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ABSTRACT: The dynamical properties of polysilane (also, polysilylene) have been studied by the scaled
quantum mechanical oligomer force field (SQMOFF) approach. The analysis of the vibrational spectrum
of polysilane is based on the assignments of the available vibrational spectra of small polysilane oligomers,
SiyHs, SizHs, and SiyHjo, on the basis of the scaled ab initio force fields at the 6-31G basis set level. The
phonon dispersion curves of all-trans- and gauche-polysilanes have been obtained. The calculated vibrational
spectrum of polysilane indicates that polysilane is most likely in a disordered form, where trans and gauche
segments are randomly distributed. The experimental Raman spectrum of polysilane has been assigned on

the basis of the present calculations.

I. Introduction

Polysilane (PS) and its derivatives have attracted
considerable attention in recent years due to their spec-
troscopic and semiconducting properties, not to mention
their potentially valuable practical applications as useful
materials.! Progressintheirresearch hasreached thestage
at which fundamental structural details are being deter-
mined.! Experimental measurements of their structures
have been performed,? and their structural and confor-
mational properties have been extensively studied theo-
retically by empirical force field, semiempirical, and ab
initio quantum chemical approaches.?

The vibrational spectrum of PS has been the subject of
several recent publications* with the aim of providing basic
understanding of the physical and chemical properties of
PS. Such work has been often conducted in connection
with the analysis of the local bonding environment of H
in a-Si (amorphous silicon) and a-Si:H (hydrogenated
amorphoussilicon). The basicissue has been how to assign
the SiH stretching, SiH; rocking, SiH; bending, SiH;
wagging, and SiH; deformation vibrational modes. (See
Figure 1.) The observed vibrational modes at 630, 890,
and 2100 ¢cm™! for the SiH; group have been assigned to
the rocking, bending, and stretching modes for a-Si and
a-Si:H alloys, which are very close to the observed values
of 630, 909, and 2115 ¢cm™! for PS.#2 These assignments
are based on comparison of the spectra of PS oligomers
with those of PS. However, the spectra of these oligomers
have not yet been fully assigned. Detailed studies of the
dynamical properties of PS have not been carried out yet,
especially the effects of conformation on its vibrational
spectrum.

In this work we analyze the vibrational spectrum of PS
beginning with the assignment of the vibrational spectra
of PS oligomers from the smallest SisHg to SigHj at the
6-31G level. Then, the ab initio scaled quantum mechan-
ical oligomer force field (SQMOFF) approach® will be
applied to PS to extrapolate the vibrational frequencies
and intensities for the perfect all-trans- and gauche-poly-
silanes. This method provides an unbiased assignment
and has been proven to produce reliable frequencies and
qualitatively acceptable intensities for a number of dif-
ferent polymers.® These calculations provide new insights
into the dynamical properties of PS and relate its
vibrational spectrum to its conformation.
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Figure 1. Descriptions of vibrational modes of SiH; and SiHg
groups. Open circles are silicon; filled ones are hydrogen.

II. Method

It is well-known that ab initio calculations at the modest
basis set level can produce very reasonable vibrational
frequencies if they are used in conjunction with force
constant scaling.?® The 6-31G double-{ quality basis’ set
has been used throughout the present work. The reliability
of this basis set for the present purpose can be assessed
by the calculated vibrational frequencies and intensities
of PS oligomers, Si;He, SisHs, and SigHjo, for which
experimental vibrational spectra and relative intensities
are available.?
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Table I
Calculated Vibrational Spectrum of SizH, at the 6-31G
Level together with the Experimental Values
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Table II
Calculated Vibrational Spectrum of Siz3H; at the 6-31G
Level together with the Experimental Values

