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ABSTRACT: Cooperative motions of cis-1,4-polybutadiene (cis-PB) and cis-1,4-polyisoprene (cis-PI) in
the bulk state are analyzed and compared using the cooperative kinematics (CK) theory. The mechanisms
of relaxation on a local scale are closely similar for the two polymers in dense media, resulting from the
same geometry of the backbone, which is the major determinant of the types of accessible cooperative
conformational rearrangements. The correlation times for the reorientation of C-H bonds of cis-PI are
found to be about 1 order of magnitude longer than those for cis-PB at the same effective friction coefficient.
The results are in accordance with previous NMR experiments which indicated a ratio of about 10. The
molecular characteristics responsible for this difference in the local mobilities of the two polymers are
examined. Three sources are identified: (i) the excess volume swept by the moving units in cis-PI due to
the CH3 units appended to the backbone, (ii) the higher short-range conformational potential energies in
cis-PI compared to those in cis-PB, and (iii) the restriction in the number of accessible isomeric transitions
in cis-PI compared to those of cis-PB, which is due to the excluded-volume effect.

Introduction
Local dynamics of polymers in the bulk state occurs

through librations of backbone bonds about rotational
energy minima and through transitions between rota-
tional isomeric states (RIS).1,2 The dynamics is affected
mainly by four factors.3 The first is backbone geometry.
This is an intrinsic structural property of the investi-
gated chain, irrespective of environment. Bond lengths
and bond angles affect the extent of the displacement
of atoms in the vicinity of the bond undergoing a
rotational motion. For most polymers, the distortions
of bond lengths and bond angles are opposed by large
potentials, such that these are almost fixed in compari-
son to dihedral angles. The second factor involves the
side groups appended to the backbone. The geometry
of the side groups and their size lead to differences in
the extent of volume swept by the moving atoms during
a rotameric transition. The displacements of backbone
and side chain atoms during rotameric jumps are also
functions of the instantaneous conformation of the
chain. The third factor is the environment. Closely
related to the factor of backbone and side chain geom-
etry is the extent of friction opposing the motion. This
effect is intermolecular in origin and becomes particu-
larly important in dense media. The work done against
environment during the conformational motions ac-
companying the isomeric transition of a given bond
increases with the effective frictional resistance. The
fourth factor is the short-range conformational energet-
ics of the chain. Precisely, the shape of the energy map

near the minima around which the librational motions
take place and the heights of the energy barriers
between RIS affect the mechanism of relaxation. These
energies are expressed in terms of the rotational po-
tentials of bonds. They include the intrinsic rotational
preferences of the individual bonds and the first-order
interactions between the near-neighboring units along
the backbone.

The effect of these factors on the correlation time τc
associated with local motions is conveniently sum-
marized in the expression4

based on Kramers’ rate theory in the high-friction limit.
Here, τ0 is a front factor accounting for the effects of
the individual chain geometrysbackbone and side
chainsson the nature of isomeric jumps, ê is the
effective friction coefficient, ∑δRi‚δRi is the cumulative
square displacements of all atoms, and ∆V is the
conformational energy change involved in the motion.
The above correlation time τc characterizes the time
decay of the normalized autocorrelation function (ex-
pressed by the second-order Legendre polynomial) as-
sociated with the reorientation of the internuclear vector
observed in NMR.

Let us now investigate how eq 1 may be utilized for
extracting information on relaxation times. First, a
chain in a specific original conformation is chosen. The
bond of interest is rotated from one isomeric state to
another by imposing successive incremental changes in
its dihedral angle. The response of the chain to this
rotameric transition depends on the local conformation
near the rotating bond along the chain. This response
may conveniently be determined by the use of the
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τc ∼ τ0(ê∑
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δRi‚δRi) exp(∆V/RT) (1)
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cooperative kinematics (CK) theory.3-9 According to the
CK method, the conformational rearrangements of the
chain are subject to the condition of minimization of the
total energy change, here comprising the work W done
against friction and the overall change in the confor-
mational energy ∆V. The work done against friction at
each incremental step is given by3-9

where δt is the time step during which the incremental
change takes place.

