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Abstract : Poly(dimethylsilane} (PDMS} is a simple representative of the polysilanes and it is an
important polymer to understand basic properties of polysilanes. However, vibrational spectra of
PDMS is not fully understood yet. In this study, deuterated PDMS, ie. {SiCD,CDs), and (SICH,CDsl.,
are synthesized, in order to obtain vibrational spectroscopic data of PDMS. The data would lead to the
normal mode analysis of PDMS. The synthesized polymers were characterized by WAXD and infrared
spectra. Both polymers have the same unit cell structure as that of PDMS. Oriented thin films of the
polymers were also prepared by the mechanical deposition method, and polarities of infrared bands
were measured. Tentative band assignments of infrared spectra were proposed.

Introduction

Polysilanes contain only silicon atoms in the
main chain with organic substituents. The poly-
mers have attracted many interests because of
their unique electronic and optical properties,
such as electronic absorption, thermochromism,
piezochromism, photoluminescence, conductivity.
etc.,'® which are due to G-electron delocalization
along main chain.”® Most of the modern interests,
however, are focused on optical and electronic
properties, and studies on the other basic proper-
ties are notably seldom so far.' Poly(dime-
thylsilane) (PDMS), a simple representative of
polysilanes, is an important polymer to under-
stand basic properties of polysilanes. However,
the insolubility of PDMS makes it difficult to
characterize or to utilize the polymer as materials.

The vibrational spectroscopy is one of the most
important methods to characterize polymers, e.g.
chemical structure, conformation, molecular orien-
tation and higher-order structure, etc. In case of
PDMS, vibrational spectroscopic studies have
been done by Wesson ei al.,' Leites ef o' and
the authors,'*"® however, vibrational spectra are
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not fully understood yet. Elastic modulus is one
of the important properties as a material, and
estimation of crystalline modulus is of interest.
Vibrational spectroscopy can be used to estimate
crystalline modulus of polymers. One methed is
based on a calculation from the frequency of
longitudinal acoustic modes, which related to
chain length and elastic modulus.**** This ap-
proach to the estimation of crystalline modulus of
PDMS is undertaken by the authors'? and details
will be published elsewhere. Another method is a
calculation from all force constants of a polymer,*
however, symmetry species or polarization of
vibrational bands of PDMS are not fully
determined, and force constants of PDMS are not
determined by the normal mode analysis. The
normal mode analysis is also important in various
application of wvibrational spectroscopy for the
understanding of the polymer structure.

In this study, new polymers, poly{dimethylsil-
ane)-ds (PDMS-ds), (SiCD:CDs)a, and poly
(dimethylsilane)-ds [PDMS-ds), (SiCD.CH.)., are
synthesized in order to obtain vibrational
spectroscopic  data, such as frequencies and
polarities. The polymers are characterized by
X-ray diffraction and infrared spectroscopy.
Polarized infrared spectra of oriented thin films
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prepared by the mechanical deposition method™®
were also measured, and assignment of some
infrared bands of the polymers were discussed.

Experimental

PDMS-d; and PDMS-d: were synthesized in
three-step reactions as shown in Schemes [ and 1L
Diphenyldichlorositane (1} (Chisso) and diphenyl-
methylchlorosilane (4) {Chisso) were the starting
materials of the syntheses of PDMS-d: and
PDMS-d;, respectively, and were used without
purification. Diethylether solution of methyl-ds-
magnesium iodide {Aldrich Chemicals} was
added to 1 or 4 in THF, giving diphenyldimethyl-
ds-silane (2) or diphenylmethyl-d:-methylsilane (5)
in 85% vield. Treatment of 2 or 5 in toluene
with hydrogen chloride, catalyzed by aluminum
chloride, gave dimethyl-di-dichlorosilane (3) or
methyl-d:-methyldichlorosilane {6} in 55% vield. 3
or 6 was distilled as a mixture with benzene, and
was subjected to Wultz coupling reaction with
sodium in toluene. The polymers were washed
with water to remove sodium chloride and sub-
jected to measurements after drying. Yield of
PDMS-d, and PDMS-d; were 65% and 55%,
respectively. PDMS was commercially available
from Nippon Soda Co., and was used without
further purification.

