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ABSTRACT: Models of polymers can generally be divided into two classes: (a) flexible, wherein bond lengths
and valence angles are constrained to nearly constant values by strong, harmonic potentials, and (b) rigid,
wherein the constraints are geometric, i.e., fixed bond lengths and angles. In general, the statistical mechanics
of such systems differ. By introduction of a compensating potential based on the metric determinant of the
unconstrained coordinates (the Fixman potential), the rigid model can be made to reproduce the equilibrium
flexible results. It is not clear whether the corresponding dynamics are also reproduced. The purpose of the
present work is to investigate the effect of the Fixman potential on dynamics. We have performed Brownian
dynamics simulations of three models of a n-butane-like molecule: flexible, rigid, and rigid-plus-Fixman potential.
Results show that for certain autocorrelation functions of the dihedral angle, there is a definite, though small,
difference in dynamics between the rigid and flexible models in the low-friction limit. At high friction the
difference has decreased and the dynamics are essentially the same. The effect of the Fixman potential is

minimal in both cases.

I. Introduction

Polymeric systems contain certain degrees of freedom
(specifically bond lengths and valence angles) which under
physically realistic conditions remain quite close to their
equilibrium average values. Because of this, two distinct
approaches to modeling the dynamic properties of poly-
mers have arisen. One approach constrains the bond
lengths and valence angles near their equilibrium values
through the use of (reasonably realistic) harmonic poten-
tials with very large force constants, termed here a flexible
model. The large force constants associated with flexible
models, however, yield very fast vibrational frequencies.
For example, bond stretching frequencies .can be on the
order of 100 ps™. Since the time scale for numerical sim-
ulations is set by the fastest relaxational process, namely
the bond stretching frequencies, flexible models require
a very small integration time step. However, many aspects
of the interesting physics (e.g., conformational transitions)
occur on much longer time scales. The desire to concen-
trate computational power on the degrees of freedom of
interest has led to a second approach in modeling of
polymer dynamics in which bond lengths and valence an-
gles are fixed exactly to some specified value. The use of
such geometric constraints is termed a rigid model. Several
versions of rigid polymer models have been developed.
Examples include those of Fixman® and Pear and Weiner?
and the various manifestations of the algorithm known as
SHAKE.24

The classical equilibrium statistical mechanics of these
two models, flexible and rigid, in general differ. Many
authors have addressed this difference, in particular, Go
and Scheraga®® and Fixman.!” In a rigid model the system
is constrained to a hypersurface in phase space consistent
with the fixed bond lengths and/or bond angles. The
imposition of rigid constraints is manifested in the equi-
librium statistical mechanical distribution function as a
term based on the metric determinant of the hypersurface.
This term is absent for the flexible model even in the limit
where the force constants go to infinity. This difference
between the flexible and rigid equilibrium distribution—
even in the large force constant limit—though real, is
somewhat counterintuitive. Part of the problem with in-
tuition is that we usually assume that the large force
constant limit of a flexible molecule is a rigid molecule,
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and we forget that one has an infinite amount of time to
reach equilibrium. Thus, while a system with large force
constants will stay close to the rigid constraint hypersur-
face in phase space for a while (perhaps even a “long”
while), given enough time it will eventually sample the rest
of phase space to yield the nonconstrained equilibrium
distribution function. The intrinsic differences in equi-
librium properties of rigid and flexible models have been
explicitly demonstrated by computer simulations. Gottlieb
and Bird® performed molecular dynamics simulations on
a three-bead, two-bond molecule lacking any bond angle
constraints whatsoever, and Pear and Weiner? performed
Brownian dynamics simulations on a freely rotating,
four-bead, three-bond molecule. In both cases when the
rigid versions of these molecules were used, it was found
that the distributions (of one bond relative to the other
for the two-bond molecule and of the dihedral angle ¢ of
the central bond for the three-bond molecule) were non-
uniform. The flexible versions of both these molecules had
uniform distributions. In particular, for the rigid version
of the three-bond molecule of Pear and Weiner the dis-
tribution function of the dihedral angle ¢ was found to be
proportional to the square root of the metric determinant,
&(¢), in agreement with theory. It is important to note that
although the magnitude of the differences between the
distributions of the rigid and flexible maodels is small
(maximum deviation from uniformity is 1.1 for the
three-bead molecule and 1.3 for the four-bead one), the
qualitative difference is great.