There are n + 4 degrees of freedom in the CK model
for the backbone, n - 2 internal dihedral angles, and 6
external degrees of freedom (translation and rotation).
One of the bonds is assumed to undergo an isomeric
transition, and the accompanying change in the remain-
ing n + 3 degrees of freedom is calculated. Minimization
of δW + ∆V with respect to these degrees of freedom
leads to n + 3 coupled equations. Their solution yields
the optimal atomic displacements δRi and, thereby, the
two quantities of interest, ∑δRi‚δRi and ∆V, which may
be readily inserted into eq 1. The explicit form of the n
+ 3 linear equations and their analytical solution are
presented in our previous work.5

In eq 1, the front term τ0 is geometric in nature. It
describes the time scale involved in the reorientation
of a chain-affixed vector during local relaxation. Reori-
entations in the form of large angle jumps lead to a
faster time decay of orientational correlations. Small,
diffusive reorientations lead to slower decay. The effec-
tive front factors τ0 for angular motions of different step
sizes were determined by a Monte Carlo simulation
technique, leading to a functional relationship between
the size of the jump angles and τ0. The sizes of
reorientational jumps for a given bond are evaluated
by the CK method, so as to assess the corresponding τ0
value.4

In the present study, we compare the local dynamics
of cis-1,4-polybutadiene (cis-PB) and cis-1,4-polyisoprene
(cis-PI) at the same effective friction coefficient. The
importance of comparing the characteristic relaxation
times of bulk polymers at the same friction coefficient
has been discussed before.10 The local dynamics of these
two systems has been studied in much detail, both by
experimental means10-13 and by simulations.14-22 Re-
sults of CK calculations for cis-PB were presented in
our earlier work.4,7,8 Results for cis-PI presented in the
present paper are new. The comparison shows that the
mechanisms of motion of the backbone are approxi-
mately identical for the two systems, apart from a slight
overall increase in the sizes of the atomic displacements
required to accommodate a given bond rotation in cis-
PI compared to those in cis-PB. The existence of a
methyl side group in the repeat units of cis-PI causes,
however, a significant increase in the cumulative square
distance ∑δRi‚δRi traveled by all atoms (including side
groups) during conformational changes. More work is
therefore required for completing an isomeric transition
in cis-PI compared to that for the isomerization of cis-
PB bonds; and this difference is directly manifested as
an increase in the correlation times observed by 13C
NMR.

Model and Method
The CK theory and its application to various polymers

together with the comparison with results from molec-

ular dynamics (MD) simulations were presented in our
earlier studies.3-9 In the following, we will present the
results for cis-PI. Those for cis-PB will also be repeated
and shown whenever necessary for comparative pur-
poses.

Geometry and Conformational Energetics of cis-
PI in Comparison to cis-PB. The repeat units of cis-
PB and cis-PI are shown in Figure 1. PB comprises three
types of bonds: two R bonds adjoining the double bond,
one â bond between two tetrahedrally bonded carbons,
and a double bond, as shown in the figure. In PI, there
are two distinct R bonds, due to the presence of the
methyl side group. These will be designated as R1 and
R2, the latter flanking the methyl-substituted backbone
carbon.

In Figure 2a, the rotational potentials for the different
bonds in cis-PB and cis-PI are shown. The dotted and
thin solid curves refer to the rotational potentials of the
R1 and R2 bonds of cis-PI, respectively. The dashed and
heavy solid curves represent the potentials for the R
bond of cis-PB, estimated from two different references,
Li and Mattice19 and Rey et al.,20 respectively. The
potentials of Li and Mattice refer to the atom-based
molecular dynamics (MD) simulation results for bulk
cis-PB, in contrast to the Monte Carlo (MC) results of
Rey et al. The former exhibits two minima, and the
latter three; these will be accordingly referred to as the

δW ) (ê/δt)∑
i

δRi‚δRi (2)
Figure 1. Repeat units of (a) cis-PB and (b) cis-PI chains.

