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ABSTRACT: Thin films of poly(dimethylsilane) (PDMS) and permethyldodecasilane (DM12) were prepared
by the vacuum-deposition method, and the molecular orientation in the films was investigated. Well-
oriented films of DM12 were prepared without detectable degradation; however, degradation occurred in
the films of PDMS, though well-oriented films were also obtained. Infrared and UV spectra of the vacuum-
deposited films were measured with inclined sample alignment. In the spectra of films deposited to
substrates at room temperature, a methyl rocking (parallel) band and a sharp UV absorption, which
have the same polarity parallel to the chain axis, became stronger when the samples were inclined. Both
of the absorptions also showed large dichroism when the samples were inclined. These results suggest
that the PDMS and DM12 molecules in the films were oriented perpendicular to the substrate. The
infrared spectra of vacuum-deposited PDMS films show Si—H and Si—O bonds formation; i.e., PDMS
molecules were degraded during the deposition process. In clear contrast, the infrared spectra of the
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vacuum-deposited films of DM12 showed no molecular degradation.

Introduction

Polysilanes are polymers containing only silicon at-
oms in the backbone and having hydrocarbon substit-
uents. Poly(dimethylsilane) (PDMS) was reported in
1949;1 however, the polymer attracted little scientific
interest because of its insolubility and intractability. In
the 1970s, polysilanes attracted interest as the precur-
sor of silicon carbide fiber,2 and polysilanes evoked
considerable scientific interest since the synthesis of
soluble substituted polysilanes in the 1980s. One of the
most interesting properties of polysilanes is their re-
markable electronic absorption spectra.®~> These poly-
mers have UV absorption bands, which resulted from
the o-electron delocalization along the main chain.6-8
Besides the electronic absorption, some polysilanes also
show thermochromism, piezochromism, photolumines-
cence, photodegradation, conductivity, etc., and a num-
ber of new applications are expected.®~* Modern
interest in polysilanes is generated by these unique
electronic properties, which are attributed to o-electron
delocalization along main chains. It is of interest to
form well-oriented polysilanes films, which are expected
to have anisotropic electronic properties.’>17 The
vibrational spectroscopy is one of the most important
methods to characterize oriented films, because it can
give information on chemical structures, etc., as well
as molecular orientation. Though studies on the vibra-
tional spectroscopy of polysilanes have been done,!1:13.18-20
most studies on oriented polysilanes have been done
with UV spectra and X-ray diffraction.

The vacuum deposition has been considered as one
of powerful methods to form organic thin films, and a
number of studies have been done with vacuum-de-
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posited organic films.21=24 It is well-known that vacuum-
deposited organic thin films show various properties
depending on the deposition condition, such as temper-
atures of substrate and furnace, substrate, deposition
rate, etc. PDMS is a simple representative of the poly-
silanes, and it is an important polymer to understand
basic properties of polysilanes. However, the insolubil-
ity of PDMS makes it difficult to characterize, to utilize
the polymer as materials, or to make PDMS thin films.25
Recently, a vacuum-deposition method has been used
to prepare oriented thin films of PDMS by the au-
thors?627 and Furukawa et al.?873! The molecular
orientation of the films was examined using UV absorp-
tion spectra with an inclined sample alignment in rela-
tion to temperature of substrates during vacuum-depo-
sition.?6 UV and HPLC measurements, however, sug-
gest that cleavage of the Si—Si bonds of PDMS was
unavoidable due to the high furnace temperature during
the vacuum-deposition.

Linear oligosilanes, Me(SiMe;),Me, of well-defined
molecular weight and chemical structure are very
important as analogues of PDMS.1419.27.32.33 |n clear
contrast to PDMS, the oligosilanes usually have melting
points without decomposition, and they are expected to
be vacuum-evaporated under milder conditions than
those for PDMS. It was expected that cleavage of Si—
Si bonds or other degradation of molecules would not
occur. Previously, thin films of permethyldodecasilane
(DM12) were prepared by the vacuum-deposition method,
and molecular orientation was confirmed by UV spectra
with the inclined sample alignment and wide-angle
X-ray diffraction.?”
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In this study, vacuum-deposited thin films of PDMS
and DM12 were prepared, and their molecular orienta-
tion was measured by infrared and UV measurements.
Changes in the chemical structure of the PDMS and
DM12 films, which were difficult to detect by UV or
X-ray diffraction measurements, were also examined by
infrared spectroscopy and were discussed in relation
with their thermal stability during the vacuum-deposi-
tion.