Scheme |
Ph cDsMg Fh HCI/ ACl;
Cl=$§i= Gl ——————= CD;-S5i~CDy ]
Ph THF Ph toluene
1 2 (85%)
Ci Na CD3
1
CD;-Si-CD; » 4 S
Cl toluene / benzene CID3 n
3 (55%) (65%)
Scheme 11
Fh CD;Mgl Fh HCH/ AICI,
CHj~ §i- Cl ————= CH3-$i-CD;
Ph THF Bh toluene
4 5 (85%)
(;l Na CDg
CH4-Si-CD Si
* é, ? toluene / benzene +6H:)-“_
6 (55%) (55%)
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Philips 1800 system was used to record wide
angle X-ray diffraction. Bio-Rad model FTS-60A
FT-IR was used for infrared measurements. The
polymers were made inte KBr pelleis and
subjected to the measurements. Oriented films of
PDMS-ds and PDMS-d; were prepared on KBr
windows by the mechanical deposition method'™
and polarized infrared spectra were measured.
Nominal resolution of FTIR data was 2 em™. 64
and 256 scans were added for KBr pellet and
oriented films, respectively.

Results and Discussion

PDMS chains were thought to be planar zig-
zag conformation and an infinite chain is
isomorphous with the point group Da. It is
important to determine conformation of PDMS-d,
and PDMS-d.. Figure 1 shows wide angle X-ray
diffraction patterns of the polymer powders along
with that of PDMS powder. All diffraction
patterns were essentially the same, and all
polymers have the same unit cell structure, ie.,
the same conformation. Thus, PDMS-d. and
PDMS-d; can be used to vibrational spectro-
scopic studies without consideration of structural
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Figure 1. Wide-angle X-ray diffraction patterns of PDMS,
PDMS-d; and PDMS-d;.
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Figure 2. Infrared spectra of PDMS, PDMS-d; and PDMS-d,.

difference to PDMS, and PDMS-ds is isomor-
phous with the point group D 1t should be
noted that all silicon atoms have CH; and CD; in
PDMS-ds, and the polymer has lower symmetry.
Centamination of Si-O bonds should be ex-
amined first, because the bonds are easily
introduced to polymer chains during Wultz coupl-
ing reaction. Figure 2 shows infrared spectra of
PDMS, PDMS-de and PDMS-d. powders in KBr
pellets. Though sharp bands due to CDs; group
were observed in 1100-1000 cm™ region, a
broad band, which is characteristic of Si-O bonds,
was very small, and Si-O contamination to the
polymers was negligible. In Figure 2, bands in
3100-2800 and 2300-2000 cm® regions were
assignable to CH: and CD: stretching bands,
respectively. It is clear that PDMS-d; has only CD;
groups, ie. the polymer was fully deuterated. In
the spectrum of PDMS-d,, both of CH; and CD:
groups were observed and ratio of intensities of *
bands suggests 1:1 ratio of CH; and CD, groups,
because CH, stretching bands are roughly twice
in strength compared to CD; stretching bands.
In 1500-900 cm” region, bands are readily assign-
able, ie. antisymmetric and symmetric deforma-
tion of CHs group (1413 and 1402 cm™: antisym.
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Figure 3. The coordinate in a PDMS and PDMS-d; molec-
ule for the factor group analysis.

12475 em™ sym.) and CD: group (1034 and
1027.5 cm™ antisym. 980.5 cm™ sym.}. As was
observed in the higher wavenumber region, only
bands due to CDs; groups were observed in
the spectrum of PDMS-ds;, while the spectrum
of PDMS-d: shows both CH; and CDs. groups.
Antisymmetric deformation bands are more in-
formative. As described before, these two poly-
mers are isomorphous with point group Da, and
a factor group analysis predicts two infrared-
active modes of antisymmetric deformation, B,
and B, [coordinate used in this study is shown in
Figure 3). In spectra of PDMS and PDMS-d., the
band showed a splitting, which is due to
interaction between two CH; groups {or two CD;
groups) bound to the same silicon atom. In clear
contrast, antisymmetric deformation bands of CH,
and CDs; are singlet in the spectrum of PDMS-d..
This indicates that CH:-CH: and CDsCD.
interactions do not occur in PDMS-d,, ie., both
CH: and CDs groups are bonded to the same
silicon atomn as expected from the synthetic
scheme. Thus, it was confirmed by X-ray diffrac-
tion and infrared measurement that PDMS-d,
and PDMS-d; were synthesized according to
Schemes | and IL