caled, cm™! caled, cm™! intensity®
expt® unscaled scaled® intensity* descripn expt? unscaled scaled® IR Raman descripn
IR-Active Modes A'112w 112 107 2 3  SiSibend
E,379m 420 400 38 SiHj; rock y.\4 353 337 36 0 SiH; rock
Aoy 844 s 898 856 679 SiH; deformn A’3928 389 371 1 56 SiSi stretch
E, 9405 1011 964 137 SiH3 deformn A’ 447 s (IR) 467 445 3 27  SiSistretch
Agy 2154 v 2250 2145 216 SiH stretch A” 468 s (IR) 468 446 0 1 SiH3 deformn
Ex 2179 vs 2270 2164 401 SiH stretch A/ 499 476 35 0 SiH; deformn
. A’ 665w 610 582 15 24  SiHj deformn
Raman-Active Modes . A”584m (IR) 636 606 15 12  SiHjdeformn
Ay 432 vs 439 418 41 S}Sl stretch A” 704 s (IR) 769 733 0 48 SiH, twist
E 628w 676 644 26 SiHj rock A’716s (IR) 776 740 380 0  SiH,wag
Ag920m 967 922 9 SiHj deformn A’876 s (IR) 924 881 430 7  SiHjdeformn
Eg 9M4lw 999 952 97 Sle deformn A 941 897 244 12 SlHa deformn
Eg 21558 2260 2154 239 SiH stretch A’926 m 986 940 ) 87 SIH2 scissor
Alg 2163 vvs 2266 2160 543 SiH stretch A" 1001 954 0 90 SiHa deformn
rms error 71 14 2” 1006 959 122 3  SiHj;deformn
¢ 1006 959 47 0 SiHj def
¢ Experimental data from ref 8; intensities are rated as w (weak), A 1012 965 1926 41 S:Hz d:fg::g
m (medium), s (strong), vs (very strong), and vvs (very very strong). A’2130m 2949 2137 140 71 SiH stretch
b Uniform scaling with a scaling factor of 0.9533. ¢ IR and Raman A” 2950 2145 20 9254
intensities in km/mol and A%/amu, respectively. A’ 2954 2149 174 1
A 2262 2156 0 27
The scaled quantum mechanical oligomer force field is A’2148s 2264 2158 77 611
based on the k-dependent dynamical matrix F(k) which 2, gggg g%gg ;ié ;gg
can be expressed as A”2150s (IR) 2270 2164 527 62
rms error 68 17

Fk) = FQ) + Xexp(ikal)F(l) 1)

The central block (interactions within the middle SiH,
repeat unit) of the force constant matrix of SizH;, is taken
as F(0) and the interaction force constant matrix block
between the central and the first neighboring repeat units
as F(1), and so on. Then, the k-dependent version of
Wilson’s method? is used to obtain the vibrational fre-
quencies and normal modes of PS.5 The IR intensities
and Raman scattering activities of PS can be obtained
from the dipole moment and polarizability derivatives’
with respect to Cartesian coordinates taken from the
middle repeat unit of SisH;s.5

More details including convergence properties of the
above approach have been discussed elsewhere.? Usually
the second-nearest-neighbor approximation in (1) can be
considered fully converged® in the sense that in this
approximation the errors of the calculation are dominated
by other effects, such as interchain interactions, choice of
the basis set, and inherent limitations of the empirical
scaling process.® This approach is empirical in so far as
scaling parameters are used to obtain the best overall
agreement with experiment in full analogy with successful
molecular vibrational calculations.® In this work we used
only one uniform scaling factor as a parameter. This
scaling factor is found by minimizing the mean square
root difference between the experimental vibrational
frequencies of Si;Hg and the corresponding theoretical
frequencies. The intensities are determined without any
empirical adjustable parameter and should be, at this level
of theory, only qualitatively correct.

II1. Oligomers

We are primarily interested in the vibrational motions
of the SiH: groups because PS is built up from SiH; units.
The descriptions of vibrational modes related to SiH; and
SiH; groups are shown in Figure 1. The calculated
vibrational frequencies and intensities for Si;Hg, SizHs,
and SiyH; together with our assignments are listed in
Tables I-II1. The uniformlyscaled vibrational frequencies
in Table I agree reasonably well with the observed

o< See Table L.

frequencies for SioHg. The largest error between the
calculated and observed frequencies is 23 ¢cm™!, which is
within the error found for typical molecules by Pulay’s
more sophisticated scaling method.?2 Therefore, the
uniform scaling method® will be used throughout the
present work due to its simplicity. The trends in the
intensities are poor, as observed generally with ab initio
calculations of similar quality.

