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For polypropylene or poly(vinyl chloride), n = 1 and the
13C chemical shifts are very sensitive to stereostructure. It
has also been shown324 for n = 2 that the 13C chemical
shifts can reflect configurational or conformational struc-
ture even though the magnitude of the effect is reduced.
However, for the system under consideration n = 5 and the
13C chemical shifts are not sensitive to stereostructure.

Past infrared analysis’245 of reported alternating pro-
pylene-butadiene copolymers certainly could be used to
rule out the presence of long runs of butadiene or propyl-
ene. However, it was difficult to use those data to rule out
the possibility of some random adjacent monomer and thus
was not unequivocal. The 220-MHz proton nmr analyses®
on the other hand were used to assign an alternating struc-
ture. However, the 220-MHz proton interpretation is based
on deconvoluting badly overlapping multiplet patterns, cal-
culating theoretical spectra, and simplifying the spectra by
examining deuterated copolymers. The 13C nmr method is
more satisfying as direct observation of each copolymer can
be made and the results appear unequivocal.

Conclusions

Pulsed Fourier transform 3C nmr is shown to be an
unambiguous method for determining an alternating mo-
nomer sequence distribution in copolymers of propylene
and butadiene that were made with either a vanadium or a
titanium catalyst. The two copolymers were hydrogenated
and the 13C nmr spectra of the resulting polyalkanes can be
shown to reflect a regular repeating sequence of five meth-
ylene carbons bounded by tertiary carbons bearing methyl
groups. This interpretation is based upon comparing the
observed 13C chemical shifts with expected values derived
from empirical additivity relationships shown to hold for
branched alkanes and by a comparison with analogous
chemical shifts reported for ethylene-propylene copoly-
mers. The determination of the structure for the hydroge-
nated copolymers provides a sound basis for interpreting
the 13C nmr spectra of the original propylene-butadiene
copolymers. A trans or cis olefin bond substituent effect is
shown to account for chemical shift differences between
spectra of the hydrogenated and original copolymers. The
spectra of the original copolymers show that the copolymer
made with a vanadium catalyst is alternating with essen-
tially all of the butadiene in a trans configuration. There
appears to be less than 2% polybutadiene homopolymer
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present as an impurity. On the other hand the copolymer
made with a titanium catalyst is an alternating copolymer
with about 89% of the butadiene in a trans configuration
and 11% of the butadiene in a cis configuration. This co-
polymer has about 7 to 8% cis-1,4-polybutadiene homopo-
lymer present as an impurity. In the future, it should be
possible to use the proposed interpretation of the 13C nmr
spectra of copolymers of propylene and butadiene to deter-
mine the extent of alternation without the necessity of also
hydrogenating the copolymer and obtaining the 3C nmr
spectrum of the resulting polyalkane.

Acknowledgment. I am grateful to Mr. H. E. Diem, B.
F. Goodrich Company, for hydrogenating the propylene—
butadiene copolymers.
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The Nature of the Molecular Motions of Poly(L-proline) for the
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ABSTRACT: Conformational analysis has been used to study the molecular motions in the cis = trans transitions
of poly(L-proline) by assuming cooperative couplings between residues obey Gaussian functions. The results
suggest that the free energy barriers to both the cis — trans and trans — cis transitions are minimum when three
residues are involved in the cooperative motions. The cis — trans transition prefers to start at the N-terminal end
of the chain and proceed inward, while the trans — cis transition nucleates, most probably, at the C-terminal end of
the chain and proceeds inward. Only two stable conformations, corresponding to the observed cis and trans helices,
have been found for every transition path tested. Also, a single energy barrier separates the cis and trans states.

This paper presents the results of an initial attempt,
using conformational analysis, to describe the molecular
motions taking place in poly(L-proline) as it undergoes an

order-to-order conformational transition.2-6 This transi-
tion is characterized by the cis = trans (C = T) torsional
interconversion with respect to the imide bond of each resi-
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due. In a general vain, an attempt has been made to mini-
mize the transition path free energy, for a wide variety of
possible transition paths, so that the global minimum bar-
rier height and, as a consequence, the most probable transi-
tion path might be found. The impetus to carry out this
study is twofold. First, we wish to know if conformational
analysis can be used to semiquantitatively describe molec-
ular motions in chain molecules, and, second, we hope to
discover if this type of an approach can demonstrate that a
cooperative dynamic motion, as inferred from experi-
ment,3 7 is prerequisite to minimizing the transition barrier
height.