Assignmeni of infrared bands at
wavenumber region is much more complicated,
partly because of large interaction between
methyl rocking modes. In the region, CHs {or CDs)
rocking modes (Bu, B. and Ba) and antisymme-
tric and symmetric SiC, stretching modes (Ba,
and Ba., respectively) are infrared-active in case

lower
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Table 1. Observed Wavenumber and Assignment of Infrared Bands of PDMS, PDMS-d; and PDMS-d,

PDMS PDMS-dg PDMS-d,

2950 s V. CHj - 2850. 5 m v, CH;

2805 m v Cls - 2895 m v, CH,
- 2209 m v, CD; 22095 w v, CDy
- 2112 w v, CDy 21115 w v, CDy

1413 w  8.CH; By, or By, - 1414 w &, CH,

1402 w 08.CHy By, or B, - —

12475 s 8,CH; By, or B, - 12455 m 8, CH, .
- 1034 m  8,CD; By, or Ba, 1030 w 8., CD,
- 1027.5 m 8,CD; By, or Ba, -

- 980.5 vs 8D, B,, and B, 9795 s 8, CDy

833 s pCH; Ba, L

795 s pCH; L

743.5 vs pCH; Bon// 746 s pCH./!

732 m pCH; Ba, L

6905 w v, SiC, By, L 700 g bl

6795 s al
66550 m al
630 m  vSiC, Byl
5995 s bl
581 vs pCD; B// 584 s bl
567 sh al 569 s pCDa//

a pCDy Ba, Ba, v.SiC, By, or vSiC, B,

b: pCD; L, vSiCH; or vSiCDs.

of PDMS and PDMS-d;, where only Bi. mode

has parallel polarity. In case of PDMS-d;, number

of infrared bands are reduced because the

polymer lacks CHs-CH; and CD;-CD; interactions. no polarizer

Two CH, rocking modes {(CH:; group rocks
parallel and perpendicular to the chain axis), two
CD: rocking modes (parallel and perpendicular)
and SiCH: and SiCD; stretching modes (both
have perpendicular polarity} are expected to be
observed. Assignment of the methyl rocking
bands of PDMS has been done before™ and are
summarized in Table . The other two bands at
690.5 and 630 cm® can be assigned to anti-
symmetric (Bza) and symmetric (B} stretching of
SiC:. respectively. In order to determine the
polarization of these infrared bands of PDMS-d;
and PDMS-d.. oriented thin films of the polymers
were prepared by the mechanical deposition
method. Polarized infrared spectra of PDMS-d;
were reproduced in Figure 4. It is clear that a
band at 581 cm™ is a parallel band and assigned
to CD: rocking (B.). Figure 5 shows polarized
infrared spectra of PDMS-d; oriented film. Bands
at 746 cm' was a parallel band and was
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Figure 4. Polarized infrared spectra of an oriented thin film
of PDMS-d,.

assigned to CH; rocking moede {parallel). Though
it is ambiguous due to high noise level, bands
at 569 cm™ seemed to be a parallel band and
was tentatively assigned to CD; rocking mode
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Figure 5. Polarized infrared spectra of an oriented thin film
of PDMS-ds.

(parallel}). Among the other bands, it is
reascnable to assign a band at 795 ecm™ to CH;
rocking mode (perpendicular), which split to 833
and 732 ¢m™ in the spectrum of PDMS. Assumed
assignments of infrared bands of PDMS-ds and
PDMS-d; were summarized in Table I Further
spectroscopic consideration with Raman scatter-
ing spectra would lead to full understanding of
vibrational modes of the polymers, and would
help the normal mode analysis of PDMS.

Conclusion

PDMS-ds and PDMS-d; were first synthesized
and characterized by X-ray diffraction and infra-
red spectroscopy. The polymers have the same
unit cell structure as PDMS, and thought to have
the same conformation. Polarized infrared spectra
of oriented films of PDMS-d. and PDMS-d, were
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measured and assignment {symmetry species} of
some infrared bands were proposed.
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