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Abstract

The structure of poly(di-n-propylsilylenemethylene) (PDPrSM) has been studied by X-ray diffraction, electron diffraction and molecular
modeling. The fiber X-ray data and the electron diffraction pattern of single crystals show that PDPrSM has triclinic symmetry with unit cell
parameters a = 10.52 A, b = 8.66 A, c = 4.86 A, o = 78.4°, B = 100.0° and y = 98.2°. The fiber repeat, 4.86 A, indicates an all-gauche
conformation in the main chain, giving a 4, helical structure. Ab initio and semi-empirical energy calculations show that with attachment of
n-alkyl side chains an all-gauche conformation for the main chain gives the lowest energy. This is in contrast to the unsubstituted polymer,
poly(silaethylene), which has a minimum energy for the all-trans conformation. The all-gauche conformation of the main chain of PDPrSM
relieves the steric hindrance between side chains found in the all-trans conformation. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Polysilylenemethylenes  (PSMs, [SiRR'CH,],) have
recently attracted increasing attention as precursors to silicon
carbide fibers [1-3]. Among the potential advantages that this
class of polymers may offer compared to other inorganic/
organic hybrid polymers are a combination of low T, high
synthetic versatility (similar to that of polyphosphazenes and
polysiloxanes) and good chemical stability (similar to that of
the polyolefins) [1-8]. Only the crystal structure of poly-
silaethylene (PSE) [9] has thus far been reported.

A related family of hybrid polymer, the polysilanes,
shows a variety of structures in which the crystalline back-
bone conformation depends on side chain length [10—-16].
The most studied polymer of this family, poly(di-n-hexyl-
silane) (PdnHS) adopts an all-trans backbone conformation
at room temperature, and transforms to a conformationally
disordered state above a transition at 41°C [16]. Polymers
with somewhat shorter side chains, poly(di-n-pentylsilane)
and poly(di-n-butylsilane), adopt a 7; helical backbone
conformation in the solid state [12,17]. Polymers with still
shorter side chains, poly(dimethylsilane), poly(diethyl-
silane) and poly(di-n-propylsilane), are again all-trans
[10,11]. Polymers with somewhat longer side chains,
poly(di-n-heptylsilane) and poly(di-n-octylsilane), have an
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all-trans backbone conformation [14]. Molecular modeling
calculations show that both the 7; helical and planar zigzag
conformations are low-energy conformations for polysilanes,
with the helical form being slightly lower in energy [18].

For polysilylenemethylenes, the unsubstituted polymer,
PSE, was found to adopt a planar zigzag conformation in
the solid state, packing in a unit cell having dimensions a =
5770 A, b =8.75 A, ¢ (fiber axis) =3.25 A and y = 97.6°
[9]. The likely effect of n-alkyl side chains on the conforma-
tion and packing is not obvious. The attachment of two n-
alkyl side chains on each silicon atom of the backbone may
change the conformation because of steric crowding. (The
bond length of the Si—Si bond is 2.35 Ain polysilane while
that of the Si—C bond is 1.89 A in the PSMs.) On the other
hand, in PSMs only half of the backbone atoms — the
silicons — have side chains attached.

In this paper, we report the structure of poly(di-n-propyl-
silylenemethylene), PDPrSM, one of the PSMs. The unit
cell dimensions and backbone conformation of PDPrSM
have been determined using X-ray and electron diffraction
data. Conformational energies have been calculated using
ADb initio and semi-empirical methods.

2. Experiment

Fiber specimens for X-ray work were prepared by draw-
ing isotropic melts on a glass slide at 80°C with tweezers.
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Wide-angle X-ray patterns were recorded on both Kodak
Direct Exposure film and phosphor image plates (Molecular
Dynamics®) using a Statton camera. Monochromated CuKa
radiation was obtained from a Rigaku rotating anode X-ray
generator operated at 50 kV and 150 mA. The sample-to-
film distance (about 50 mm) was calibrated by SiO,
powders.