Figure 2. (a) Rotational potentials for the R1 bond (dotted
curve) and R2 bond (thin solid curve) of cis-PI20 and for the R
bonds of cis-PB (heavy solid and dashed curves). The dashed
curve for the rotational potential of cis-PB R bonds is estimated
from the MD simulation results of Li and Mattice,19 and the
other curves are estimated from the simulations of Rey et al.20

The corresponding functional forms and energy parameters
are listed in Table 1. (b) Rotational potentials for the â bonds
of cis-PI and cis-PB. See Figure 1 for the definition of bonds
of different types.
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2-state and 3-state rotational potentials. In the former,
the isomeric states skew+ (s+) and skew- (s-) are
observed, with a relatively high barrier at the cis (c)
state, practically preventing the rotational isomerization
s+ T s- over the cis state. The transitions over the trans
(t) state, on the other hand, are subject to low (e2 kcal/
mol) energy barriers for the two models. See Table 1
for the functional form and parameters of the torsional
potentials used in the present study.

In cis-PI, the bond R1 rotates almost freely, as may
be deduced from the rotational potential displayed by
the dashed curve in Figure 2a, whereas the rotations
of bond R2 are more severely hindered. The latter
exhibits two isomeric states, s+ and s-, separated by a
high barrier at position c, similar to the behavior of the
R bonds of cis-PB observed in MD simulations. Thus,
there is practically one accessible isomeric passage, s+

T s-, across the trans state for the R2 bond, the
transition across the cis state being highly improbable.

In contrast to the R bonds, the â bonds exhibit three
minima in both cis-PB and cis-PI, at positions t, gauche+

(g+), and gauche- (g-). The passage between the gauche
states over the cis state is practically impossible due to
the high ()5 kcal/mol) energy barrier, as may be seen
in Figure 2b. Transitions between states g( and t across
the s( states also require relatively high energy barriers,
compared to those involved in the accessible transitions
(s+ T s- across the t state) of R bonds. Therefore the R
bond rotations are more likely to control the conforma-
tional relaxation of cis-PB and cis-PI.

In addition to these short-range conformational po-
tentials, long-range interactions were taken into con-
sideration in our calculations. To this end, all inter-
atomic distances were checked throughout the time
evolution of each conformational change. The confor-
mational transitions involving interatomic contacts
closer than the cutoff distance of 3.8 Å were not
accepted. This approach severely suppresses the passage
over the cis state of the R bonds in either cis-PI or cis-
PB, thus eliminating the qualitative differences that
may arise from the adoption of the two different
functions, 2-state and 3-state, for the torsional potential
of R bonds.

Previous calculations for cis-PB were done,8 using the
potential set given by Rey et al.20 Good agreement was
obtained therein7 with experiments and previous17,18

MD simulations. Calculations have been repeated here
with the potentials of Li and Mattice. The results
concerning the mechanism of motion do not differ
substantially from those based on the potentials of Rey
et al. because the excluded-volume effect effectively
hinders the access to the cis state of the R bond, which
is the major difference between the two potentials. It is
worth noting that, in the MD simulations of bulk cis-
PB, the two equilibrium states s+ and s- for the
methine-methylene bonds were observed (in the dis-

tributions of dihedral angles extracted from the MD
trajectories) despite the implementation of a 3-fold
potential exhibiting minima at states c, s+, and s-. This
is consistent with the fact that the cis state is not
accessible in the present analysis when the excluded-
volume effect or the second-order interactions between
neighboring units along the backbone are taken into
consideration.