The SiH; rocking mode is predicted to be at 337 cm™
for SizHs, which is not observed experimentally because
its intensity is too weak. The vibrational frequencies of
similar modes for SijHi are calculated to be 320 (IR) and
368 cm™! (Raman). Ourfinding is different from the earlier
assignment of this mode. Vora et al.® assigned their
observed 630-cm™! Raman line of PS to this mode.
Obviously, such an assignment is questionable at least if
PSisinan all-trans conformation. More discussions about
this Raman line will be made in connection with the
discussion of conformational effects on the vibrational
spectrum of PS.

The vibrational frequency of the SiH; wagging mode
for SizHj is calculated to be 740 cm™!, and the observed
value is 714 cm™!, The two SiH; wagging modes for SigHso
are calculated to be 694 cm™! (IR) and 780 cm™! (Raman).
The observed IR line is at 692 cm™!, and the Raman
scattering activity (3 AYamu) of the SiH; wagging mode
is weak, making it difficult to observe. Our calculations
do not support the previous assignment* of the 845-cm™!
line as the SiH; wagging motion.

The SiH; twisting mode for SigHg was observed at 704
cm~! while the calculated valueis 733 cm™. The theoretical
values of two similar modes for SigH;o are 693 cm™! (IR)
and 753 cm™ (Raman), and the corresponding observed
values are 657 cm™! (IR) and 744 cm™! (Raman), respec-
tively.

The SiH; scissor mode is very localized. The calculated
frequency is 940 cm™! for SisHs, and the corresponding
observed value is 926 cm™1. The theoretical frequencies
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Table III
Calculated Vibrational Spectrum of SiHj, at the 6-31G
Level together with the Experimental Values

caled, cm™
expt? unscaled  scaled’® intensity* descripn
IR-Active Modes
Ay 336 320 39 SiH; rock
B,422s 438 418 0 SiSi stretch
A, 4658 497 474 15 SiHj; rock
B.478 m 522 498 88 SiH; rock
A, 6578 727 693 7 SiH, twist
B,692s 728 694 622 SiH; wag
B, 8745 926 883 738 SiH; deformn
B, 933 m 989 943 62 SiH; scissor
Ay 1004 957 119 SiH;z deformn
By 1010 963 232 SiH; deformn
B, 2241 2136 238 SiH stretch
Ay 2253 2148 45
B, 2257 2152 259
B, 2267 2161 455
A, 21448 2270 2164 645
Raman-Active Modes
Ag 139 vw 136 130 10 SiHj3 rock
Ag361s 374 357 75 SiSi stretch
B, 386 368 0 SiH; rock
Ag465m 481 459 45 SiSi stretch
Ag 542 vw 583 566 28 SiHj3 rock
B, 616 587 18 SiH; rock
B, 744 w 790 753 74 SiH, twist
A, 818 780 3 SiH; wag
A 869w 935 891 15 SiH3 deformn
Ag917m 987 941 91 SiH, scissor
By 1003 956 98 SiH; deformn
Aq 1008 961 44 SiHj deformn
Ag2120s 2244 2139 102 SiH stretch
B; 2143 2247 2142 272
Ag 2264 2158 787
B, 2265 2159 165
A 2266 2160 454
rms error 64 16
o~ See Table 1.
Table IV
Optimized Geometry of Si;Hg (Dsq)
Bond Length (&)

Si-8i 2.370 (2.331)¢
Si-H 1.494 (1.492)¢

Bond Angle (deg)
Si-Si-H 110.4 (110.3)s

@ Experimental data from Beagley et al.2

of the SiH, scissor modes for SisH1o are 943 cm™! (IR) and
941 cm~! (Raman), while the observed values are 933 cm™!
(IR) and 917 cm™ (Raman). Thus, on the basis of these
oligomer data, it is natural to preliminarily assign the
909-cm-! Raman line of PS to the SiH; scissor motion.
This assignment will be confirmed in the next section.