Samples suitable for transmission electron microscopy
(TEM) and electron diffraction (ED) were prepared by cast-
ing thin films on carbon-coated glass cover slides. A drop of
0.05 wt.% solution of the polymer in toluene was evapor-
ated, melted and crystallized at the desired temperature in a
Mettler hot stage. The samples were shadowed with Pt/C (at
~15° incidence angle) or decorated with gold at normal
incidence. They were then floated on water (sometimes
with the help of poly(acrylic acid)) and mounted on copper
grids. Electron diffraction patterns were obtained using a
Philips CM-200 TEM equipped with a cooling stage and
operating in selected area mode under low-irradiation
conditions. To minimize the effects of radiation damage,
ED patterns were obtained by searching the samples for
suitable patterns and then recording them immediately.
(Samples became cross-linked upon exposure, as is the
case for other crystalline polymers.) The sample was also
tilted to obtain ED patterns from different zones. The
macroscopic structure of the polymer was observed using
an optical microscope (Leitz Ortholux) with crossed polar-
izing filters.

The conformational energies were calculated with ab
initio and semi-empirical methods using the SPARTAN®
[19] program. Ab initio calculations were made at the
Hartree—Fock, 6-31G™ level. The AM1 Hamiltonian was
employed in the semi-empirical method. Energy minimiza-
tion was carried out by fixing the backbone torsion angles at
the desired value and then allowing all other geometric
parameters to be optimized. The conformational energies
of CH;SiH,CH,SiH; and SiH;CH,SiH,CH,SiH; were calcu-
lated at 10° increments of the torsion angle using the ab
initio method. The energies of HCH,[SiR,CH,];SiR,H
(R=H, -CH;, —CH,CH;, or —CH,CH,CHj3) were calcu-
lated at selected backbone conformations using the semi-
empirical method. The Si—C bond length was fixed at
1.89 A. The Si—C-Si and C-Si—C bond angles in the
main chain were fixed to 116°. The torsion angle for a cis
conformation was defined as 0°.

3. Results and discussion
3.1. X-ray diffraction

Fig. 1 shows the fiber X-ray pattern of PDPrSM. The
observed d-spacings are listed in Table 1. Ten sharp reflec-
tions on the equator were observed, indicating good lateral
packing between chains. All equatorial AkO reflections
can be indexed with reciprocal unit cell parameters of

Fig. 1. The fiber X-ray pattern of PDPSM (vertical direction is fiber
direction).

Table 1

The observed and calculated d-spacings and their indices based on unit cell
parameters, a = 10.52 A, b =8.66 A, c = 4.86 A, o = 78.4°, B = 100.0°
and y = 98.2°

h k l d, d,
1 0 0 10.30 10.30
0 1 0 8.43 8.43
-1 1 0 6.91 6.91
1 1 0 6.19 6.19
2 1 0 4.18 4.19
-1 2 0 4.07 4.06
3 0 0 3.44 3.43
-1 3 0 2.79 2.79
0 3 0 2.81
3 2 0 2.53 2.53
-1 4 0 2.54
-1 1 1 4.46 4.45
0 1 1 4.47
-1 -1 1 3.68 3.68
-2 -1 1 3.19 3.19
-2 2 1 3.20
0 -2 1 2.92 2.89
1 -2 1 2.77 2.77
-2 3 1 2.56 2.55
3 -1 1 2.46 2.46
—4 1 1 2.46
—4 0 1 2.38 2.42
2 -3 1 2.07 2.07
4 -1 1 2.07
0 4 1 2.07
-1 -1 2 2.18 2.17
0 -1 2 2.17
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Table 2

The calculated fiber repeat distances for various possible conformations
(the bond angles for C—Si—C and Si—C-Si were taken as 116° and the
Si—C bond length was 1.89 A)

Conformation® Repeat distance (A)
T T T T 3.17

T G T G' 5.67

G G G G 4.90

G G’ G G' None

C T C T 543

& Tt trans (180°); G: gauche (68°); G': gauche’ (—68°); C: cis (0°).

a" =1/1030A7", b* =1/843 A7! and y" = 83.6°. The
observed and calculated d-spacings (based on the proposed
two-dimensional unit cell dimensions) are in good agree-
ment, indicating the unit cell is either monoclinic or tri-
clinic. The full determination of the unit cell depends on
indexing reflections having [ # 0.