Calculation Procedure. The chains are generated
using the statistical weight matrixes of the rotational
isomeric states (RIS) formalism given by Abe et al.23

Conformational potential energy curves are derived
from statistical weight matrixes and from the work of
Rey et al.20 The double bond is kept fixed at the cis state
in our calculations. In view of the dependence of the
results on the starting conformation, calculations are
repeated for 500 Monte Carlo chains, each of 25 bonds,
generated by using the RIS scheme. The results refer
to the averages over this ensemble of chains. In the CK
model, the effects of frictional resistance and internal
rotational barriers are expressed by the ratio

where l is the bond length taken as 1.53 Å, ê is the
friction coefficient taken as 0.5248 × 10-7 dyn‚s/cm,10

kφ is the torsional energy amplitude which is equal to
1.93 kcal/mol, and ∆t is a parameter related to the time
scale of the small steps used in calculations, taken as
10 ps, in conformity with our previous work.7,8 Substi-
tuting these values into eq 3 leads to k0 ) 0.22.

Results
Mechanism of Conformational Relaxation. (a)

r1-Bond Rotations. The mechanism of motion ac-
companying the rotational jump of R1 bonds in cis-PI is
investigated first. In parallel with our earlier treat-
ments,4,8 the mechanism is described in terms of (i) the
most probable torsional motion of bonds around the R1
bond which undergoes a rotational isomerization, (ii) the
average spatial reorientation of the neighboring back-
bone bonds, and (iii) the most probable displacements
of atoms along the chain, after the completion of the
isomeric jump. All these motions are generally confined
to the nearest monomers flanking the rotating bond,
except for the atomic displacements which are spread
over a slightly longer distance along the chain.

The results are illustrated in Figure 3. The rotating
bond is assigned the index “0” along the abscissa. The
responses of the remaining bonds along the chain are
presented in the ordinate. Parts a and b exhibit the
dihedral angle motions, part c shows the backbone C-C
bond reorientations, and part d shows the atomic
displacements. For comparative purposes, the results
obtained with cis-PB under the same environmental
conditions are displayed by the dotted curves. Interest-
ingly, the backbone motions in the two chains are very
similar, despite the presence of the methyl side group
in cis-PI. The only discernible features are the larger
displacement of backbone atoms (part d) and the larger
amplitude librational motions (part a) in cis-PI com-
pared to those in cis-PB. Such slightly larger size
cooperative motions in PI are understandable in view
of the presence of the methyl side group, which should
accommodate the conformational change. As pointed out
above, although the conformational potential energy
curve of the R1 bond is almost flat, the s+ T c transition

Table 1. Energy Parameters Used in Bond Rotational
Potentialsa

chain bond a0 a1 a2 a3 a4 a5

cis-PBb R 0.32 -2.01 -0.06 2.39 0 0
cis-PBc R 0.32 -1.25 0.74 1.67 0 -0.89
cis-PIb R1 0.06 -0.37 0.01 1.30 0.47 -1.05
cis-PIb R2 -1.28 1.28 0 0 0 0.30
cis-PBb â 1.00 1.92 -0.55 -1.91 1.10 -1.56
cis-PIb â 1.00 1.92 -0.55 -1.91 1.10 -1.56

a Rotational potential: V ) kφ∑ai cos φi, where 0 e i e 5 and kφ

) 1.934 kcal/mol. b Using ref 20. c Using ref 19.

k0 ) (2kφ∆t)/(l2ê) (3)
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is difficult because of the excluded-volume effect. Only
5% of all accessible transitions about the R1 bond are of
the type s+ T c, when the 3-state potential of Rey et al.
is used in calculations.

(b) â-Bond Rotations. Insofar as the motion of â
bonds is concerned, the backbone response is again
almost identical in the two chains. Results of calcula-
tions for â-bond transitions are illustrated in Figure 4.
The displacements of the backbone atoms of cis-PI are
generally higher than their counterparts in cis-PB. This
difference, observed despite the adoption of a common
friction coefficient for the two chains, is indicative of the
tendency of cis-PI chains to undergo larger size move-
ments to accommodate bond isomerizations. The larger
atomic displacements contribute to a larger work re-
quirement for conformational relaxation in cis-PI com-
pared to cis-PB and will be reflected in the correlation
time (see eq 1) for the relaxation probed by NMR.

