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radical and anionic pathways appear possible.®® Further
studies involving the formation, structure, and reactivity
of polymers containing transition-metal carbene fragments
are under way in our laboratory. By taking advantage of
the extensive chemistry associated with transition-metal
carbene complexes,’! we hope to be able to prepare a wide
variety of new materials with interesting properties.
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Ab Initio Conformation and Ionization Potentials
of Polysilane Oligomers

Experimental work on organosilane polymers! has dem-
onstrated the strong conformational dependence of ul-
traviolet (UV) absorption. The wavelength of maximum
absorption, A,,,, of a range of disubstituted polysilanes
increases with increasing length of the silicon backbone
and with increasing substituent size.? Several dialkyl-
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substituted polysilanes, in particular poly(di-n-hexylsilane)
and other poly(di-n-alkylsilanes), have recently been re-
ported to exhibit*® a red shift of Ay,; of up to about 40
nm (corresponding to an energy shift of 0.4-0.5 eV) with
decreasing temperature and a concomitant narrowing of
the absorption line shape occurring at roughly -35 °C.
These bathochromic shifts have been attributed to a
transition of the polysilane skeletal framework as the
temperature is decreased to a highly ordered system having
a nearly all anti (or planar zigzag) conformation of the
silicon backbone from that of a disordered system with an
entropic mix of anti and gauche conformers along the
silicon backbone and in the alkyl chain substituents. This
explanation is supported by the observed trend for A,
to increase with increasing substituent size, which is ex-
pected if increased steric effects resulting from increased
substituent size are assumed to stabilize the anti con-
formers relative to the gauche conformers.

Such an order-disorder transition would imply small
energy differences (less than roughly 1 kecal/mol per
available silicon backbone bond rotation) between con-
formers which differ by rotations about bonds in the silicon
backbone. Experimental valence photoelectron spectra
indicate that the measured ionization potentials of silane
oligomers in the series Si, Hj,., can only be explained in
terms of a nearly equal mix of rotamers for tetrasilane and
pentasilane.”® Based on these spectra, Ensslin et al. es-
timate that the anti conformer of tetrasilane is lower in
energy by 0.4 kcal/mol relative to the gauche conformer.”
Similarly, NMR and vibrational spectroscopy measure-
ments on the methyl-substituted oligomer decamethyl-
tetrasilane, Si,(CHs),q, indicate that the anti conformer lies
roughly 0.5 kcal/mol lower than the gauche conformer.®

Theoretical results have, in general, predicted such small
energy differences between conformers. Empirical force-
field calculations suggest stabilizations of the all-gauche
conformers relative to the all-anti conformers of 0.09 and
0.7 kcal/mol for tetrasilane'® and pentasilane,’ respec-
tively, with similar trends reported for n-SizHg, and n-
SigHgo. In contrast, semiempirical methods for n-SijH,,
predict that the all-anti conformer should be lower in en-
ergy by ~2.5 keal/mol relative to the all-gauche conform-
er.2 No ab initio theoretical work for systems larger than
trisilane (Si;Hg) or definitive experimental work has been
published which can serve as a reference for these empirical
and semiempirical approaches. A need, therefore, exists
for accurate theoretical benchmarks of the total energy of
polysilane oligomers as a function of bond rotations.

As one part of a broader theoretical study of the elec-
tronic structure and properties of organopolysilanes, we
have carried out an ab initio study of a series of polysilane
oligomers, Si,H,,.; (n = 1-5), as a model study of the
behavior of the more complicated polysilane chains. First,
we carried out full geometry optimizations within a re-
stricted Hartree—Fock SCF scheme!? using a 3-21G* basis
set for four conformations of tetrasilane: an anti conformer
with the Si—Si—Si dihedral bond angle fixed at 0°, a gauche
conformer with the dihedral angle fixed at 60°, and two
eclipsed conformers with dihedral angles of 0° and 120°.
The anti and gauche conformers represent the local min-
ima in the total energy curve as a function of bond twist;
the two eclipsed conformers represent the local maxima
for the gauche-gauche and gauche-anti barriers. Geometry
optimizations were also performed for the all-anti and
helical all-gauche (G*G™* in the nomenclature of ref 12)
conformers of pentasilane. The total energies of the tet-
rasilane conformers were recalculated at the 3-21G*
equilibrium geometry by using a 6-31G* basis set with the
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Table I
Relative Energies of HF/3-21G* Structures (kcal/mol)
RHF MP2
3-21G* 6-31G* 6-31G*
SiHy,
anti 0.00 0.00 0.00
eclipsed (120°) +0.75 +0.62 +0.58
gauche +0.17 +0.19 -0.04
eclipsed (0°) +1.26 +1.65 +1.25
SigH,,
anti-anti 0.00
gauche-gauche +0.17

inclusion of second-order Moller-Plesset (MP2) pertur-
bation theory energy terms.!* Although full details of these
calculations will appear elsewhere,!® we should briefly
comment on the choice of basis set. Basis set studies on
singly bonded silicon compounds'® suggest that inclusion
of d-functions in the basis set is important for a good
description of the silicon-silicon bond distances. Similar
studies on disilane!” as well as our own calculations indicate
that no major improvement results from the use of larger
basis sets. We did use the slightly more complete 6-31G*
basis sets for both the MP2 total energy calculations and
the calculation of electron binding energies described be-
low.