Reflections on the first layer line are more diffuse than
those on the equator. A reflection at d = 2.18 A on the
second layer line is also rather diffuse. The diffuseness of
these reflections indicates either smaller crystal size in the
chain direction than in the lateral directions or considerable
disorder in the chain direction, or both. The first reflection
on the first layer line (d = 4.46 A)is strong and located off
the meridian, requiring that the fiber repeat be more than
4.46 A. The fiber repeat distance calculated from the layer
line separation is 4.86 * 0.05 A. Table 2 shows the calcu-
lated fiber repeat distances for various backbone conforma-
tions. The observed value agrees well with that of the all-
gauche conformation. (The torsion angle of 68° was used in
order to achieve a periodic structure in the all-gauche

(a) (b)

(c) (d)

Fig. 2. Projections along the chain axis of PSE for different conformations:
(a) TTTT; (b) TCTC; (¢) GGGG; and (d) TGTG'.

Fig. 3. Polarized optical micrograph of single crystals of PDPSM under
crossed polarizing filters.

conformation. As discussed later, this value corresponds
to an energy minimum.) Fig. 2 shows the projection along
the chain axis of the possible conformations of PSE. The all-
gauche conformation gives a 4; helical structure, with the
exact structure depending on the Si—-C-Si and C-Si-C
bond angles.

3.2. Unit cell determination

Fig. 3 shows a polarized optical micrograph of dendritic
single crystals grown on a glass slide. Fig. 4 shows the
electron diffraction pattern from a single crystal obtained
with the electron beam normal to the crystal lamellar
surface. The d-spacing of the first strong diffraction spot
on the horizontal axis is 10.3 A, corresponding to the first
equatorial reflection in the fiber pattern. The d-spacing of
the first strong diffraction spot in the near-vertical direction

Fig. 4. hk0 electron diffraction pattern of a PDPrSM single crystal (a” is in
the equator and b* is near the meridian).
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Fig. 5. Electron diffraction pattern for a sample rotated by ~40° from normal to the lamella (the tilt axis is in the plane).

is 8.41 A, corresponding to the second equatorial reflection
in the fiber pattern. These two reflections can be indexed as
100 and 010, respectively. The angle between 100 and 010,
v, is 84.5°, nearly the same value obtained from indexing
the 10 hkO reflections of the fiber pattern. Thus the electron
diffraction pattern consists of k0 reflections, indicating that
the molecular chain axis is perpendicular to the lamellar
surface. Two-dimensional reciprocal lattice parameters
a"=1/103A7", b* =1/843 A" and y* = 83.6° can be
obtained from the electron diffraction pattern. These are
essentially the same as those from the hk0 reflections of
the fiber pattern.

Determination of the full three-dimensional unit cell is
dependent on locating the ¢ vector in the reciprocal lattice.
The ¢* vector, in general, can be expressed as [x,y,1/4.86]
where 4.86 A is the fiber repeat distance (c unit cell para-
meter in real space). In order to determine the values of x
and y, more than two hkl reflections must be located and
indexed.