(c) r2-Bond Rotations. The only possible type of
transition of the R2 bonds is that of the type s- T s+

across the t state. The response of the chain to this type
of transition was found to be qualitatively similar to that
accompanying the same rotational jump of bond R1,
further confirming that the mechanism of cooperative
conformational relaxation driven by an isomeric jump
is practically independent of the presence of the side
group. The only net effects due to the side group are (i)
an increase in atomic displacements evidently related
to the accommodation of the side group and (ii) the lower
frequency of occurrence of isomeric jumps, the access
to some conformational passages being prevented by
steric effects.

Correlation Times. Comparison with NMR Data.
We now proceed to the determination of the terms
appearing in eq 1 for estimating the relative correlation
times for C-H bond reorientations in cis-PI and cis-PB
in comparison to NMR data.

The present CK analysis suggests that the extent of
reorientation of the methylene C-H bonds appended to
the backbone, which are observed in NMR relaxation
experiments, will be of comparable sizes in cis-PI and
cis-PB. This is confirmed in Figure 5, where the
reorientations of the C-H bond vectors in response to
the isomerization of a central R1 bond are shown to obey
similar distributions in cis-PI and cis-PB. We note that
one of the two methine groups of cis-PB repeat units is
replaced by a methyl-appended carbon in cis-PI, and for
this particular group, the C-H bond reorientation noted
in the ordinate actually refers to the reorientation of
the C-C bond between the backbone and the side group.

As explained in our earlier work,4 the extent of
reorientation of C-H bonds determines the front term
τ0 in the rate expression presented in eq 1. On the basis
of the close similarity of the curves for cis-PB and cis-
PI displayed in Figure 5, we conclude that τ0(cis-PI) ≈
τ0(cis-PB).

We now determine the relative contributions of the
cumulative displacements and short-range conforma-
tional energies to τc for cis-PI and cis-PB. A meaningful
comparison of these terms requires us to adopt the same
coefficient of friction for the two cases. The method of
choice of the friction coefficients for the two polymers
was discussed and their measurements were reported
and discussed in detail by Lauprêtre et al.10 From these

Figure 3. (a) Average absolute changes in the dihedral angles of bonds, (b) average changes in the dihedral angles of bonds, (c)
average spatial reorientation of bond vectors, and (d) average spatial displacements of atoms, in response to the rotation of R1
bonds of cis-PB and cis-PI.
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data, the two polymers exhibit the same friction coef-
ficient, ê ) 0.5248 × 10-7 dyn‚s/cm at 341 K for cis-PI
and at 313 K for cis-PB. In Figure 6 the cumulative
atomic displacements ∑δRi‚δRi for cis-PI and cis-PB are
compared for this value of the friction coefficient. The
results are shown for 120° rotations of R1 and R2 bonds
of cis-PI and for the R bonds of cis-PB. â-Bond rotations
are not included because of their low probability of
occurrence relative to R-bond rotations. The difference
between cis-PI and cis-PB is predominantly due to the
extra accommodations for the methyl group. This leads
to a larger volume swept by the atoms and a larger work
done against friction.

Inasmuch as the cumulative displacement is a factor
directly affecting the observed correlation times, a
careful analysis was performed for investigating its
dependence on the functional form of the R-bond rota-
tion potential. Calculations were repeated for the 2-state
and 3-state rotational potentials displayed in Figure 2
as the long-dashed and heavy-solid curves. The former20

lead to ∑δRi‚δRi ) 0.98 Å2, for ∆φ ) 120°, whereas the
latter19 yield values in the range ∑δRi‚δRi ) 0.58-1.48
Å2 depending on the absolute value of the rotational
barrier (see above). In view of the respective values 2.48
and 2.75 Å2 obtained for cumulative square displace-
ments accompanying the rotations of the R1 and R2
bonds of cis-PI, we conclude that the cumulative dis-
placements (∑δRi‚δRi ≈ 1 Å2) in cis-PB are about 2-3
times smaller than those occurring in cis-PI.

