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quence of the (1,3) torsion angle pair cooperativity. Sim-
ilar cooperative behavior was noticed in many other chains
also.

It is possible to estimate a wave velocity of about 4700
m/s from the slope of the diagonals in Figure 2. We note
that this is on the order of magnitude of the sound veloc-
ity through various crystalline media. Therefore, we believe
that these motions may be related to the damped tor-
sional oscillator (DTO) model, which has been used to
explain acoustic relaxation data in alkane liquids.®

In conclusion, we believe that these findings from full
Cartesian MD demonstrate the ab initio existence of tor-
sion angle cooperativity. We expect that this cooperat-
ivity may be a very important factor in the structural
phase transitions that take place in these materials.
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Introduction

Protonic acids such as triflic acid are effective initia-
tors in the cationic polymerization of vinyl' and oxa-
cyclic? compounds. We speculated that contributing fac-
tors to the complex kinetics often observed were the com-
plicated dissociation equilibria of the acid, hydrogen
bonding, limited solubility, mixing controlled kinetics,
etc. Since a trialkylsilyl group can be regarded as a bulky
proton,® trialkylsilyl esters are expected to give clean reac-
tions free of the complications caused by hydrogen bond-
ing. Therefore, we recently introduced trialkylsilyl esters
as a new class of initiators for cationic polymerization.*
At the same time, another research group independently
also %roposed this class of compounds for the same pur-
pose.

Trimethylsilyl triflate was found to be a very active
initiator for cationic polymerization but was too reactive
and the polymerization could not be controlled.* One
method of reducing the reactivity of an initiator involves
the use of more nucleophilic counterions, which leads to
a growing species with more covalent character, hope-
fully resulting in slower propagation and greater control
of the molecular weight.

In this paper, we chose trimethylsilyl diphenylphos-
phate and trimethylsilyl methanesulfonate as the initia-

0024-9297/90/2223-0678802.50,/0

computer Applications at the University of Illinois at
Urbana—Champaign. We believe that ImageTool has
provided a very unique and useful way of representing
this type of data. We thank John Nicholas, of our labo-
ratory, for help in preparing the time correlation func-
tions.

References and Notes

(1) (a) Ising, E. Z. Phys. 1925, 31, 253. (b) Hopfinger, A. J. Con-
formational Properties of Macromolecules; Academic Press:
New York, 1973; Chapter 4.

(2) Broadhurst, M. G. J. Res. Natl. Bur. Stand. Sect. A 1962,
664, 241.

(3) Berendsen, H. J. C. Postma, J. P. M.; van Gunsteren, W. F.;
Dinola, A.; Haak, J. R. J. Chem. Phys. 1984, 81, 3684.

(4) Ryckaert, J. P.; Klein, M. L.; McDonald, I. R. Phys. Rev.
Lett. 1987, 58, 698.

{5) Burkert, U.; Allinger, N. L. Molecular Mechanics; ACS Mono-
graph 177; American Chemical Society: Washington, DC, 1982.

(6) (a) Reneker, D. H. J. Polym. Sci. 1962, 59, 539. (b) Peachold,
W.; Balsenbrey, S.f; Woerner, S. Kolloid Z. 1963, 189, 14.

(7) Helfand, E. Science 1984, 226, 647.

(8) (a) Tobolsky, A. V.; DuPre, D. B. Adv. Polym. Sci. 1969, 6,
103. (b) Cochran, M. A.; Jones, P. B.; North, A. M.; Pethrick,
R. A. Trans. Faraday Soc. 1972, 68, 1719. (c) Pethrick, R. A.
J. Macromol. Sci., Rev. Macromol. Chem. 1973, C9(1), 91.

tors to investigate the initiation of the cationic polymer-
ization of styrene derivatives and cyclic acetals.