Fig. 5 shows the electron diffraction pattern for a sample
tilted by ~40° from the normal to the crystal lamellar
surface about the horizontal axis (a”) of Fig. 4. The series
of equally spaced (separated by a”) reflections in the hori-
zontal direction can be indexed as h00. Three additional
reflections at d-spacings of 3.15, 3.64 and 3.80 Alie on a
parallel horizontal line. These reflections correspond to the
reflections at 3.19 and 3.68 A on the first layer line of the
X-ray fiber pattern. Thus, these three reflections in the tilted
ED pattern can be indexed as —2k1, —1k1 and Okl. This
allows ¢” to be located. The reciprocal lattice parameters a”,
b" and c” can be converted to real-space parameters a =
1052 A, b=8.66A, c =486 A, a=78.4° B=100.0°

and y = 98.2°. The measured and calculated d-spacings
and their indices are listed in Table 1. All observed
d-spacings are in good agreement with the calculated
d-spacings, with an average discrepancy for the 19 reflec-
tions of +0.007 A. The calculated density for two helical
repeat units in the unit cell is 1.000 g/cm®, typical of those
measured for other silicon—carbon polymers such as
poly(di-n-alkylsilanes) [14].
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Fig. 6. Ab initio energy of CH;SiH,CH,SiH; versus torsion angle
(C-Si-C-Si).
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Fig. 7. Ab initio energy of SiH;CH,SiH,CH,SiH; versus torsion angle when the torsion angle of Si—C-Si—C was fixed at: (a) 180° and (b) 68°.

3.3. Energy calculations

The observed fiber repeat distance, 4.86 /OX, indicates that
the main polymer chain has an all-gauche conformation. This
is in contrast to the unsubstituted polymer, PSE, which has an
all-frans conformation. Fig. 6 shows the relative energy as a
function of torsion angles for a CH;SiH,CH,SiH; molecule,

computed at the ab initio level. The minimum energy occurs
for the trans conformation, consistent with X-ray results for
PSE. The gauche conformation at ~68° is also a relative
energy minimum and is only 0.22 kcal/mol higher. This
compares to a difference of 0.99 kcal/mol for the corresponding
hydrocarbon, n-butane, CH;CH,CH,CHj3. A gauche conform-
ation in the backbone of PSMs may be energetically feasible.
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Table 3

Conformational energies of HSiH,CH,SiH,CH,SiHj; calculated at the ab

initio HF, 6-31G™ level (¢, = Si-C-Si—C, ¢, = C-Si—C-Si)

Conformation Relative energy (kcal/mole)
&6 =T $,=G
T 0
TG 0.20
IC 1.68
GT 0.20
GG 0.34
GG' 1.21

Fig. 7a and b shows the relative energy (ab initio method)
versus torsion angle for SiH3CH,SiH,CH,SiH; which
contains two backbone torsion angles, Si—C-Si—C and
C-Si—C-Si. In Fig. 7a, the Si—-C-Si—C torsion angle was
fixed at 180° (zrans) while the other torsion angle was
rotated incrementally. There are three minima: trans—
trans (TT), trans—gauche (TG) and trans—gauche’ (TG).

Table 4

S.-Y. Park et al. / Polymer 42 (2001) 4253—4260

TT has the lowest energy while 7G and TG' have the
same, slightly higher energy. In Fig. 7b, the Si—-C-Si—-C
torsion angle was fixed at 68° (gauche). Again there are
three energy minima: gauche—gauche (GG), gauche—trans
(GT) and gauche—gauche' (GG'). The energies of GG and
GT are very similar, while GG’ has higher energy due to the
pentane effect. The energy values are summarized in
Table 3. TT has the lowest energy, while 7G and GG have
similar energies (only 0.20 and 0.34 kcal/mol higher,
respectively). 7C has the highest energy and is not a relative
minimum. These energy differences are small compared to
polyethylene, suggesting the —Si—C— chain may be consid-
erably more flexible.