Method

A chain molecule consisting of 12 residues was used in
the final computations that are reported here. It is not yet
resolved as to the mechanism of C = T interconversion
about the imide bond. There is a reasonable amount of evi-
dence?3 that the mechanism involves protonation of the
imide nitrogen which destroys the partial double-bond
character of the imide bond. We adopted the structural
model consistent with this mechanism as part of our study,
and thus carried out a transition analysis for

Model 1

12
where the intrinsic torsional barrier height for rotation
about the C'—N* bond was set at zero. However, we also
carried out calculations using a trigonal imide nitrogen.
Thus the second model considered in our investigation was,
essentially, a duo-decamer oligomer of poly(L-proline); i.e.

For this model the intrinsic torsional potential about the
imide bond was taken from other works®® to be

Model 11

—’Q—\J——QC“

C'BH) C7H,
C’H7

T(w) = {(A/2)(1 - cos 2w)

A = 20 kcal/mol (1)
w = 0° corresponds to the cis state

The bond lengths and angles for model IT were taken from
X-ray work!® while the geometry about the N* atom in
model I was based upon “standard” bond lengths and an-
gles.® The conformational potential energy functions and
fluctuation techniques to compute entropy given in refer-
ence six were adopted in the analyses. Solvent contribu-
tions were not considered.

Prerequisite to describing the total spatial motion of a
chain molecule is understanding how a motion in one unit
of the chain produces motion in other nearby units of the
chain. Qualitatively, a motion at some location along the
chain, induced, say, by thermal fluctuations, generates a
force field in which close-by chain segments find them-
selves. These close-by chain segments react to the force
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field by undergoing motions in search of a new equilibrium
state. The extent of motion in these close-by chain seg-
ments coupled with the number of close-by chain segments
undergoing motion characterize the cooperativity of the
motion. Most often the motions of the nearby chain seg-
ments are very similar to that of the nucleating fluctuation
motion, and the motions are indeed of a cooperative na-
ture. If, on the other hand, the motions of the nearby units
are not similar to the initial fluctuation motions, then these
motions can be considered non- or anticooperative. When
the nucleation fluctuation motion and subsequent coopera-
tive motions lead to a conformational transition in the
chain molecule, the change in stable conformational states
is termed a cooperative conformational transition.

The major problem which faced us in our attempt to elu-
cidate the motions in poly(L-proline) was determining a
suitable means of characterizing the cooperativity between
residue units. The most fundamental way to do this would
be to carry out dynamical fluctuation calculations similar,
perhaps, to those attempted by Simon.!! However, it was
our opinion that we could not generate a suitably realistic
force field between residues especially due to the fact that
solvent terms were neglected. Moreover, the computer time
needed for a dynamical calculation of this type is quite
substantial.

Cooperativity was introduced into the transition analy-
ses through what we call a Gaussian coupling function

Abjumy = A8, expl(*/n) In €] (2)
where A#f,; is the magnitude and direction (positive or
negative torsional rotation) of the nucleating fluctuation
taking place for a rotation, i.e., ¢, ¢, or «, in residue j for
the kth conformational transition state. Af;.,, is the
magnitude and diréction of the induced cooperative fluctu-
ation of an equivalent rotation in residue j + n for the kth
conformational transition state. n* and ¢ define the degree
of cooperativity in that ¢ is the fractional fluctuation value
that a rotation n* residues from the nucleation site experi-
ences during a transition fluctuation. ¢ was set equal to 0.01
in our analyses.

The choice of a Gaussian function to describe coopera-
tive motion between residues is based upon the following
reasoning. As the number of intervening residues increases
between any two reference residues the distance between
pairs of atoms composed of one atom from each of the two
reference residues also increases. The magnitude of the
force between a pair of atoms drops off as a function of dis-
tance in a manner very similar to a decreasing Gaussian for
any reasonable pair-potential function. Since the magni-
tude of the cooperative motion of a residue is a direct func-
tion of the force field in which it exists, it should follow that
the magnitude of the cooperative motion also falls off in an
approximate Gaussian fashion as a function of distance,
i.e., number of intervening residues, from the nucleation
site of the fluctuation motion. The parameters n* and ¢ are
not mutually independent, but are meant to serve as mark-
ers which define the number of nearby residues involved in a
cooperative motion. If ¢ were assigned a value different
from 0.01 the n* scale would be expanded or contracted
relative to the scale based upon ¢ = 0.01. Since, however,
our study is based upon scanning over a wide range of n*
for a fixed ¢, it is not critical what value is assigned toe. ¢ =
0.01 is convenient because it tells us residues n* units from
the nucleation site undergo Yo the motion of the nucleat-
ing residue.