Results

Experimental Design. In view of the ready hydrol-
ysis of silyl esters, particular attention was paid to pos-
sible initiation by traces of protic acids. A hindered base,
2,6-di-tert-butylpyridine or 2,6-di-tert-butyl-4-methyl-
pyridine, was used as a probe. Introduced in the early
1980s,® and recently reviewed,” this base reacts with pro-
tic acids to form salts. The growing carbocationic chain
end must not react directly with the base if its use is to
be diagnostic of the initiating species. Whether it actu-
ally does or not depends on the nature of the carboca-
tion. Bulky ones, from isobutylene or a-methylstyrene,
or stabilized ones, such as trioxane, do not react. Sty-
rene itself is more problematic, while p-methoxystyrene
had not yet been studied.

In view of the above, to make sure the hindered base
criterion was applicable, we synthesized 4-isopropenylan-
isole; this compound is the a-methyl-substituted ana-
logue of p-methoxystyrene. Due to steric hindrance, the
hindered base should not be able to abstract a proton
from the derived carbocation. The reactivity of trans-
anethole, a nonpolymerizable analogue of p-methoxysty-
rene, was also examined.

Reactions of Trimethylsilyl Diphenyl Phosphate
with p-Methoxystyrene, Anethole, and 4-Isopro-
penylanisole. If ordinary polymerization conditions were
used (septum-capped reaction tubes, syringes, and nitro-
gen atmosphere), trimethylsilyl diphenyl phosphate ini-
tiated the cationic polymerization of p-methoxystyrene
in dichloromethane. The molecular weights of these poly-
mers were high and the molecular weight distributions
were broad. Terminal trimethylsilyl groups could not be
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detected in the 'H NMR spectrum of the polymers. We
suspected that the real initiator in this system was diphe-
nylphosphoric acid, which is formed from the reaction
between a trace amount of water and trimethylsilyl diphe-
nyl phosphate. Therefore, the reactions were carried out
in the presence of a small amount of 2,6-di-tert-butylpy-
ridine in sealed NMR tubes under vacuum. Under these
conditions, no polymerization of p-methoxystyrene was
observed after more than 4 days at low or ambient tem-
peratures, strongly implicating the free acid.

The reactions of trimethylsilyl diphenyl phosphate with
trans-anethole (nonpolymerizable) and 4-isopropenylan-
isole did not lead to any products either in vacuum and
in the presence of hindered base. -

Reactions of Trimethylsilyl Methanesulfonate
with p-Methoxystyrene, Anethole, and 4-Isopro-
penylanisole. Because trimethylsilyl methane-
sulfonate is derived from a stronger acid than trimeth-
ylsilyl diphenyl phosphate, the former is expected to be
a better initiator for polymerization of styrene deriva-
tives. Therefore, the reactions of p-methoxystyrene, ane-
thole, and 4-isopropenylanisole with trimethylsilyl meth-
anesulfonate were studied. These reactions were car-
ried out in sealed NMR tubes under vacuum. No
polymerization was observed in the presence or absence
of hindered base.

To clarify the reactivity of a carbocationic species 3 to
a silicon, in the presence of a counterion, a model reac-
tion was devised (see Discussion). The reaction of allyl-
tert-butyldimethylsilane with triflic acid was very fast
at 0 °C: no polymer was obtained, tert-butyldimethylsi-
1yl triflate was obtained almost quantitatively. The reac-
tion of allyl-tert-butyldimethylsilane with methanesulfo-
nic acid was slow, at 26 °C, but after 24 h, more than
95% vyield of (tert-butyldimethylsilyl) methane-
sulfonate was obtained.

Me
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Me Me
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Reactions of Trimethylsilyl Diphenyl Phosphate
with 1,3-Dioxepane, 1,3-Dioxolane, and Trioxane. The
reactions of cyclic acetals 1,3-dioxepane, 1,3-dioxolane,
and trioxane with trimethylsilyl diphenyl phosphate were
studied. When these reactions were carried out under
normal polymerization conditions, high molecular weights
and broad molecular weight distributions were obtained.
When these reactions were carried out in the presence
of hindered base, no polymer was obtained in any case.