Experimental Section

PDMS powder, which was commercially available from
Nippon Soda Co., was used as an evaporation source without
further purification. DM12 was kindly provided by Dr. Tetsuo
Yatabe.?” Vacuum-deposited films of PDMS and DM12 were
prepared with an apparatus for vacuum deposition (Ayumi
Kogyo model VE-88-11). The samples were vacuum-deposited
to various substrates, e.g., quartz glass plates, KBr and Csl
windows, and vacuum-deposited silver mirrors in a vacuum
at5 x 107°=5 x 1078 Torr. The furnace temperature was 400
°C in the case of PDMS and 125-130 °C in the case of DM12.
Typical deposition time, 20 min, resulted in a film of about
200 nm thickness (estimated by a thickness monitor with a
guartz oscillator).

The infrared spectra were measured with Perkin-Elmer
model 1800 and Bio-Rad model FTS-60A FT-IRs. Nominal
resolution was 1 or 2cm™, and 64—1000 scans, which depend
on sample thickness, sample alignment, and measuring meth-
ods, resulted in spectra of enough signal-to-noise ratio. Trans-
mission spectra of vacuum-deposited films (on KBr or Csl
windows) were measured in the usual alignment (beam
incidents normal to the surface) and inclined sample align-
ments, where samples were placed with various inclination
angles to the incident beam. A vacuum-deposited film of
DM12 on a silver mirror was subjected to the reflection—
absorption measurement (RAS). Powder samples were made
into KBr pellets and subjected to the measurements. Back-
grounds due to the variation of water vapor concentration in
the spectrometer were removed using the spectral subtraction
technique. Japan Spectroscopic Co. model Ubest-55 spectrom-
eter was used for the UV measurements. The UV spectra of
the vacuum-deposited films were measured in the usual
alignment and in inclined sample alignments.

Results and Discussion

A. Vacuum-Deposited Films of PDMS. Infrared
spectra, which are very informative on the structure of
vacuum-deposited PDMS films, were examined. PDMS
was vacuum-deposited to Csl and KBr windows for
infrared measurements. Figure 1 reproduces the in-
frared spectra of vacuum-deposited PDMS films on Csl
at room temperature (B) and at low temperature (C).
An infrared spectrum of PDMS before the vacuum-
deposition measured by KBr pellet method was also
shown in Figure 1A. Infrared spectra of the films on
KBr windows were almost the same as those of the films
on Csl windows. In the infrared spectra of vacuum-
deposited PDMS films, new bands appeared and a band
at 760 cm~! became very weak, which is the strongest
absorption of the PDMS powder. Among the new bands,
a band around 2090 cm™1! is due to Si—H stretching and
bands in the 1100—1000 cm~1 region are of Si—O bonds.
Bands in the 900—700 cm~? region were not readily
assignable; however, these might be due to Si—C-Si
bonds resulted from cleavage of Si—Si bonds and
recombination, which also forms Si—H bonds, during the
vacuum evaporation. The infrared spectrum of the
PDMS powder left in the furnace after the vacuum-
deposition was also measured by the KBr pellet method.
The spectrum was essentially the same as that of PDMS
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Figure 1. Infrared spectra of PDMS: (A) before the vacuum-
deposition; (B) deposited to a Csl window at room temperature;
(C) deposited to a Csl window at —150 °C.
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Figure 2. Schematic illustration of PDMS and DM12 mol-
ecules in vacuum-deposited films.
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Figure 3. Infrared spectra of PDMS deposited to a KBr
window at room temperature with various sample inclination
angles.

before evaporation, where Si—H formation was not
observed and a small amount of Si—O formation was
found. This indicates that the Si—H and Si—O forma-
tion occurred during and/or after molecules evaporated,
and not in the furnace, which was kept at lower
temperature than that of the silicon carbide production.

Infrared spectra of a PDMS film vacuum-deposited
on a KBr substrate at room temperature were also
measured with various sample inclination angles, 6, as
shown schematically in Figure 2. The spectra were
reproduced in Figure 3, where the band at 760 cm~! was
weak in the spectrum of normal alignment and intensity
of the band increased as the sample inclination angle
became large. The 760 cm~! band is assigned to methyl
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Figure 4. Infrared dichroism of PDMS deposited to a KBr
window at room temperature in a 60° inclined sample align-
ment.