The conformational transition path energy was explicitly
minimized as a function of ¥ and w. This was done by start-
ing from either the preferred cis, or trans, conformation, k&
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Table I
Minimum Transition Barrier Heights (kcal/mol/
residue) for the T — C and C — T Transitions of
Poly(L-proline) for Different Nucleation Sites

N end C end Middle of
inward inward Chain
Model I
T-C 19.4 13.6 19.4
cC-T 10.8 16.9 16.9
Model I
T-~C 35.4 21.8 36.2
C~T 23.5 28.8 31.4

= 0, and determining the minimum conformational path
energy p degrees away according to path generator func-
tions

w, = psinvy, (3)
¢y, = psinvy, (4)

where v, goes from 0 to 360°.

Using the conformational state with the minimum path
energy, i.e.,, k = 1, as a new “jump-off point,” the above
procedure was iteratively repeated, i.e., & = 2,3, ..., until
a stable minimum energy conformation was obtained. In
order to prevent the transition from turning around and re-
turning to the starting point, each previous conformational
state along the path was assigned a high energy value. In
other words, our path energy minimization procedure
reaches a point on the (J,w) plane in the kth iterative step
and “looks around,” this is the vz rotation, to find the min-
imum conformational energy p degrees away where

p = vr(w,e - wk_i)z <+ (d’k - d‘k.l)z

The (k + 1) step is then made to this newly found energy
minimum and the entire procedure repeated. A practical
and yet reasonable value for p was found to be 5° while v
was best set at 15° for all k. Torsional fluctuations, ¢, were
allowed about the N-C«, or N¥-C<, bond for each interme-
diate conformational state during the (w,) energy minimi-
zation. Thus ¢ was also implicitly considered in the mini-
mization procedure. This entire method of path energy min-
imization was repeated forn* =1, 2, 3, 4, 5, 6, and «. Anin-
trinsically gratifying result, which was necessary in order to
perform these calculations, was that the cis and trans con-
formations, observed experimentally,!® were the only sta-
ble conformations of the chain molecule. Thus we could be
sure that our simulation calculations would undergo the (C
= T) conformational transitions and not “get stuck” in
some stable intermediate state.

Results

For each direction of the transition, i.e., C — T or T —
C, three initial nucleation sites for the transitions were con-
sidered: the N-terminal end, the C-terminal end, and the
middle of the chain. The barrier heights of the transitions
for each of the three sites are given in Table I. For both
structural models it can be seen that the T — C transition
prefers nucleating from the C-terminal end of the chain
while the C — T transition prefers originating from the N-
terminal position. Neither transition shows an energetic
preference for initiating in the middle of the chain.

As stated earlier, different values of n* in eq 2 yield dif-
ferent degrees of cooperativity for a fixed e. The larger the
value of the n* the longer the range of cooperativity. Fig-
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Figure 1. Minimum free energy barrier height as a function of the

degree of cooperativity n*: (A) ... TTTT ... TTTC ...TTCC
(Model II); (B) CCCC... TCCC... TTCC... (Model I); (C)
... TTTT ...TTTC ...TTCC (Model I); (D)
CCCC... TCCC... TTCC...(ModelI).

ure 1 contains plots of minimum free energy barrier
heights, [Ap)lmin, as a function of n* for both structural
models considered in this work. The most significant obser-
vation from this figure is that the global free energy mini-
mum barrier height is achieved for n* = 4 in both the C —
T and T — C transitions for both structural models. This
suggests the range of cooperativity may involve at least
three complete residues which is, interestingly, the repeat
unit of the trans helix and approximately the repeat unit of
the cis helix, i.e., 3.3 residues/turn for the cis helix. There
is also some experimental evidence that helix formation in
both the cis and trans oligomers takes place for the tetra-
mer in aqueous media.l2 Deber, et al.,1? have found that
L-proline oligomers prefer form II, all-trans conformer,
abruptly at the pentamer in chloroform. The low energy
barrier height for infinite cooperativity, that is all residues
simultaneously undergoing the transition uniformly, is also
an interesting finding. One might speculate from the data
in Figure 1 that all modes of cooperative motion having n*
= 4 may be taking place in the order-to-order transitions of
poly(L-proline).

