Polarized fluorescence spectra of PMOdS film
stretched on PP at 140 °C (draw ratio: 11). The four spectra
are drawn in the same scale.

fex ) (3 〈cos2θex〉 - 1)/2 (3)

fem ) (3 〈cos2θem〉 - 1)/2 (4)

Izz ) C〈(Mex‚k)2〉 × 〈(Mem‚k)2〉

) C〈cos2θex〉 × 〈cos2θem〉 (5)

Izx ) C〈(Mex‚k)2〉 × 〈(Mem‚i)2〉

) C〈cos2θex〉 × 〈sin2θem〉/2 (6)

Ixz ) C〈(Mex‚i)2〉 × 〈(Mem‚k)2〉

) C〈sin2θex〉 × 〈cos2θem〉/2 (7)

Ixx ) C〈(Mex‚i)2〉 × 〈(Mem‚i)2〉

) C〈sin2θex〉 × 〈sin2θem〉/4 (8)

〈cos2θex〉 ) (Izz + 2Izx)/C (9)

〈cos2θem〉 ) (Izz + 2Ixz)/C (10)

C ) Izz + 2Izx + 2Ixz + 4Ixx (11)
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thin fibrillar structure of PP substrates, one can observe
long rectangular domains of PMOdS, whose widths
approximately fit to the fiber diameter of PP. On the
other hand, the larger domains with isotropic dimen-
sions are observed on the PE substrate, in which the
fibrils are thicker than those in the PP substrates. The
surface morphology of the polymer substrate affects the
shape and size of the domains of PMOdS and thereby
controls the orientation behavior of PMOdS.

The broad absorption band in the wavelength region
of 280-350 nm consists of absorption bands with
different peak positions. The segments with different
conformations give rise to light absorption at each
wavelength. The extended segments rich in trans con-
formation absorb UV light at longer wavelength than
the coiled form with disordered conformation. The
results of the polarized fluorescence confirm that the
extended segments are more highly oriented than the
coiled form, and that the electronic energy transfer
occurs from the latter to the former during the excita-
tion-emission process.
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