Figure 4. Response to the rotation of â bonds of cis-PB and cis-PI. See caption for Figure 3.

Figure 5. Reorientation of C-H (or C-CH3) bond vectors
accompanying the isomerization of the R1 bond of cis-PB and
cis-PI. The arrow shows the rotating bond.

Figure 6. Cumulative square displacements of atoms during
the isomerization of a central R bond in cis-PB and R1 and R2
bonds in cis-PI.
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Finally we considered the contribution of rotational
potentials to observed τc. This may be assessed by
comparing the respective values of ∆V obtained for cis-
PB and cis-PI bond rotations shown in Figure 7. ∆V
differs from the torsional potentials of the individual
bonds displayed in Figure 2 because it is the effective
change in internal energy for the overall chain resulting
from the conformational rearrangements driven by a
bond rotational jump. It can be seen that the value ∆V
required for an R1-bond rotation in cis-PI is higher than
that of an R bond of cis-PB by about 1.0 kcal/mol. The
results for PB shown in Figure 7 are obtained with the
3-state potential20 for the rotation of R bonds. Adoption
of the 2-state potential19 for R-bond rotation also yields
comparable results. The ∆V changes involved in â-bond
rotations of cis-PB and of cis-PI are shown in Figure
7b. The relatively higher energy barrier of cis-PI (by 1.5
kcal/mol) again leads to a longer correlation time for
relaxation of cis-PI chains.

In summary, (i) the cumulative square displacements
of atoms localizing and/or accommodating a bond isomer-
ization differ in cis-PI and cis-PB by a factor of 2, the
movements of cis-PI being larger in size and thereby
involving longer correlation times according to eq 1, (ii)
the short-range conformational energy accompanying
isomeric transitions is higher by about 1 kcal/mol in cis-
PI compared to cis-PB, which leads to an effective ratio
of exp[∆(∆V)/RT] ≈ 5 contributing to τc(PI)/τc(PB), and
(iii) the mechanisms of backbone motion are closely
similar in the two polymers, such that the front factors
τ0, which reflect the amplitude of angular reorientations
of the examined internuclear vectors, are almost identi-
cal for the two polymers. In view of these results, the
observed correlation times for cis-PI are expected to be
longer than those for cis-PB by about 1 order of
magnitude. NMR measurements by Lauprêtre et al.10,12

indicate that the overall correlation time ratio of cis-PI
to cis-PB is approximately 10, in conformity with
present theoretical estimates.

Conformational Relaxation Motions of cis-PI
and cis-PB. For a more detailed understanding of the

mechanism of local dynamics in cis-PI in comparison
to that in cis-PB, the following analysis was performed.
The response to rotational transition was examined in
a series of chains having different starting configura-
tions. Precisely, the total sizes of torsional motions on
both sides of the rotating bond were evaluated for each
starting configuration. Results for an R1-bond rotation
are displayed by the 2-dimensional plots presented in
Figure 8. The ordinate and abscissa represent the
summations ∑|∆φk| over the absolute changes in dihe-
dral angles of all bonds k > i and k < i, respectively,
when bond i completes a transition from one isomeric
state to another.

For a symmetric chain, both sides of the diagonal
should be equally populated, whereas in asymmetric
chains such as PB or PI, a stronger response may be
observed on one side of the rotating bond or the other,
as may be seen in Figure 8.

The most striking difference between cis-PI and cis-
PB is the broader dispersion of dihedral angle changes
in the former, revealing that in cis-PI the conformational
relaxation processes involve larger, but compensating,
changes in dihedral angles, in general. Interestingly,
cumulative dihedral angle changes up to 650° may be
observed on one side of cis-PI for particular conforma-
tions.

A similar analysis for the investigation of the mech-
anism of the local dynamics was performed with cumu-
lative displacements of backbone atoms, ∑|δRk|. The
results are displayed in Figure 9.