Because of computational limitations, semi-empirical
methods were employed to study the conformation of
longer, substituted PSMs. The relative energies of
HCH,[SiR,CH,],SiR,H with different side chains (from
R = H to R = CH,CH,CHy,) are listed in Table 4. The mini-
mum energy of the unsubstituted polymer, PSE (R =H)
now occurs for the all-gauche conformation, in contrast to

The relative energies of HCH,[SiR,CH,];SiR,H (R = H, CH;, CH,CH; or CH,CH,CH3;) using the semi-empirical method (the all-gauche energy has been

assigned a value of 0 in each column)

Conformation

Relative energy (kcal/mol)

R=H R = CH, R = CH,CH; R = CH,CH,CH;
T T T T 3.1 14.2 30.4 43.9
T G T G’ 1.3 2.7 5.7 5.8
G G G G 0 0 0 0
T c T c 8.4 3.4 6.8 6.8
6
H1 H1
HZ— (}:—H:; H2—¢é—H3
5 —Si—CHz— Si——CHy—
Hs Hs
4
°
°< °
© °
% 3w ° ° ]
3 [ ] [ [ ] ]
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2 ] L ]
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? ° " agn" L}
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0 T T
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¢ (degrees)

Fig. 8. The distance between hydrogens of side chains in poly(dimethylsilylenemethylene) (PAMSM) in an all-trans backbone conformation (M, distance

between H; and H;; @, distance between H, and Hj).
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(@)

Fig. 9. The energy minimized structures for HCH,[SiR,CH,],SiR,H (R = CH,CH,CHj3;) when the backbone conformation is: (a) all-trans and (b) all-gauche.

ab initio results which gave a lower energy for the all-trans
conformation. (This difference is not due to the longer
molecule used for the semi-empirical calculations. The
semi-empirical minimum energy for a CH;SiH,CH,SiH;
also occurs for the all-gauche conformation.) Nonetheless,
the energy differences between conformations of PSE are
small. Attaching alkyl side chains dramatically increases
the energy for the all-trans conformation of the back-
bone, making the all-frans conformation very unlikely.
The all-gauche conformation is the most stable confor-
mation of symmetrically substituted PSMs.

One reason the PSM backbone adopts an all-gauche
conformation instead of the all-frans conformation seen in
some polysilanes is the decrease of bond length from Si—Si
2.34 A) to Si—C (1.89 A). This leads to steric hindrance
between side chains in the all-frans conformation in the
PSMs. (There is also steric hindrance in the polysilanes,
but the presence of side chains on every backbone atom
prevents a gauche conformation from providing any steric
relief.) Fig. 8 shows the shortest distance between hydro-
gens of side chains of poly(dimethylsilylenemethylene)
(PDMSM) in an all-trans backbone conformation. Torsion
angles for the side chains were defined as C;-Si—C,—H,
where C; and C, are the carbon atoms in the two methyl
groups attached to the same silicon atom. At all torsion
angles, the shortest distance is less than 2.4 A, the sum of
the van der Waal’s radii for two hydrogen atoms.

Longer side chains give still more steric hindrance. Fig. 9a
and b shows the energy minimized structures for all-trans
and all-gauche backbone conformations, respectively. For
the all-frans backbone, it is apparent that the side chains are
distorted to reduce steric hindrance. The side chains are not
distorted in the all-gauche conformation.

4. Conclusions

The structure of PDPrSM has been studied by X-ray
diffraction, electron diffraction and molecular modeling.
In the X-ray fiber pattern, the reflections on the equator
were sharper than those on the first and second layers, indi-

(b)

cating good lateral packing. Dendritic single crystals were
grown by melt crystallization of thin films. The combination
of fiber X-ray data and electron diffraction from single
crystals shows that PDPrSM has triclinic symmetry with
unit cell parameters a = 10.52 A, b = 8.66 A, ¢ = 4.86 A,
a=784° B=100.0° and y=98.2° The 4.86 A fiber
repeat distance indicates that the backbone conformation
is all-gauche giving a 4, helical structure. Ab initio and
semi-empirical energy calculations show that attaching n-
alkyl side chains leads preferentially to an all-gauche
conformation. Steric hindrance between side chains disfa-
vors the all-trans conformation found for the unsubstituted
polymer (PSE).
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