Fixman! had shown that the rigid model can be made
to reproduce the equilibrium distribution of the flexible
model by adding to the rigid model an additional effective
potential (which will be explicitly given in section II for
the case of n-butane) based on the metric determinant.
Pear and Weiner? demonstrated that the inclusion of this
potential (which they termed the Fixman potential) in the
rigid-model simulations resulted in a uniform distribution
for the dihedral angle ¢.

In summary, the equilibrium (time-independent) sta-
tistical mechanics of rigid and flexible models of polymers
differ and the physically correct flexible equilibrium results
can be recovered by the addition of the Fixman potential
to the rigid model. However, this says nothing at all about
the correct way to treat the dynamic (time-dependent)
properties of polymers. It is the purpose of the present
work to investigate and compare through computer sim-
ulations the dynamics of these three models: flexible, rigid,
and rigid-plus-Fixman potential. We will examine the
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differences in dynamic properties, if any, that exist be-
tween rigid and flexible models and, if there are differ-
ences, whether the inclusion of the Fixman potential en-
ables us to recover the flexible results.

Helfand® has considered a simpler version of this
question analytically by studying the motion of a system
with only two degrees of freedom, one constrained and one
unconstrained. He concluded that in the high-friction limit
of the interaction of the system with its surroundings, use
of the Fixman potential allows recovery of the results of
the flexible dynamics but in the low-friction limit it may
not. More recently, van Gunsteren and Karplus!® have
performed molecular dynamics on rigid and flexible ver-
sions of a protein model. They considered two kinds of
rigid models, one in which the bond lengths are fixed by
the bond angles are not and one in which both bond
lengths and valence angles are fixed. Their results showed
that if only the bond lengths were constrained, there were
no significant differences with the flexible model. How-
ever, when both bond lengths and valence angles were
rigidly constrained, they found large differences in the
dynamics, particularly in a reduction of the dihedral angle
conformational transition rates. Apparently this arose
from steric effects due to repulsive van der Waals inter-
actions between chain segments spatially close together
but far apart along the chain contour, wherein the valence
angle constraint effectively eliminated a path of steepest
descent on the potential energy surface. It is important
to realize that the differences in rigid and flexible models
that we have discussed above do not come about by such
an elimination of energetically favorable pathways. It is
a purely statistical mechanical effect that arises because
the momenta conjugate to the constrained coordinates are
dependent on the dihedral angles. Thus, it is difficult to
ascertain in the work of van Gunsteren and Karplus how
much of the differences in dynamics are due to eliminating
important pathways and how much are due to the statis-
tical mechanical effects we have been discussing. Addi-
tionally, since their simulation of the protein was done with
vacuum boundary conditions (no solvent interactions) and
no use was made of the Fixman potential, one cannot
directly compare with Helfand’s analytic work which ex-
plicitly considers low- and high-friction limits.

It is our concern to investigate only the purely statistical
mechanical questions and also, like Helfand, to consider
a range of frictional effects. Our purpose here is to in-
vestigate the strictly pragmatic question whether in doing
a computer simulation to study the dynamics of a polymer
chain one can obtain meaningful results by using less than
the fully flexible model. That is, can we get away with
using a rigid model, must we correct this by using the
Fixman potential, or do we really need the full dynamics
of the flexible model? Thus we shall not artificially in-
crease the difference between the rigid and the flexible
model by increasing the masses of the end atoms.

The present work differs from a previous examination
of the dynamics of flexible vs. rigid butane by Chandler!!
and co-workers in several respects. First of all, we solve
the standard Langevin equation with a random force as
opposed to stochastic equations equivalent to the Bohm-
Gross kinetic equation. Secondly, we explicitly employ the
Fixman potential in one of the models to examine its effect.
Thirdly, in addition to the conformational transition ki-
netics of the dihedral angle we calculate the autocorrelation
function of the dihedral angle with and without tumbling.
One of the purposes in examining the correlation functions
is to see whether there are qualitative differences in the
dynamics; measurements such as transition rates will only
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reveal differences in magnitude of the time scales. Overall
(see below), our qualitative conclusions are consistent with
those of Chandler et al.

We have performed Brownian dynamics on a simple
n-butane-line molecule with no repulsive interactions. The
use of such a simple model with only one dihedral angle
enabled us to examine the three versions of this molecule,
flexible, rigid, and rigid-plus-Fixman potential, for several
values of the solvent viscosity. The present work also
differs from that of Pear and Weiner.2 There, in an at-
tempt to model the effect of the rest of a long chain on an
interior three-bond section, they made the end atoms
heavier than the interior ones by a factor of 10. This has
the effect of overemphasizing the metric determinant if
one is considering just a n-butane molecule. We treat all
the beads as having the same mass. Additionally, they
considered only the low-friction limit of the solvent vis-
cosity and used a steric rotational potential having a single
barrier, whereas we treat low and high friction and use a
3-fold symmetric rotational potential.