Reactions of Trimethylsilyl Methanesulfonate with
1,3-Dioxepane, 1,3-Dioxolane, and Trioxane. The poly-
merization of 1,3-dioxepane with trimethylsilyl methane-
sulfonate was very slow in CDC]l; at 0 °C (carried out in
a sealed NMR tube), as shown in Table I. Even after 3
days, the conversion was only 35% and the initiation effi-
ciency was less than 5%, as calculated from the NMR
spectrum. The molecular weights were high and molec-
ular weight distributions were broad. The presence of
hindered base did not affect these results. The polymer-
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Table I
Reaction of 1,3-Dioxepane with Trimethylsilyl
Methanesulfonate®
time, h convrsn, % 1073M, 107*M,, MWD
6 0
12 4
24 9 3.20 1.03 3.2
36 17 19.11 5.46 3.5
48 21 20.92 6.75 3.1
60 29 43.47° 19.76° 2.2%
72 35 44.37° 21.13% 2.1%
“My] =005 M; [I]J=005 M; [26-di-tert- butylpyrl

dine] = 0.01 M; solvent = CDCl;; temperature = 0 °C.
tated in methanol before analysis.

b Precipi-

ization of 1,3-dioxolane and trioxane with trimethylsilyl
methanesulfonate was not observed under the same con-
ditions.

Discussion

Our results show that trimethylsilyl diphenyl phos-
phate and trimethylsilyl methanesulfonate are ineffi-
cient initiators for the polymerization of electron-rich sty-
rene and oxacycle monomers. Only the more reactive
trimethylsilyl methanesulfonate initiated the cationic poly-
merization of the very reactive 1,3-dioxepane in the pres-
ence of hindered base. The silyl initiators are much less
effective than the corresponding protic acids. No ambi-
guity exists about the role of the hindered base. Bulky
carbocationic propagating centers have been shown to
be inert to hindered base and therefore 4-isopropenylan-
isole, a hindered equivalent for p-methoxystyrene, was
also investigated. No addition of the silyl ester to the
double bond was observed. trans-Anethole and 4-
isopropenylanisole are electron-rich olefins and the ques-
tion arises, why is there no reaction with the trimethyl-
silyl esters under investigation? In an attempt to answer
this question, we generated an analogue of the putative
initiating species from allyl-tert-butyldimethylsilane and
triflic acid. Protonation of the allyl group leads to a cat-

Me
Me |
Me3SiCH,—C* ~ OSO,Me
+ MegsiOSOZMe _—
Me Me
putative initiating species
e H

tBu—Sl -——CH2 c‘ X
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model for initiating species
Me

tBu——8i—X + CH;==CHCHj,
Me

X ="0S0,CF;, OSO,CHy

ion 8 to a silicon; silicon is known to stabilize a 8-cation.
The rapid formation of tert-butyldimethylsilyl triflate
shows that the oxygenated counterion clearly reacts at
the silicon site and not at the carbocation, despite the
steric hindrance at Si. The same reaction occurs between
allyl-tert-butyldimethylsilane and methanesulfonic acid,
albeit slower. This model reaction shows that the equi-
librium of the proposed initiation step lies far to the left.
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Thus, the initiating step never occurs in conditions where
no methanesulfonic acid is formed by hydrolysis of the
trimethylsilyl ester.

The fact that the oxacycle 1,3-dioxepane works better
than the electron-rich styrenes might be traced to the
greater affinity of Si toward O rather than toward C. Note
that all the organic chemistry of trimethylsilyl triflate
involves oxygen compounds, ketones and acetate, but not
vinyls even if they are very electron rich.®> So our poly-
mer chemistry results are in accord with the known organic
chemistry of these compounds. However, even in the suc-
cessful case of 1,3-dioxepane with trimethylsilyl meth-
anesulfonate, the initiation step is slow relative to prop-
agation as shown by the long reaction times, high molec-
ular weights, and broad molecular distributions.