Results presented in Figure 9 for two friction coef-
ficients, varying by 1 order of magnitude, show that with
increasing friction coefficients (smaller k0) smaller
displacements are obtained in general. This is consistent
with our previous analysis of the relative contributions
of librations and coupled jumps in response to bond
isomerization.8 The probability of occurrence of coupled
jumps was shown therein to increase with increasing
friction, because a more efficient localization of the
motion is achieved by such cooperative rearrangements,
as opposed to librations spread over long distances along
the chain contour. The localization of the motion with

Figure 7. Conformational potential energy changes during
the isomerization of (a) R and R1 bonds and (b) â bonds of cis-
PB and cis-PI.

Figure 8. Overall response of all bonds located on the left
and on the right of a rotating R1 bond, for cis-PB and cis-PI,
in terms of absolute changes in dihedral angles for the subsets
of motions which involve a barrier crossing.
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increasing friction coefficient is clearly seen upon com-
parison of part a (or b) with part c (or d).

Discussion and Conclusion

The above analysis demonstrates that in dense media
the mechanisms of backbone relaxational motions of cis-
PI and cis-PB are closely similar. In fact, the confor-
mational rearrangements in response to a bond isomer-
ization are shown to be almost identical in the two
chains, apart from a general enhancement in the atomic
displacements and/or dihedral angle motions in cis-PI
compared to cis-PB. This increase in the size of local
motions may be readily attributed to two factors: the
need to accommodate the methyl side groups of cis-PI
during conformational rearrangements and the reduced
backbone flexibility of cis-PI arising from the fact that
the cis state is practically inaccessible to PI bonds.

Despite the close similarity of backbone motions, two
fundamental differences lead to a significant slowing
down of the local motions in cis-PI compared to cis-PB
for an identical value of the friction coefficient. The
former is the need to accommodate the methyl side
group during the conformational rearrangements of the
backbone. The presence of the methyl group also hinders
a number of transitions between isomeric states due to
the excluded-volume effect occurring at the transition
state between the initial and final conformations. This
feature evidently leads to a larger volume swept by the
moving atoms and, thereby, to a stronger resistance to
motion, which is in turn reflected in the observed
correlation times for cis-PI. Second, the short-range
conformational energy requirements of local relaxation
processes differ in the two chains. These factors lead to
a ratio of about 10 for the correlation time of cis-PI to
that of cis-PB, in accordance with the results from NMR
relaxation experiments.

The mechanism of motion for cis-PB relaxation,
presently obtained with the 2-state rotational potentials
of Li and Mattice,19 is almost identical to that previously
found4,7 with the 3-state potentials of Rey et al.20

because the additional equilibrium state (cis) allowable
in the latter is hindered in practice by the excluded-
volume effect which is taken into consideration in the

calculations. In fact, a lower bound, e.g. 3.8 Å, was
implemented for the closest distance of approach of two
sites (methylene, methine, or methyl groups) and tran-
sitions violating this excluded-volume requirement were
rejected. As also pointed out in our previous studies,7
CK results for the mechanism of relaxation of cis-PB,
displayed in Figures 3 and 4, are in good agreement
with the results from the MD simulations of Kim and
Mattice and of Gee and Boyd.18

Some similarities and differences between the results
of the present study and previous MD simulations of
cis-PI14-16 are as follows: Both approaches show that
the cooperative motions that help to localize the con-
formational transitions are confined to a region of 1-2
repeat units. The same type of enhanced cooperativity
of torsional motions of PI is predicted by both the
present cooperative kinematics method and the MD
simulations of Moe and Ediger.14 See, for example,
Figure 5 in ref 14 in comparison to the present Figures
3b and 4b. Likewise, the C-H bond reorientations
displayed for R2-bond rotations in PI may be directly
compared with the curve labeled “ab” in the Figure 8 of
ref 16. Therein, reorientations of 85-90° were observed
for the central two C-H bonds, whereas our calculations
indicate reorientations of about 75-80° for the same
bonds. The responses of the neighboring C-H bonds
differ, however, in the two studies. MD simulations yield
a uniform reorientation angle of about 50° for all
neighboring bonds, whereas our calculations reveal a
decrease with increasing separation from the rotating
(central) bond. This difference may be attributed to the
fact that the observed reorientations in MD simulations,
uniformly spread over all neighbors, are driven by other
transitions or librational motions occurring along the
chain sequence, whereas the present CK results de-
scribe the response to a single-bond rotation, thus
extracting information on the type of cooperative rear-
rangements accompanying an individual isomerization.