rocking parallel to the chain axis?® and has the induced
dipole moment parallel to the chain axis. The results
can be interpreted in terms of molecular orientation of
PDMS in the vacuum-deposited films, as follows. If the
main chains align perpendicular to the substrate (Fig-
ure 2, left), no absorption should occur with the normal
incident beam, because the electric field is perpendicular
to the chain axis and the induced dipole moment of the
760 cm~! band. With the inclined-sample alignment,
however, the absorption can be observed (Figure 2,
right), because the main chains are not perpendicular
to the electric field of the incident beam. An infrared
dichroism of the film was also measured with 60°
inclined sample alignment. The electric field of polar-
ized light shown by the solid arrow in Figure 2 is not
perpendicular to the oriented PDMS main chains when
the sample was inclined, and the 760 cm™! band is
expected to become strong. The electric field of the
polarized light shown by the broken arrow is always
perpendicular to the main chain even though the sample
was inclined, and the absorption will not be observed.
The polarized infrared spectra of the vacuum-deposited
PDMS film are reproduced in Figure 4A,B, which
corresponds to the polarized incident light shown by the
solid and broken arrows, respectively. As expected, the
760 cm™! band is much stronger in Figure 4A than in
Figure 4B. Thus, it was confirmed by the infrared
measurements that the major parts of vacuum-depos-
ited PDMS molecules were oriented perpendicular to the
substrate. However, small parts of PDMS may not be
in perpendicular orientation, because the 760 cm~* band
appears even in the normal sample alignment.

UV spectra of the vacuum-deposited films of PDMS
are of particular interest, and spectra of the PDMS films
were also measured with various inclined-sample align-
ments in order to determine molecular orientation of
the films.26 It was concluded that the PDMS molecules
were oriented perpendicular to the substrate in the films
deposited to the substrate at room temperature, as
shown schematically in Figure 2. On the other hand,
no particular orientation was found when PDMS was
vacuum-deposited to a cooled substrate. It was assumed
that the temperature of substrates is a major factor that
affects the structure of vacuum-deposited PDMS films.26

The methyl rocking band (parallel) of vacuum-de-
posited films of PDMS (760 cm™1) appeared at higher
wavenumber than that of PDMS powder (742.5 cm™1).
Though the mechanism is not clear so far, the methyl
rocking (parallel) band of oligomeric analogues of PDMS
show molecular weight dependence, and a shorter
oligosilane gave the band at higher wavenumber re-
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Figure 5. Infrared spectra of DM12: (A) before the vacuum-
deposition; (B) after the vacuum-deposition (random orienta-
tion).

gion.’® The shift of the methyl rocking band of the
vacuum-deposited PDMS toward higher wavenumber
region qualitatively indicates that the molecules in the
film have shorter Si catenation than the PDMS polymer.
The UV absorption band also indicated that the mol-
ecules have shorter catenation. The Si—H stretching
band, Si—O bands, and bands in the 900—700 cm™!
region, which might be attributed to Si—C-Si bonds,
of vacuum-deposited films of PDMS clearly indicate that
the molecules degraded during the deposition process.
Complicated molecular degradation is inevitable be-
cause of the severe condition necessary to evaporate
PDMS molecules, though the PDMS films of perpen-
dicular orientation can be prepared by the vacuum-
deposition method.

B. Vacuum-Deposited Films of DM12. Previ-
ously, vacuum-deposited films of DM12 was prepared
by the authors.2” The chemical structure of molecules
in a vacuum-deposited DM12 film was examined by
infrared measurements, because some degradation was
found in the case of vacuum-deposited PDMS films.
DM12 was vacuum-deposited to a KBr window, and the
film was scraped off and made into a KBr pellet in order
to make a random oriented sample. The infrared
spectrum of the pellet was compared with that of DM12
before the vacuum-deposition. Both spectra were re-
produced in Figure 5. The relative intensities of the
bands did not vary between both spectra, and Si—O
bonds (1100—1000 cm™1 region) did not increase during
the vacuum-deposition, though a small amount of Si—O
bonds was found in both spectra. The clear 2100 cm™2
region indicates that a detectable amount of Si—H bond
formation and accompanying Si—C—Si bond formation,
which may give rise to additional bands in the 900—
700 cm~? region, did not occur. No shift of the methyl
rocking (parallel) band (753 cm~1), which shows molec-
ular weight dependence, was observed, and Si—Si
cleavage did not occur during the deposition. Thus, the
infrared spectra show that DM12 can be vacuum-
deposited without molecular degradation, in clear con-
trast to the case of PDMS.