Experimental Section

Methods. 'H NMR spectra were recorded on a Brucker WM-
250 spectrometer. Deuteriochloroform and dichlorodimethyl-
silane were used as the solvent and internal reference. Molec-
ular weights of polymers were measured on a Shodex GPC A
804 column calibrated with polystyrene and THF standards,
chloroform as eluent, and a Waters RI detector. Elemental anal-
yses were performed by Desert Analytics, Tucson, AZ.

Monomers. p-Methoxystyrene, anethole, 1,3-dioxolane, and
trioxane were purchased from Aldrich and purified by distilla-
tion over calcium hydride under reduced pressure. 1,3-
Dioxepane was made from 1,4-butanediol and paraformalde-
hyde according to the method of Astle et al.® 4-Isopropenylan-
isole was made from 4-bromoanisole and acetone in the presence
of magnesium.

Initiators. Trimethylsilyl diphenyl phosphate was made from
the reaction of excess trimethylsilyl chloride with silver diphe-
nylphosphate in acetonitrile in the dark at room temperature.
After the silver chloride is filtered off, the solvent is evapo-
rated and the viscous residue distilled (bp 119 °C (0.2 torr)).
Yield 90%. Trimethylsilyl methanesulfonate was purchased from
Aldrich.

Polymerization. A glass vessel with two arms containing
small magnetic stirrers and an NMR tube were heated under
0.05 mmHg, until the magnets inside the stirrers could be seen
(about 400 °C). The tube was then filled with argon and placed
inside a glovebag. While argon was continuously purged into
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Introduction

In an earlier paper,! the epitaxial deposition of poly-
(vinylidene fluoride) (PVF,) on a (111) CaF, substrate
was modeled using molecular mechanics. A single PVF,
chain segment consisting of 10 repeat units frozen into
the all-trans (T,) conformation was used to represent the
polymer. It was found that the Coulombic contribution
to the total polymer—substrate interaction energy was quite
high (about 40%) as compared with other polymer epi-
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the tube, monomer, initiator, CDCl,, and 2,6-di-tert-butyl-4-
methylpyridine, which had been carefully purified, were put
into the different arms: monomer, CDCl,, and CaH, in one arm;
initiator, hindered base, and CDCl, in the other one. The tube
was closed and the contents stirred for about 20 h (argon was
still continuously purged). The NMR tube was reheated to about
400 °C under 0.05 mmHg while the contents of the arms were
cooled in liquid nitrogen. Under full vacuum (<0.05 mmHg)
the NMR tube was cooled by liquid nitrogen and monomer,
initiator, and CDCl, were distilled very carefully into the NMR
tube, which was then sealed off.
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taxial systems that have been modeled using this method.
The orientation resulting in the lowest energy was one
in which the plane of the planar zigzag backbone of the
PVF, chain was parallel to the substrate and centered
over a row of fluoride ions. The total interaction energy
for this orientation was -55.4 kcal mol™ /10 PVF, repeat
units. The CF, dipoles in this orientation are parallel to
the substrate. Another low-energy orientation (£, =
-53.4 keal mol™?/10 PVF, repeat units) was also found
in which the CF, dipoles were normal to the substrate
surface, with the polymer fluorine atoms next to the sur-
face. Boltzmann statistics predicted that approxi-
mately 14% of the PVF, chain segments should deposit
in the latter orientation. The other known chain confor-
mations of PVF,, TGTG’, and T3GT;G” were not consid-
ered. The purpose of this note is to summarize the results
of these calculations for the last two chain conforma-
tions and to compare them with those of the T, confor-
mation.

Theory and Methods

Details of the interaction energy calculations have been
described in the earlier work and will only be summa-
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