The last aspect to describing the transition motions is to
state the direction of the rotations ¢ and w during the tran-
sition. In Figure 2 is an energy map of ¢ and w for infinite
cooperativity in model I. The minimum energy transition
routes for the C — T and T — C transitions are superim-
posed on the energy map. The direction of the rotations for
the T — C is positive, relative to standard convention, for
both ¢ and w. The opposite is true for the C — T transition.
It is to be noted that the C — T and T — C transition
paths are slightly different. This is due to the fact that each
intermediate transitional state along the transition path is
dependent upon its path history. Seeking the minimum
free energy routes starting from two different points on the
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Figure 2. The ¢ vs. « conformational energy map of poly(L-pro-
line) model I subject to infinite cooperativity, that is, the equiva-
lence condition. The energy contours (kcal/mol/monomer) are at
the indicated values above the global minimum. The location of
the trans helix is denoted by T while the cis helix is located at the
position indicated with a C. (-——) indicates the T — C minimum
free energy path while the (——) indicates the same for the C — T
transition.

energy surface leads to different history-dependent paths.
The directions of the rotations described in Figure 2 are
preserved forn* = 4,5,86,.... « for bqth models [ and II.

Discussion

The results of our investigation suggest the following
properties of the C == T transitions in poly(L-proline).

(A) Minumum free energy barriers for the transitions
occur for cooperativity extending over three residues.
Higher degrees of cooperativity, extending to infinity, are
also probable.

(B) The C — T transition prefers to proceed from the
N-terminal end of the chain inward. Torchia and Boveyl4
have suggested that the C — T transition originates at the
C-terminal end of the chain and proceeds, sequentially, in-
ward. This model is based upon the findings from an exten-
sive nmr study of this transition in D,0. These findings
are, obviously, in direct conflict with our results. However,
Torchia and Bovey believe their C — T transition model
may not hold for nonaqueous solutions. Since our calcula-
tions are for a free-space medium, we suggest solvent ef-
fects, in accordance with Torchia and Bovey, may be the
key to resolving these discrepancies. Still we do not rule out
that our potential energy functions are in error and/or that
we have not explored all possible transition paths as possi-
ble reasons for our conflicting findings. Our calculations
suggest that the T — C transition originates at the C-ter-
minal end of the chain. Torchia and Bovey have not re-
ported on this transition.

Macromolecules

(C) The directions of the rotations ¥ and w for the C —
T transitions are both negative, while, in contrast, both
rotations are positive for the T — C transition.

(D) There are no stable intermediate states for the C =
T transitions when the degree of cooperativity involves
three or more residues. The cis and trans helices observed
in the solid state!® are the only stable conformational
states. Torchia and Bovey!* discuss the observation that
conformations such as CCCC .. CCTT ... T can be ob-
served on the nmr time scale for poly(L-proline) in concen-
trated aqueous salt solutions. This again would be in con-
flict with our findings. However, interactions between the
solution ions and the biopolymer may drastically modify
the conformational behavior of poly(L-proline) as com-
pared to our free-space approximation. Thus we feel a com-
parison between these findings should be taken with cau-
tion.

(E) Structural models I and IT have very similar transi-
tional properties. The geometry and topology about the
imide nitrogen does not appear to have a significant influ-
ence on the motions involved in the C = T transitions.

(F) For the most probable transition paths the major
contributions to the transition barrier come from steric and
electrostatic repulsions between first and second nearest
neighbor carbonyl oxygens. This is the case for both struc-
tural models. There are also some bad contacts among the
pyrollidine hydrogens on adjacent residues.

These calculations have not taken the effect of solvent—
solute interactions into consideration in computing the
minimum free energy paths. These types of interactions
could modify barrier heights considerably. Thus, one can at
best state that the magnitude of the barrier heights is only
qualitatively meaningful. The barrier-height values should
not be used in quantitative thermodynamic discussions.
Moreover, we are well aware that the structural models
used in the conformational analyses may be inadequate.
For example, the carbonyl carbon or oxygen may be pro-
tonated as part of the transition mechanism. Most workers
feel this is unlikely, but it cannot be ruled out.
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