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Conformational Calculations on 
Poly (di-n -hexylsilane) 

Substituted poly(di-n-alkylsilanes) have recently been 
the object of considerable attention'-" because of the ap- 
plications potential embodied in their UV absorption 
characteristics. Alkyl-substituted polysilanes absorb at  
about 300-325 nm in solution,'J the transition being at- 
tributed to a a-bonded transition of the backbone silicon 
atoms. Films of poly(di-n-hexylsilane) (PDHS), on the 
other hand, show an absorption at  370-380 nm at  room 
temperature.2 Above 41 OC, the films absorb at  the more 
typical 316-nm wavelength. Spectroscopic and X-ray 
diffraction s t ~ d i e s ~ , ~ . ~ ~ ~  indicate that PDHS at room tem- 
perature is highly crystalline and that the backbone is in 
an all-trans, planar zigzag conformation. The long-wave- 
length absorption was attributed to the all-trans confor- 
mation, and the shift to shorter wavelength absorption was 
associated with a change in conformation, to either a 
conformationally disordered backbone structure or to an 
alternative regular c o n f o r m a t i ~ n . ~ ~ ~ J j ~ ~  

X-ray diffraction s t ~ d i e s ~ * ~ * ~ . ~  at room and elevated 
temperatures indicate that the structural transition is 
reversible on the time scale of the diffraction exposures 
(about 3 h). At room temperature, the structure is un- 
usually well developed for a polymer, having sharp re- 
flections out to 1.5 A. Above the transition at  41 "C, the 
pattern consists of a single sharp diffraction maximum at  
about 13.5 A. In fiber patterns, this reflection occurs on 
the zero layer and shows no significant broadening or 
elongation, even after prolonged periods above the tran- 
sition temperature. Upon cooling to room temperature, 
the sample regains its remarkably well-ordered structure 
and remains highly oriented. These observations suggest 
a conformational change far less extensive than those 
typically associated with a melting phenomenon. Con- 
sideration of the severe steric crowding of the polymer due 
to the hexyl substituents on every backbone silicon atom 
further suggests a chain stiffness not readily amenable to 
major changes in the torsion angles. In order to elucidate 
the nature of the observed conformational transition, and 
thereby to provide information about the polymer con- 
formation above the transition, semiempirical conforma- 
tional energy calculations were undertaken for PDHS. 

Full relaxation empirical force field calculations, as 
contained in the MM2 program, have recently been re- 
portedlO for PDHS. Only all-trans, all-gauche, and 
trans-gauche backbone conformations were examined. A 
methylene group potential was used to describe the side 
chains, which were fixed in an all-trans conformation. The 
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results showed the all-trans backbone conformation to be 
lowest in energy and to have an average Si-Si-Si bond 
angle of 110.4' and a Si-Si bond length of 2.355 A. 

While the results of these previous calculations1° are in 
agreement with the observed solid-state conformation of 
PDHS, their limitation to only three possible conforma- 
tions makes then insufficient for the present purposes. In 
addition, the lowest energy structure appears to have a 
significant distortion in the dispositions of the hexyl side 
chains, suggesting perhaps the influence of end effects in 
the computational model that are not representative of the 
true polymer molecule. X-ray fiber diffraction results also 
indicate a substantially larger Si-Si-Si bond angle (120', 
assuming a standard Si-Si bond length of 2.35 A) than 
indicated by the MM2 calculations. Finally, the use of a 
group interaction parameter for methylene units may be 
especially problematical for molecules subject to such se- 
vere steric constraints. 

The present conformational calculations were under- 
taken with a program that has been described previously.12 
The program only examines conformational changes 
achievable by rotations about bonds in the backbone or 
side chains. I t  does not allow changes in the bonding 
geometry of the molecule and therefore does not allow 
distortions that are not repesentative of an actual polymer 
molecule. Standard bond lengths and bond angles were 
used, except for the Si-Si-Si angle, which was taken as the 
experimentally observed value of 120°, and the C-Si-C 
angle, which was taken as 98'. This latter value was 
chosen because it allowed hydrogen atoms attached to 
adjacent hexyl side chains to be slightly more than 1.0 8, 
apart when both the polymer backbone and side chains 
were in the all-trans conformation. When the more typical 
C-Si-C bond angle of 110' was used, such separation 
distances were only about 0.5 A, a value too small for the 
interactions to be evaluated with the current potential 
functions. The effects of variations in these bond angles 
are currently under investigation. 