The SiH stretching modes have been predicted to have
frequencies around 2150 c¢cm™, which is in very good
agreement with the available experimental values and the
earlier assignments for this vibrational band of PS.48

The vibrational frequencies of the SiSi stretch mode
have been calculated for the three oligomers to fall between
360 and 460 cm™, similar to the experimental results on
oligomers. The corresponding polymer bands have also
been assigned to the SiSi stretch* in concordance with the
oligomer data and our polymer predictions to be discussed
in the next section.

The optimized geometries for Si;Hg, SisHg, SisH10, and
SigH, at the 6-31G level are listed in Tables IV-VIL The
agreement between the theoretical and experimental
spectra of the silanes is satisfactory, and only one empirical
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Table V
Optimized Geometry of SizH; (Ci,)*

Bond Length (&)
Si1-Si2 2.376
Sil-H 1.494, 1.494
Si2-H 1.495

Bond Angle (deg)
Si1-Si2-8il’ 113.0
H-Si1-Si2 110.3
H-8i2-Sil 109.0

Dihedral Angle (deg)
H-Si1-8i2-8il’ 59.8
H-Si2-Si1-H 58.7

4 Sil and Sil’ are related by symmetry.

Table VI
Optimized Geometry of Si;H;s (Cap)*

Bond Length ()
Si1-8i2 2.376
Si2-8i2’ 2.381
Sil-H (in plane) 1.493
Sil-H (out of plane) 1.493
Si2-H 1.496

Bond Angle (deg)
Si1-8i2-8i2’ 112.9
H-8i1-Si2 (in plane) 110.6
H-Si1-Si2 (out of plane) 110.1
H-Si2-Si2’ 108.9
Dihedral Angle (deg)

H-8i1-8i2-8i2’ 59.8
H-Si2-8i2’-8il’ 58.4

¢ Sil and Sil’ are related by symmetry.

. Table VII
Optimized Geometry of SisH) (Cyy)*

Bond Length (A)
Si1-8i2 2.377
Si2-Si3 2.380
Sil-H (in plane) 1.494
Si1-H 1.494
Si2-H 1.495
Si3-H 1.496

Bond Angle (deg)
Si1-Si2-Si3 112.9
Si2-8i3-Si2’ 113.2
H-Si1-8i2 (in plane) 110.3
H-Si1-Si2 110.4
H-8i2-Si3 108.8
H-Si3-8i3 109.1

Dihedral Angle (deg)
H-Si1-8i2-8i3 59.8
H-Si2-8i3-8i2’ 58.5
H-Si3-Si2-Sil 58.4

¢ Si2 and Si2’ are related by symmetry.

parameter has been used. We now turn to the vibrational
spectrum of infinite polysilane.

IV. Regular all-trans-Polysilane

The calculated vibrational frequencies and intensities
of all-trans-PS are listed in Table VIII. The geometry of
all-trans-PS is taken from the previously calculated values
using the crystal orbital approach.3 We have used a unit
cell of SiH; and a screw axis of symmetry. This corre-
sponds to 3 X 3 = 9 phonon branches. The helical angle
is defined to be the angle 6 for the screw operation S(9),
which means arotation through 6, followed by a translation
by h. More details concerning helical symmetry in
quantum chemistry can be found in ref 3h. Only spec-
troscopically active modes?® are listed in Table VIII, which
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Table VIII
Calculated Vibrational Spectrum of all-trans-Polysilane at
the 6-31G Level Based on the SQMOFF Approach

Macromolecules, Vol. 25, No. 3, 1992

Table IX
Selected Scaled Force Constants Used for Polysilane, Based
on SizH;, at the 6-31G Level

caled, cm™t
expt® unscaled scaled’? intensity” descripn
IR-Active Modes
B 326 311 11 SiH; rock
Ay 576 549 0.02 SiH, twist
Bsy 634 604 268 SiH; wag
By 905 1000 953 58 SiH; scissor
B2y, 2100 2244 2139 123 SiH s-stretch
By, 2100 2264 2158 125 SiH a-stretch
Raman-Active Modes