DM12 was vacuum-deposited to quartz plates at room
temperature and at low temperature (—150 °C) and
subjected to UV measurements. Figure 6 (left) shows
UV spectra of the film deposited to a substrate at room
temperature measured with various sample inclination
angles, 6. Behavior of the 285 nm band with parallel
polarity indicates that the molecules were oriented
perpendicular to the substrate. UV dichroism of the
band was also measured in the inclined sample align-
ment (Figure 6, right). Large dichroism of the band
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Figure 6. UV spectra of a vacuum-deposited DM12 film on a
quartz plate at room temperature (left) and UV dichroism of
the film in 45° inclined sample alignment (right).
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Figure 7. UV spectra of a vacuum-deposited DM12 film on a
guartz plate at low temperature.

supports the perpendicular orientation of DM12 in the
film as was discussed with the vacuum-deposited films
of PDMS, because the UV band has the same polarity
as infrared parallel bands. The UV spectra of a DM12
film vacuum-deposited to a cooled substrate with vari-
ous sample inclination angles are shown in Figure 7.
The intensity of the band did not vary much with
inclination angles, and the DM12 molecules have no
significant orientation when vacuum-deposited to a
cooled substrate. Thus, it is concluded that the tem-
perature of a substrate is a major factor which affects
molecular orientation of DM12 vacuum-deposited films.

Infrared spectra of a DM12 film vacuum-deposited on
a KBr substrate at room temperature were measured
at various sample inclination angles, and the spectra
were reproduced in Figure 8. Bands at 862 and 753
cm~1 almost disappear with the normal sample align-
ment, and intensities of these bands increased at large
sample inclination angles. The 753 cm™! band is
assigned to methyl rocking (parallel) mode, which has
the transition dipole moment parallel to the chain axis,
and the band at 862 cm~! would be of the end groups
(Si—Megz). Infrared dichroism of the film was also
measured with 60° inclined sample alignment. The
spectrum measured by the polarized light indicated in
the solid line in Figure 2 shows strong absorptions of
862 and 753 cm™! bands (Figure 9A). In a spectrum
measured with the light shown with the broken line in
Figure 2, however, both bands almost disappear (Figure
9B). These behaviors of the parallel band at 753 cm™?
can be interpreted in terms of perpendicular orientation
of DM12 molecules, as described in the case of the
PDMS film. An infrared spectrum of the DM12 film
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Figure 8. Infrared spectra of DM12 deposited to a KBr
window at room temperature with various sample inclination
angles.
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Figure 9. Infrared dichroism of DM12 deposited to a KBr
window at room temperature in 60° inclined sample alignment.
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Figure 10. Infrared reflection—absorption spectrum of vacuum-
deposited DM12 films.

deposited to a silver mirror at room temperature was
measured by RAS.3* In the reflection—absorption align-
ment, the electric field is perpendicular to the substrate
when an incident angle (86° in this study) is close to
the grazing angle. If the molecules in the films are
oriented perpendicular to the substrate, only parallel
bands should be observed by the reflection—absorption
method. In Figure 10, the RAS spectrum (bottom) was
compared with the spectrum of random oriented DM12
in a KBr pellet (top). In the RAS spectrum, only the
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753 cm~* band with parallel polarization and bands due
to the end group (862 and 618 cm™1) appear and
perpendicular bands are almost absent as expected.
These infrared spectra clearly showed that the DM12
molecules in the vacuum-deposited films were oriented
perpendicular to the substrate.

Conclusion

It was found that perpendicular oriented thin films
of PDMS and DM12 on various substrates can be
prepared by the vacuum-deposition method. Infrared
and UV spectra measured with the inclined sample
alignment show that the molecules in the vacuum-
deposited films are oriented normal to the substrate,
when the films were deposited to the substrate at room
temperature during the vacuum-deposition. Dichroism
of the films also supports the perpendicular orientation.
In contrast, vacuum-deposited films show no significant
orientation, if the substrates were kept at low temper-
ature. Temperature of the substrate is the major
condition that determines molecular orientation of the
vacuum-deposited films of PDMS and DM12. The
vacuum-deposition method is the one and only tech-
niqgue to make perpendicular oriented films of polysi-
lanes and their analogues so far, and characteristic
properties due to o-electron delocalization were expected
to appear specifically in the direction perpendicular to
the film surface. The infrared spectra of vacuum-
deposited PDMS films show that the film was made of
PDMS of short chain length with Si—H, Si—0O, and Si—
C—Si bonds, i.e., degraded molecules. In clear contrast,
no degradation of molecules was detected in the vacuum-
deposited DM12 films, and the importance of oligosi-
lanes as analogues of polysilanes was clearly demon-
strated. Infrared measurement can detect changes in
chemical structure of vacuum-deposited thin films, as
well as molecular orientation, and infrared spectroscopy
was found to be important in studies of vacuum-
deposited thin films of polysilanes.
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