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Introduction

Studies on the conformational features of poly(orga-
nosilanes) are of interest due to the commercial prospects
for these polymers as well as due to the physical behavior
exhibited by them which have been interpreted in terms
of conformational preferences of the skeletal and side-
group bonds.! Due to their chemical structure resembling
that of the vinyl chains that are the carbon polymer
analogues, the methodologies that have been developed
for the treatment of the statistical conformations of vinyl
polymers can generally be applied to the analysis of
poly(organosilanes).2® Following the nomenclature set
forth for the vinyl chains, the stereoconfiguration can be
defined in terms of meso, racemic, or hetero diads and
triads and isotactic, syndiotactic, or atactic polymer.

However, the tacticity definition for chains such as poly-
(methylphenylsilane) (PMPS) differs from that for com-
mon vinyl polymers due to the asymmetric substitution
on the Si; atom (see Figure 1). In the analogous carbon
chain polymer, poly(a-methylstyrene), the carbon at the
ith position is symmetrically substituted with hydrogens
and hence the tacticity is defined in terms of the stereo-
configurations of the substitutions at the C;; and Ci4;
atoms. However, the tacticity definition of PMPS should
explicitly include the stereoconfiguration of the substi-
tution at the Si; atom relative to those of the substitutions
at the Si;_; and Si;4+; atoms. Thus, the treatment of the
chain conformations in terms of only the meso and ra-
cemic diads is inadequate. Depending on the stereo-
configuration at the Si; atom, three types of triads—meso,
racemic, and hetero—should be considered. Thishasbeen
discussed in detail in our previous paper® on PMPS. The
previous calculations® showed that such heterotactic
sequences influence the value of the characteristic ratio
significantly. In addition, the elements of the statistical
weight matrices also would be different for the meso, ra-
cemic, and hetero triads.

In this paper, the results of conformational modeling of
poly(silastyrene) (see Figure 1) are presented and the
features are compared with those of polystyrene. Recently,
Welsh et al.” reported the conformational analysis of this
polymer.

Statistical Weight Matrices for Poly(silastyrene)

The statistical conformations of the poly(silastyrene)
chain can be treated in the rotational isomeric state scheme
following the procedures developed for chains such as
polystyrene. Accordingly, three statistical weight matrices
are required: the matrix U’ for the pair of bondsi -1 and
i, Up” for the bond pair i and { + 1 in a meso diad, and
U,” for such a bond pair in a racemic diad. These are

given by
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Figure 1. Schematic of segments of poly(methylphenylsilane)
(top) and poly(silastyrene).

P VR

U, =|1/n w/nt (2)
Tw’/n Tw//172 T2w//w/n2
1 w//n 7'0)”/17

U/ =|/n  1/7°  ro/n? 3
rw”/n 'rw/n2 1_2""/2/772

The first-order interactions in the t and g conformations
of the skeletal bonds are taken into account by the
statistical weights 7 and 7, respectively. The statistical
weights w, o', and w” correspond to SiH;---SiH;, SiH,---
phenyl, and phenyl---phenyl interactions, respectively,
which are of second order. The gg and gg states of the
bond pair(i-1, i) in the U’ matrix have been assigned a
weight of zero, as for the vinyl chains.

Description of the Calculations

The calculations of the conformational energies were
performed for the meso and racemic diads of poly(sila-
styrene) in terms of the skeletal and side-group rotations
oi, ¢i+1, Xi-1, and x;+1. The lengths of the Si-Si, Si-H,
Si-Cer, Cz—Cer, and C&-H bonds were taken to be 2.34,
1.49,1.87,1.39,and 1.1 A, respectively. The skeletal bond
angles at both Si;_; and Si;;; were assigned a value of 109.5°.
These are similar to the values obtained by Welsh et al.”
following the optimization of the geometry by the MM2
method. The Lennard-Jones 6—12 potential was used to
evaluate the nonbonded interactions, with parameters
given before.>® A close agreement was noted between the
results obtained with these parameters and the MM2
results in the previous study.® A torsional barrier of 1.2
kcal-mol! was used for the rotations around the Si-Si
bonds. Therotations x;-; and x;+1 of the phenylside groups
about the Si-C# axis were varied from —40 to +40° ineach
of the skeletal rotational states ¢; and ¢;+1 so as to place
the atoms of the phenyl groups in their minimum-energy
positions. In addition, since invariably the minima for
the bond conformations are shifted from perfect staggering,
the terminal (SiH3);—2 and (SiH3);+2 groups were allowed
a variation of up to 20° about the i - 1 and i + 2 bonds,
respectively, to locate these hydrogens in their minimum-
energy positions.

As described previously,568 the average energies (E;)
of the various states and the average skeletal torsional
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Table I
Results of the Energy Calculations
(AE)min: (E)) (¢l‘1 ¢i+l), (¢iy ¢i+1)miny
state kcal'mol! kealmol™ deg deg Z
(tt)m —0.8 -0.252 11.7,11.7 0, 20), (20,0) 425
(tg)m -0.8 ~0.176 9.4, 945 (20, 80) 40.04
@) 2.1 2.53 14.2, -133.0 (40, —130) 0.61
20)m -1.1 -0.75 118.8, 118.8 (130, 110), 31.26
(110, 130)
€8)m 1.5 2.0 116.5, -108.5 (110, -110) 1.78
(0491 2.9 341 -114.5, -114.5 (-130, -100) 0.2
(100, -130)
(tt); 0.0 0.52 31.3,31.3 10.92
(tg): -1.7 -1.1 3.0, 112.7 (0, 110) 157.0
(t8): 1.2 1.80 1.4, -126.3 (0, -130) 1.67
(g8): -1.6 -1.05 109, 109 (110, 110) 40.1
(g2): 1.6 2.06 109.9, -110.4 (100, -120) 1.05
(28): 2.7 3.25 -125.1,-125.1 (~130, -140) 0.22
(-140, -130)

angles {¢;, ¢;+1) were calculated by Boltzmann averaging
over the energy surface surrounding each of the minima.
The results are shown in Table I. The locations of the
minima and the energies of the various minima with respect
to the racemic tt state are also given.