Ag 433 413 15 SiSi stretch
By 480 492 469 12 SiSi stretch
Bs 558 532 2 SiH; rock
By, 807 769 27 SiH; twist
By 848 808 0.01 SiH; wag
A; 909 990 943 25 SiH, scissor
Ag 2115 2245 2140 91 SiH s-stretch
B 2155 2255 2150 167 SiH a-stretch
rms error? 114 36

s Reference 4a. b¢ See Table I. ¢ Not counting the 630-cm=1 band;
see text.
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Figure 2. Scaled phonon dispersion curves of all-trans-polysi-

lane by the oligomer approach at the 6-31G level using a uniform
scaling factor of 0.9533. (k is in 2#/h units.)

correspond to the modes of the phonon dispersion curves
at k =0 and k = 6/h = x/h in Figure 2. The calculated
SiSistretching, SiH stretching, and SiHj scissor vibrational
frequencies of all-trans-PS are in good agreement with
the experimental observations for PS and its oligomers.
Generally, there is agreement with the earlier assignments*
in that the 480-cm™! band is SiSistretch and the 2115-cm™!
band is SiH stretch. The 309-cm band has been assigned
earlier as SiH; bending,* which occurs in our calculations
at 940950 cm™! and corresponds to a SiH; scissoring
motion. However, we cannot find any spectroscopically
allowed frequency close to the observed 630-cm™! band.42
This band might be related to changes in conformation or
disorder effects as discussed below. This also accounts
for the fact that the RMS error is relatively large, even
without the 630-cm™! band.

The two lowest phonon dispersion curves in Figure 2
correspond to the longitudinal and transverse acoustic
modes. The slopes of these at k = 0 determine the
longitudinal and transverse sound velocities and the
ultimate longitudinal elastic (Young’s) modulus, Y. We

descripn force constant®
Diagonal Elements of F(0)
SiSi stretch (R1) 1.539 (1.838)
SiSiSi bend (R2) 0.584
SiSiSi torsion (R3) 0.473
SiH stretch (R4) 2.646 (2.692)
SiSiH bend (R5) 0.630 (0.396)
SiSiSiH torsion (R6) 0.584
Off-Diagonal Elements of F(0)
R3/R5 0.113
R2/R5 ~0.081
R1/R5 0.081
Elements of F(1)
R2/R2 0.113
R1/R2 0.091
R1/Ré6 -0.061
R2/R5 0.128
R2/R6 0.160
R3/R4 0.054
R3/R5 -0.160
R3/Ré -0.234

¢ Stretching, bending, and torsional force constants in mdyn/A,
mdyn/rad., and mdyn/rad., respectively. Force constants with
absolute values less than 0.05 are not listed. The numbers in
parentheses are the corresponding empirical force constants for
SigHpg.8e
estimate Y in the 40~100-GPa range using

Y = w,hm/Ax?

where h is the length of a translation vector, A the area
of the cross section of the polymer, m the total mass of the
translational unit cell, and w, the intercept of the tangent
of the longitudinal acoustic branch at the zone edge, =/h.
Yhas alarge uncertainty because A is not known precisely,
and the k = 0 region of the acoustic branches is the most
inaccurate region of the calculated phonon dispersion
curve.’

In general, four phonons should have zero frequencies
for a polymer, which correspond to the translational
motions of polymers in the X, Y, and Z directions plus a
rotational motion around the screw or translation axis.
(Let us assume that this is the Z axis.) When a polymer
has a 2-fold screw axis of symmetry, the two phonons cor-
responding to the translational motion in the Z direction
and rotation around the Z axis will have the wave vector
of k = 0 while the translational motions in the X and Y
directions will have the wave vector of k = n/h. This is
why the two lowest phonon dispersion curves in Figure 2
touch the frequency axis at k = 0 and k = #/h, respectively.
For the all-gauche conformation, assuming a helical
conformation, the lowest branch has zero frequency at k
= x0/h corresponding to pure translations in the X-Y
plane.

Some selected force constants are listed and compared
with data from the literature in Table IX.