The outline of the remainder of this paper is as follows.
In section II, we described each of the three models used
and the method of simulation. In section III, we present
the simulation results for transition rates and correlation
functions. Section IV contains the conclusions.

II. Description of Dynamic Model

Flexible Model. Following Helfand et al.,'® we describe
the n-butane-like molecule as a three-bond chain of four
vertices or carbon centers labeled i = 0, 1, 2, 3. Bond
lengths b; (i = 1, 2, 3), where b; is the distance between
vertices i and { — 1, are kept near their equilibrium value
by by the harmonic potential

vp(b) = Yavu(b; — by)® (2.1

7y, is the bond stretching force constant. Similarly, valence
angles 6; (i = 1, 2), where 6, is the angle given by the dot
product of bond vectors b; and b, ,, are kept near their
equilibrium value 8, by the harmonic potential

ve8;) = Yorys(cos 8; — cos 6;)? (2.2)

vy is the angle bending force constant. For this model,
there is only one dihedral angle ¢ describing bond rotation
about the axis of the second bond. The torsional potential
which hinders the rotation of the dihedral angle is given
by the symmetric 3-fold potential

vs(0) = %EL(1 - cos (3¢)) (2.3)

This potential does not accurately mimic a real n-butane
molecule (steric hindrances prevent a rotation through
180°, and gauche and trans conformations should not be
equal in energy) but it possesses enough of the qualitative
features of n-butane to be sufficient for comparing the
dynamics of rigid and flexible models. The parameters
used in the simulations are listed in Table I. As regards
the bond stretching and angle bending force constants, we
have decreased their values by factors of 7 and 3, respec-
tively, from more realistic estimates of these parameters.
Since these force constants directly control the size of the
time step used in the numerical integration of the equa-
tions of motion, lessening them allows for a larger time step
and hence decreases the required computer time. As stated
in the Introduction, the differences in the equilibrium
statistical mechanics between rigid and flexible systems
occur independently of the strength of the harmonic po-
tentials. Moreover, as has also been demonstrated by
Helfand et al.,'® decreasing the strength of the potentials
by less than 1 order of magnitude should not qualitatively
affect the dynamics, although it does affect the absolute
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Table I
Parameters of the Simulations

property flexible rigid units
me 0.014 0.014 kg/mol
by 0.153 0.153 nm
yp/m® 2.512 x 10° na’ ns~
vo/m® 1.301 x 107 na? J/kg
Ey/kgT 3 3
N 90 90 deg
T 300 300 K
g=¢/mb

1 1.93 x 10° 1.95 x 103 ns!

2 2.32 X 10* 2.34 X 104 ns!

3 4,63 X 10* 4.68 x 104 ns!
5tb,c

1 0.00217 0.00640 ps

2 0.00217 0.00154 ps

3 0.00217 0.00051 ps

“Taken from ref 12a. ?1-3 refer to simulations 1-3, respectively;
see text. ¢ There were three values of the damping parameter used
for which the values of the time step 4t are also displayed. “na
means not applicable.

magnitude of the transition rates, for example (as long as
the bond angle bonding and bond stretching potentials are
still strong). Another point to note from Table I is that,
again for simplicity’s sake, we have employed 90° valence
angles instead of the usual tetrahedral ones. Also, E,/kgT
= 3 (kgT is Boltzmann’s constant times the temperature)
is somewhat low as a potential barrier; 4 or 5k5T is a more
reasonable value but the lower value allows for better
statistics in the simulations.

Rigid Model. A complete description of this model is
presented in ref 2; we only give a general picture here. The
four carbon centers are again labeled i = 0-3 and the bond
vectors, valence angles, and the single dihedral angle are
denoted as before. However, instead of keeping b; and 6,
nearly constant, they are fixed exactly to the values b, and
8, respectively. This is accomplished by constructing the
equivalent mechanical system shown in Figure 1. There
the n-butane molecule is composed of two linked, rigid
bodies with vertices i = 0, 1 belonging to the first rigid body
and i = 2, 3 to the second. The connecting rods on each
of the rigid bodies are massless and of length b;,. The
linkage between the two bodies consists of two rods of
length by/2 (fixed to their respective bodies at an angle
fp) and joined via a pin and socket mechanism that permits
rotation about this bond. Utilizing the mathematical
formalism in Wittenburg,'® Pear and Weiner have devel-
oped the equations of motion for such a system which are
in generalized rather than Cartesian coordinates.