In the work of Moe and Ediger, the cooperativity
between neighboring bond motions is emphasized to be
mostly due to cooperative librations resulting from MD
simulations,16 whereas a direct justification of this is
not possible in the CK method. In fact, the descriptions
of librations in the two approaches are somewhat
different. In MD simulations, librations are obtained
directly as a result of simulations, whereas in the CK
calculations, the analytically determined most probable
small-angle torsional rearrangements in the neighbor-
hood of a given bond undergoing a rotameric transition
are defined as librations.

The CK calculations show that a 120° isomerization
of an R2 bond requires a higher energy change compared
to that for the R1 bonds. This is in qualitative agreement
with the MD results15 where the conformational transi-
tion times of the two bonds are 97 and 63 ps, respec-
tively. The predictions of the two methods for the
transition times of the â bonds are in disagreement,
however. MD results indicate that the transition times
of the R2 and â bonds are comparable (97 vs 90 ps),
whereas CK yields a higher effective energy for the
isomerization of the â bond (see parts a and b of Figure
7). This difference may arise from the lack of precise
knowledge on the values of the rotational energy bar-
riers between the isomeric states. The present higher
mobility of the R2 bond can be understood from the
examination of the rotational potential curves displayed
in Figure 2. The thin-solid curve displayed for bond R2

Figure 9. Overall response of all atoms located on the left
and on the right of the rotating R1 bond of cis-PB and cis-PI
in terms of atomic displacements. Subsets of motions which
involve a barrier crossing are considered. Results are presented
for k0 ) 0.22 and k0 ) 0.022. The lower value refers to a 10-
fold increase in the effective friction coefficient.
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in part a readily allows for a fast passage between states
s+ and s- across state t, which may be responsible for
the apparent faster transition rates of the R2 bonds in
CK. An increase in this barrier may slow the apparent
transition rates and yield transition times comparable
to those of the â bonds, as suggested by the comparable
heights of the energy barriers in the cis state. Neverthe-
less, the extent of cooperativity between neighboring
bonds along the cis-PI chains predicted by the present
CK method is in general agreement with results of CK
and MD calculations, as may be verified by comparison
with results of Moe and Ediger.14-16

The CK method assumes the transition of a single
bond from one isomeric state to another as the elemen-
tary event and calculates the effective changes in the
chain energy or any other configurational parameter
resulting from this elementary event. The choice of the
elementary event starting and ending at a torsional
energy minimum is appropriate as the MD calculations
of Takeuchi and Roe on bulk polyethylene have shown.22

According to their calculations, at temperatures above
Tg, each bond spends most of its time in one of the three
isomeric minima. The frequency of transitions from one
isomeric state to another is strictly governed by tem-
perature, but the loci of the minima are unaffected by
temperature.

It should be noted that the above approach provides
at the same time (i) insights as to the molecular
mechanism of local relaxational motions in particular
polymers and (ii) a quantitative assessment of the
relative relaxation rates (or relaxation times) of specific
chains. The adoption of the same monomeric friction
coefficient for different polymers by suitably selecting
the temperature10 permits us to extract the difference
in the correlation times of different polymers induced
purely by the specific conformational geometry and
energetics, exclusively.

Finally, a major advantage of the CK theory is its
computational efficiency. CK results are found from the
analytical solution of a series of coupled equations.
Results in Figures 3-5, which would otherwise neces-
sitate expansive, time-consuming MD simulations, are

obtainable within computation times at least 2 orders
of magnitude shorter than those of conventional MD
simulations.
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