Interchain interactions will have the largest effect on
the phonon dispersion at k > 0 but otherwise low-energy
vibrations. Asshown by Strobl and Eckel,'? the inclusion
of interchain interaction can be estimated to affect Young’s
modulus of polyethylene by about 20%, which would
indicate a reduction by about 10% of the vibrational
frequencies of the longitudinal acoustic branch.

V. Conformational and Disorder Effect

It is well-known that PS is very flexible. The barrier
between all-trans and gauche conformations is merely 0.9
kcal/mol, as calculated by the ab initio crystal orbital
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Figure 3. Scaled phonon dispersion curves of gauche-polysi-
lane by the oligomer approach at the 6-31G level using a scaling
factor of 0.9533. The narrow well-localized SiH stretching
branches around 2140 cm™! are not shown.

approach.? Such flexibility has a significant effect on the
photoelectron spectroscopies of silane compounds.li The
conformational change of PS with temperature is believed
to be responsible for the observed thermochromism of
PS.1

PS samples are not single crystals and do not have long-
range order. Therefore, the IR and Raman selection rules
of infinite regular polymers are not satisfied exactly.511 It
is reasonable to assume that PS is disordered where trans
and gauche segments are distributed randomly. In this
case, since the polymer has no symmetry, all vibrational
modes become spectroscopically active.

The broadness of the Raman bands of PS indicates that
PS has some intrinsic disorder. The bandwidth of the
SiSi stretching mode is about 60 cm™, the band around
630 cm™! (assigned here as SiH,; wagging and twisting) has
a width of about 110 cm™, and the 900-cm! (SiH; scissor)
band is about 45 cm™! wide.

A possible approach to the present problem of ran-
domness is to calculate vibrational frequencies and in-
tensities for many possible conformations and employ a
statistical treatment. As a first approximation to this
problem we use the phonons of two regular conformations,
those of the all-trans- and gauche-polysilanes, in repre-
senting vibrations of random PS. Dueto the perturbations
caused by the disorder all phonons for all-trens- and
gauche-polysilane become spectroscopically active, which
will be used to mimic the vibrational density of states
(DOS) of conformationally disordered PS.

The force constants in internal coordinates from all-
trans-SizHi2 have been used to construct the dynamical
matrix of gauche-PS. Such construction of the force
constant matrix has been demonstrated to be reliable by
MNDO-AM1 calculations.3! This transferability of
the F(l) matrix has been demonstrated by the fact that
the largest difference between the frequencies obtained
for gauche-PS using the oligomer approach on the basis
of the all-trans oligomer (Si;H;e) versus the gauche oli-
gomer (SisHj¢) is less than 5 cm! at the MNDO-AM1
level. The geometry of helical PS is taken from the
previous calculated result, which has a helical angle (6) of
83.9°.31 Actually a slight change in geometry does not
affect significantly the vibrational frequencies. The
calculated phonon dispersion curves are shown in Figure
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Table X
Calculated Vibrational Spectrum of all-gauche-Polysilane
at the 6-31G Level by the SQMOFF Approach

caled (Raman), cm™ caled (IR), cm™!

unscaled  scaled® intensity’ unscaled scaled® intensity
48 46 10 104 99 4
104 99 11 374 357 26
139 133 11 439 418 6
369 352 20 473 451 12
372 355 24 668 637 159
374 357 26 735 701 15
439 418 6 770 734 156
484 461 3 1014 967 117
591 563 104 2239 2134 81
735 701 97 2247 2142 190
770 734 53 2256 2151 82
821 783 118
843 804 45
1014 967 39
1019 971 37
1020 972 39
2239 2134 64
2247 2142 32
2242 2137 65
2256 2151 66
2263 2157 31

s Scaled frequencies with a scaling factor of 0.9533. * IR and Ra-
man intensities in km/mol and A4/amu, respectively.