All atoms constituting the polymer chain were included 
explicitly. No group interactions (e.g., methylene moiety) 
were used. The parameters for the exponential 6 potential 
energy function were taken without modification from 
calculations reported13 for polysilane and poly(dimethy1- 
silane). The polymer conformational repeat unit was taken 
to be defined by the rotations about two consecutive Si-Si 
bonds. Interactions were calculated between the first 
conformational repeat unit and the remainder of the 
polymer chain. No dependence on length was found as 
long as the polymer chain was represented by at least four 
conformational repeat units. No automatic minimization 
procedure was employed. Conformational space was 
searched in fairly large angular increments, with regions 
of potential interest being subsequently examined by using 
finer increments. 

The primary calculation reported here was a full scan 
of four independent variables in 30-deg increments. Two 
consecutive backbone torsion angles and two Si-C side- 
chain torsion angles a t  adjacent silicon atoms and on the 
same side of the plane of the backbone were varied inde- 
pendently. Both Si-C bonds attached to the same silicon 
atom were assigned the same torsion angle value. The 
unique low-energy conformations thus identified were used 
as the starting points for further refinement using a grid- 
search method with 5-deg rotational increments. Inter- 
dependencies of rotations between adjacent side chains as 
well as between backbone and side-chain rotations were 
examined. The minimum energy conformations are shown 
in Table I. Conformations having the lowest energies are 
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Table I 
Eneraies of Preferred Conformations of PDHS 

Si,-Siz, 

30 
35 
20 
25 
0 

110 

deg 
Siz-Sia, Sil-C, Siz-C, energy, 

deg deg deg kcal/mol 
30 245 245 -49.7 
35 15 10 -45.9 
20 245 5 -45.6 
25 5 235 -44.0 
0 30 330 -6.0 

+29.8 0 340 340 

i ?  / 

Figure 1. Projection of the 713 helical conformation of PDHS 
onto a plane normal to the helical axis. Silicon atoms are rep- 
resented by the larger filled circles and carbon atoms by the 
smaller. Hydrogens atoms have been omitted for clarity. 

those having the same value for both Si-Si torsion angles 
and having the same value for both Si-C torsion angles. 
The conformational energies are dominated by interactions 
between side-chain atoms near the backbone of the poly- 
mer. 

It was found that the lowest energy conformation for the 
PDHS chain is one having every Si-Si bond rotated.30' 
and every Si-C bond rotated 245' from trans. This 
backbone conformation is surprisingly similar to the helical 
conformation adopted by poly(tetrafl~oroethy1ene)'~J~ 
where fluorine atoms on every carbon atom provide steric 
interactions analogous to (but less serious than) those 
present between side chains in PDHS. This low-energy 
region extends from about 15' to 30' rotation about the 
Si-Si bonds and encompasses the 713 helical structure 
observed1' in poly(di-n-pentylsilane) (PDPS), which also 
has a silicon-silicon torsion angle of about 30'. A pro- 
jection of this 713 helix onto a plane normal to the helical 
axis is shown in Figure 1, where the C-C bonds of the side 
chains have been shown in the trans conformation and 
hydrogen atoms have been omitted for clarity. For this 
backbone conformation, other side-chain positions also 
have reasonably low energies with respect to both Si42 and 
C-C torsions. Most likely, the side chains do not exist 
exclusively in the all-trans conformation depicted in the 
figure. 

Also shown in Table I are the side-chain torsion angles 
having the lowest energy for all-trans and trans-gauche 
backbone conformations. These were refined in the same 
manner as the lower energy conformations and therefore 
represent distinct local energy minima. The proximity of 
the distinct minima for the all-trans and the helical 
backbone conformations is illustrative of the dependence 
of the conformational results on the chosen starting con- 
formation. The all-trans conformation is always higher in 
energy than the 713 helical conformation, but appropriate 
rotations about the Si-C bonds allow the side chains to 
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position themselves so as to eliminate their most severe 
steric interactions. Inclusion of an appropriate torsional 
energy potential to account for the rotation required for 
the helical structure would make the helix and all-trans 
conformations somewhat closer in energy while the 
trans-gauche conformation would still remain higher in 
energy. While bond-angle and bond-length distortions in 
the latter could perhaps lower the energy significantly by 
reducing severe steric interactions, it is unlikely that such 
deformations (each carrying its own energy cost) could 
make the conformation comparable to the lowest energy 
conformations available to PDHS. It should be noted that 
rotations about all of the C-C bonds have not yet been 
fully examined for their influence on the energies for these 
backbone conformations, nor have all possible combina- 
tions of torsion angles for the S i 4  and the first C-C bond 
been explored. Such additional calculations are currently 
in progress. 