Results and Discussion

Relative Energies of the Conformations. In Table
I, the energies are given relative to the racemic tt state.
This is necessary if one wants to calculate properties such
as the characteristic ratio for stereoirregular chains. The
conformational energies, partition functions, etc. should
be normalized with respect to one of the states of one of
the isomers (e.g., the tt state of the racemic diad) for such
analyses.

The relative energies for the meso diad conformations
given in Table I show that the energies at the minima for
the tt and tg states are equal. This is similar to the case
of the meso diad of polystyrene.®1® The gg state is ~0.3
kcal'mol! lower in energy than both of the above. Inthe
case of polystyrene, however, the gg state is substantially
higher in energy than the tt state. For the racemic diad,
the tg and gg states are of lower energy than the tt state.
Thetg and gg statesare 1.2 and 2.7 kcal-mol1, respectively,
higher in energy than the tt state. It had been shown in
anumber of cases of vinyl chains with planar substituents
such as phenyl or carbazole moieties that the conformations
involving the g state are of high energy.?!112 The same
feature is exhibited in the poly(silastyrene) conformations,
although the energy of the tg state relative to tt is not as
high as that in the case of polystyrene.

The locations of the minima listed in Table I are
generally shifted by 10-20° from perfect staggering.
However, the shift is significant for the meso tg state, with
the minimum occurring at (¢;, ¢;+1) = (20°, 80°). The
energy surface in this area is shallow and the energy
difference between this conformation and the one with
(¢, di+1) = (0, 120°) is 0.7 kcal'mol-l. The shift is also
pronounced in the racemic tt state, with the minimum
occurring at (¢; ¢;+1) = (30°, 30°). This conformation is
again surrounded by a low-energy region and the minimum
is not sharp.

It is well-known that, in the common crystalline form,
the isotactic polystyrene chain adopts a threefold helical
structure with a pitch of 6.65 A. With the longer Si-Si
bond length in the case of poly(silastyrene), the confor-
mation of the isotactic chain with (¢;, ¢i+1) = (20° 80°)
corresponds to a helix with 4.78 residues in a pitch of 12.21
A. With the conventional value of (¢;, ¢;+1) = (0, 120°),
the chain would be a threefold helix with a pitch of 9.36
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Table I1
Statistical Weight Parameters Derived from Energy
Calculations
statistical weight energy, kcal'mol1 prefactor

n 0.63 1.52
T 2.8 2.22
w” -0.98 1.0

w’ -0.63 1.15
w -0.15 1.04

Table IIL
Calculated Values of the Characteristic Ratios of
Poly(silastyrene) Chains of Various Tacticities

isotactic frac Ca
1.0 2.14
0.8 3.27
0.6 4.49
0.5 5.10
0.4 5.88
0.2 8.42
0.0 12.73

A, which is significantly larger than that of isotactic
polystyrene in the threefold helical conformation.

Statistical Weights and Characteristic Ratios

The statistical weights and prefactors were evaluated
by using the results given in Table I and the overdeter-
mined set of equations, as described before,' and are given
in Table II. The characteristic ratios (C. = (r2)o/ni?)
caiculated as a function of the isotacticity of the poly-
(silastyrene) chain containing 500 units are given in Table
III. For stereoirregular chains, the average of 10 such
chains was taken.

From Table III, the value of C. for the isotactic chain
is 2.14 and it is 12.73 for the syndiotactic chain. Between
an isotacticity of 0.0 and 0.4, the characteristic ratio
decreases sharply. The characteristic ratio for the iso-
tactic chain is significantly lower than that for isotactic
polystyrene (C.. =11).1415 For an atactic polystyrene chain
with an isotactic fraction of 0.3-0.5, Yoon et al.? quote a
value of C, = 10. For the poly(silastyrene) chain with an
isotactic fraction of 0.5, the calculated value of C.. is 5.1.
Because of the substantially low energy of the gg state and
because its partition function is comparable to that of the
tt and tg states, the value of C. for the isotactic chain is
small. For the syndiotactic chain, the minimum for the
ttstate occurs at (30°, 30°), which gives rise to large looping
chainsegments. The tgstate is highly preferred compared
to the tt state. In Table I, although the racemic tg and
gg states are of comparable energy, the partition function
for the tg state is about 4 times that of the gg state. This
isdue tothe fact that the area surrounding the tg minimum
is shallow whereas in the gg state, the energy increases
sharply for the conformations away from the minimum.
Thus, in terms of the statistical properties, the contribution
of the gg state is significantly reduced, in spite of the low
energy at the minimum position. This illustrates the
importance of averaging over the domains rather than using
minimum energies alone in the calculations of average
properties.

There are at present no experimental data on C. for
poly(silastyrene) to compare with the theoretical calcu-
lations. Although Cotts et al.!é have reported the exper-
imental values of the characteristic ratios for a number of
arylsilane polymers, the conformational behavior of poly-
(silastyrene) can be expected to be substantially different
from those of diaryl- or dialkylsilane polymers since the
basic chemistry is different, which leads to additional ste-
reoisomers as discussed above. The longer Si-Si bond
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length in poly(silastyrene) would cause the energy dif-
ference between conformers to be softer than in the case
of polystyrene. Thisisreflected intheresults of the present
calculations, and the value of C. for poly(silastyrene) is
calculated to be lower than that of polystyrene.
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