For the anti and gauche rotamers of tetrasilane and the
all-anti and all-gauche rotamers of pentasilane we obtained
respectively average Si-Si bond lengths of 2.345, 2.347,
2.346, and 2.346 A and average Si-Si-Si bond angles of
111.7°, 111.5°, 111.9°, and 110.8°. These results are in
substantial agreement with results from earlier empirical
model studies of these systems.!%!! Qur results for the total
energies of tetrasilane and pentasilane are presented in
Table I. We find no significant difference in energy be-
tween the anti and gauche conformations of either species.
As can be seen from the table, the inclusion of second-order
perturbation theory corrections (MP2) is sufficient to
change the relative ordering of the two energies. A modest
difference in the heights of the gauche-gauche and
gauche-anti rotational barriers (1.3-1.7 versus 0.6-0.8
kcal/mol) is observed, however. This difference is con-
sistent with earlier experimental evidence for a higher
barrier for the gauche-gauche interconversion based on
NMR broadening effects observed in the decamethyl-
tetrasilane system.® We also note that our predicted
barrier for anti-gauche conversion of 0.6~0.8 kcal/mol is
roughly half the experimentally determined barrier of
disilane’® of 1.22 kcal/mol; most of this decrease probably
arises from the Coulombic attraction between the end
silicon nuclei and the relatively electronegative hydrogen
nuclei eclipsing them.

Electron binding energies were calculated for the tet-
rasilane conformers by using electron propagator theory!®
(EPT) in the quasi-particle approximation® and the 6-
31G* basis. The poles of the electron propagator (repre-
senting the electron binding energies) are located by using
a second-order expression; this energy is then inserted into
the third-order self-energy expression. Higher order cor-
rections to the electron binding energy are introduced by
the outer valence approximation (OVA).2! This theoretical
model tends to agree with experiment to within 0.2 eV as
basis set effects are exhausted. In Figure 1, EPT-
(OVA)/6-31G* vertical ionization energies are plotted as
a function of dihedral angle from 0° to 60° (gauche) to 120°
to 180° (anti). The three lowest ionization energies pertain
to Si—Si bonding molecular orbitals with a, b, and a (C,
point group) symmetry. The 1-4 interaction between the
terminal silicons decreases as the dihedral angle increases.
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Figure 1. Electron propagator theory vertical ionization energies

for tetrasilane versus dihedral angle. Labels denote final states
of molecular species.

The nonadjacent Si-Si bond regions in the a symmetry
MO’s are in-phase; these regions in the b symmetry MQO’s
are out-of-phase. Thus the a levels are destabilized and
the b levels are stabilized as the dihedral angle increases.
The ionization energies for the anti (9.27, 10.46, and 10.73
eV) and gauche (9.49, 10.05, and 10.81 eV) conformers are
in close agreement with the broad experimental maxima®
at 9.62, 10.3, and 10.85 eV. The width of each of these
peaks is compatible with the concept that both conformers
are contributing to the spectrum. Vertical ionization en-
ergies have a much greater conformational dependence
than ground-state total energies.

Pentasilane ionization energies studied at the 3-21G*
Koopmans’ theorem level display similar conformation
dependent trends. (Koopmans’ theorem results on tetra-
silane with the 3-21G* basis are not as accurate as those
of Fig. 1 but give curves of similar shape.) The highest
occupied MO is bonding between Si neighbors but has
nodes between successive Si-Si bond regions. In going
from the anti-anti to the gauche-gauche conformer, this
b MO is stabilized by 0.35 eV because the Si;—Si, and
Siz-Si, bond regions are in phase. The four Si-Si bonds
also generate another b MO plus two ¢ symmetry MO’s.
The 1-4 interaction also controls the conformational de-
pendence of these orbital energies.!> From these results,
we infer that the highest occupied level of larger chains
will consist of nearest-neighbor Si-Si bonding regions with
alternating phases, as has been suggested earlier from
semiempirical calculations.'??? The 1-4 interaction will
be in phase and the energy of the level will rise as the
conformation changes from gauche to anti.

In summary, our ab initio results indicate no significant
difference in total energy between the anti and gauche
conformers in tetrasilane and the anti-anti and gauche-
gauche conformers in pentasilane when basis set and
electron correlation improvements are made. Our calcu-
lated EPT vertical ionization energies are in good agree-
ment with experimental photoelectron spectra assuming
an approximately equal mix of anti and gauche rotamers.
Furthermore, these results support the idea that the
highest occupied MO energy level of the larger silane ol-
igomers will decrease as the backbone is transformed from
an all-anti conformation to one with a larger gauche pop-
ulation.

Registry No. SiH,,, 7783-29-1; SisH,;,, 14868-53-2.
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Specific Copolymerization Behavior of a
Fluorocarbon Amphiphilic Macromonomer

In this paper we present a new type of macromonomer
1 and its specific behavior in copolymerization with sty-
rene. The extremely higher copolymerizability of 1 that

CHg
CFS—(—CF,‘,«),—CHQCH«‘,OT] (IDIO—(-CHECHEO-),,—C—C=CH2
0] ]
1, n=10
CHg
CHa—FCHzég—CHzCHZO(l:I (I.‘,lo——(-CHZCHQO-),,—TI—C=CH2
e} 0

2

was assumed to be attributable to a characteristic property
of the fluorocarbon chain was observed in comparison with
methyl methacrylate as a model compound of 1. In con-
trast, a reversed trend was observable for the corre-
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