3. The way in which the two lowest phonon dispersion
curves run in the Brillouin zone (BZ) is similar to that of
the two corresponding phonon dispersion curves of all-
trans-PS. Thediffernceis that for the latter the two lowest
phonon dispersion curves touch the k axis at k = 0 and
6/h, where 8 is the helical angle. This difference can be
understood on the basis of a group theoretical analysis,
which shows that the translational motion along the screw
axis and rotation around the screw axis have the wave
vector of k = 0 while the translational motions in the X
and Y directions have the wave vector of k = 8/h.

The calculated Raman and IR spectra of PS with a
helical angle of 83.9° are listed in Table X. The intensities
are calculated by the use of the dipole moment and po-
larizability derivatives from the middle repeat unit of
SisH; 3, which have been rotated to the orientation of the
SiH; unit of the helical PS. The spectroscopically active
modes are those at k = 0, §/h, and 26/h according to the
selection rules for perfect helical polymers.510

The vibrational densities of states for all-trans- and
gauche-polysilanes are presented in Figure 4 together with
the experimental Raman spectra‘e for a comparison. The
phonon densities of states are obtained by the formula

[v- v,-]z)
DOS(v) = ; (— 2
) ;wj exp 2 (2

a

where ¢ is the half-width of a Gaussian function, w; is the
number of phonon modes between frequencies v; and v;
+ 0. o was taken as 2.5 cm™t. The number of k points
used is 200 which are uniformly distributed in the BZ.

The experimental Raman spectrum of PS cannot be
compared quantitatively with the calculated phonon
density of states even though we assumed that all normal
modes are spectroscopically active, because of the vari-
ations of the Raman scattering activities for the different
normal modes. A statistical treatment along the lines of
Tasumi and Zerbi!2 will be required to quantitatively
mimic the spectrum of disordered polysilane. A further
refinement would require inclusion of interchain inter-
actions. No doubt, the sharp spikes in the calculated
density of states (van Hove singularities) would be



1108 Cui and Kertesz
1000

880

760

640

Frequency (cm-1)

520

400 — :
] 350
Density of Phonons

Figure 4. Calculated densities of phonons for ali-trans- and
gauche-polysilane together with the experimental Raman*
spectrum. Calculated phonon frequencies have been scaled with
afactor of 0.9533. The dashed and solid lines represent the pho-
non densities of states for gauche and all-trans conformations,
respectively. The numbersin the experimental Raman spectrum
indicate the half-widths of the peaks.

broadened due to interchain interactions. This, as well as
conformational disorder effects and the fact that we display
the density of states without regard for the variation of
intensity as a function of normal modes, distorts the
calculated curves. What remains comparable, then, is the
location of the bands, which qualitatively correspond to
the experimental Raman spectrum of a mixture of mostly
(SiHy), and some (SiH),, and cross-linking cannot be
excluded. Especially, the broad distribution of phonons
between 600 and 800 cm! can be related to the corre-
sponding widely broadened band of the observed Raman
spectrum. The normal modes lying between 600 and 800
cm™! can be assigned as SiH, wagging and twisting, as can
be seen from Table VIII. Thus, the observed peak at 630
cm™! can be attributed to the SiH; group wagging and
twisting motions rather than the rocking motion.

VI. Conclusion

A new assignment of the Raman spectrum of polysilane
has been given on the basis of ab initio calculations
performed on PS oligomers. The assignment begins with
the analysis of the vibrational spectra of the PS oligomer,
and then the extrapolation is made using our newly
developed SQMOFF approach5 to obtain the vibrational
spectra of infinite all-trans- and gauche-polysilanes. The
major difference between the present and earlier assign-
ments of the Raman spectrum of PS concerns the broad
line at 630 cm™!. The earlier study assigned this line to
the rocking motion of the SiH; group while the present
work assigned it to the mixing of wagging and twisting
motions.

The present calculations show that it is impossible to
assign the vibrational spectrum to a single all-trans or
gauche conformation. This finding provides an indepen-
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dent confirmation to the generally accepted assumption
that polysilane is disordered, conformationally and via
cross-linking. We anticipate that further practical ap-
plications of the SQMOFF approach will provide accurate
enough IR and Raman spectral assignments to make
vibrational spectroscopy a more useful structural tool for
polymer research.
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