In spite of the somewhat preliminary nature of the 
calculations, the results are in good agreement with the 
structures observed in X-ray diffraction studies. The 
lowest energy conformation, the 713 helix, is actually ob- 
served" in the crystalline structure of PDPS. At  the same 
time, the all-trans conformation observed6J in the crys- 
talline state of PDHS is also found to have a reasonable, 
though somewhat higher, energy. Other spectroscopic data 
for PDHS also indicate6 that the side chains are not normal 
to the plane of the backbone, in accord with the indicated 
rotations about the Si-C bonds needed to give a low en- 
ergy. 

The present results are not in agreement with results 
of earlier calculations.1° These discrepancies are attrib- 
utable to the limitations of the previous calculations cited 
earlier. 

Perhaps the most significant finding from the energy 
calculations thus far is that the all-trans conformation is 
not the lowest energy structure for the symmetrically al- 
kyl-substituted silane polymers. In fact, a helical structure 
is preferred for the isolated molecule. The calculations, 
in conjunction with X-ray data6p7J1 from PDHS and PDPS, 
indicate that it is intermolecular interactions in the crystal 
that lead to the all-trans conformation. Furthermore, these 
results suggest that there is a critical side-chain length 
(about six carbon atoms) needed to provide sufficient in- 
termolecular interaction in the solid state to force the 
silicon backbone out of the preferred helical conformation 
into the all-trans conformation in order to optimize those 
intermolecular side-chain interactions. This result, taken 
in the context of experimental data reported elsewhere, 
provides a framework wherein the UV absorption char- 
acteristics of these polymers can be understood. 

Registry No. PDHS, 97036-67-4. 
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Ringopening Polymerization of Norbornene by a 
Living Tungsten Alkylidene Complex 

Careful design of isolable, well-characterized catalysts 
is the key to the preparation of living polymers and ulti- 
mately well-defined block copolymers by ring-opening 
metathesis polymerization of cyclic 01efins.~ This has been 
demonstrated recently in the ring-opening polymerization 
of norbornene by a titanacyclobutane/titanium carbene 
complex4a and by a related tantalum catalyst.4b These 
living polymer systems produce monodispersed polymer. 
The utility of the Ti polymerization catalyst in polymer 
synthesis has been demonstrated by the production of 
A-B-A triblock  polymer^.^ Tungsten metathesis catalysts 
have recently been reported that are much more active 
than the titanium catalysts and show a greater tolerance 
of polar functional  group^.^ One of these has been shown 
to produce a growing alkylidene in the polymerization of 
n~rbornene.~ Since a variety of ligand combinations is now 
available, we should be able to fine tune catalyst activity 
precisely to the point required for controlled polymer 
synthesis. The complex W(CHtBu)(NAr) [OCMe(CF,),], 
(Ar = 2,6-dii~opropylphenyl)~ will react rapidly with or- 
dinary olefins to give isolable tungstacyclobutane com- 
plexes or alkylidene complexes (depending on the degree 
of substitution of the tungstacyclobutane ring) and will 
metathesize an internal olefin such as cis-2-pentene at  a 
rate whose Lower limit is 1000 turnovers per minute at 25 
"C. Here we show that the activity of this system is dra- 
matically altered by the choice of the alkoxide, and we can 
prepare a catalyst that shows all the characteristics for a 
living ring-opening polymerization of norbornene. 

In an initial experiment W(CHtBu)(NAr)[OCMe(CF3),j2 
was allowed to react with 288 equiv of norbornene in 
toluene at -40 to -20 OC over several hours. Aliquots were 
withdrawn at intervals and the isolated polymers analyzed 
by GPC.1° All of the samples had the same high molecular 
weight values (M,  = 400000; M ,  = 650000; vs. polystyrene 
standards), indicating slow initiation followed by very rapid 
propagation and finally terminati0n.l' Analysis by 13C 
NMR indicated 295% cis double bonds.12 

The polymerization was investigated further in a series 
of sealed NMR-tube experiments in toluene-d,. The initial 
'H NMR spectrum obtained at -80 "C showed no catalyst 
or catalyst-derived signals (only monomer and polymer 
were observed). A constant rate of polymer formation (zero 
order in monomer) was observed when the polymerizations 
were followed at  -60 "C.13 As the reaction proceeded 
signals attributable to decomposed catalyst slowly in- 
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