The above model thus satisfies the bond length and
angle constraints exactly. The steric interactions are in-
troduced through the same potential v,(¢) (eq 2.3) as is
used in the flexible case. In this case the interaction ap-
pears as a torque internal to the pin and socket mechanism.
The rigid model is thus comprised of the two linked rigid
bodies which allow rotation around the bond b, governed
by torques generated by the rotational potential v,.

Rigid-plus-Fixman Potential. As described in the
Introduction, Fixman! has pointed out that recovery of the
flexible equilibrium statistical mechanics can be obtained
by introducing an additional rotational potential

vre(¢) = ksT In (g(¢))'/? (2.4)

g(¢) is the metric determinant for the phase space hy-
persurface resulting from constraints on the bond lengths
and valence angles. For the three-bond chain with 90°
valence angles this determinant is?

g(¢) = C(35 + 4 cos ¢ — 16 cos? ¢ + cos? ¢) (2.5)
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Figure 1. Rigid model of Pear and Weiner consisting of fixed
bond lengths and valence angles and a pin and socket mechanism
(dotted outline) to allow for dihedral angle variation.

where C is a constant. The rigid-plus-Fixman-potential
model is formed by adding to the rigid model an additional
torque given by dvgp(e)/d¢.

Brownian Dynamics. In all three versions of the
model, we assume that the n-butane is in dilute solution
in a solvent and account for the interaction of the solvent
with the n-butane via the Langevin equation. This
equation adds to the regular equations of motion a sys-
tematic damping term specified by a friction coefficient
¢ and a random fluctuating force A,{t) acting on each
carbon center. The random force is Gaussianly distributed
with zero mean and covariance

(A(D)A/()) = 28kgTI58(t - 1) (2.6)

where I is the 3 X 3 identity matrix.

For the flexible model we have employed the numerical
procedures due to Helfand!4 and Greenside and Helfand!®
which are an extension of the Runge-Kutta method to
stochastic differential equations such as the Langevin
equation; in particular the method used here is to second
order. For the rigid model we have used the method em-
ployed by Pear and Weiner? and use a fourth-order
Runge-Kutta method to extend a solution of the Langevin
equation from time ¢ to time ¢ + ¢ without the Langevin
force. Velocities were then incremented with a random
impulse with the statistical characteristics of eq 2.6. Values
of the friction coefficients and time steps used for the
simulations are summarized in Table I.

III. Simulation Results

For each of three models we ran the simulations for three
values of the friction coefficient 3 = £/m given in Table
I and shall refer to the three simulations by 1-3, respec-
tively. If we consider the harmonic part of the curvature
of v,, we can define a critical damping 8, = 2.03 X 10 ns™.
Thus, we have one set of runs, run 1, that is underdamped
(by a factor of about 10), one set just above critical
damping, run 2, and one set that is overdamped (by a
factor of 2.3), run 3. We should point out that a more
realistic value of 8 would be 58,.

Initially, in order to check equilibration, we looked at
the equilibrium population distribution with respect to the
torsional angle for each of the cases. Simulations were run
sufficiently long so that dynamical averages had stabilized.
Because of the smallness of the Fixman potential (see
below, especially Figure 7), the differences in the equilib-
rium distributions were small, being on the order of the
noise level.

We begin with a presentation of calculated transition
rates of the dihedral angle ¢ for the three models: flexible,
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Figure 2. Total transition rate k vs. the damping coefficient 8.
Circles represent the flexible model, squares the rigid model, and
triangles the rigid-plus-Fixman-potential model. The solid line
is from Skolnick and Helfand’s extension of Kramer’s rate theory
(ref 16). The vertical dotted line represents critical damping, 3,
= 2.03 X 10* ns.

rigid, and rigid-plus-Fixman potential. Rates were calcu-
lated by counting only those transitions that crossed the
entire barrier region between minima, i.e., those where ¢
went from ¢* — x/6 to #* + 7/6 or vice versa (¢* is the
position of a maximum of v,). Since, for our choice of the
torsional potential, all three minima are equivalent, we
calculated the total transition rate which includes trans
to gauche, gauche to trans, etc. In Figure 2 the circles
represent results of the flexible simulations while the
squares are for the rigid and the triangles rigid-plus-Fix-
man-potential simulations, respectively. The solid line is
from a calculation of the transition rates using a multi-
dimensional extension of Kramer’s rate theory due to
Skolnick and Helfand!® for a flexible-polymer model. We
first note that for all three sets of runs there are essentially
no differences in transition rates among the simulations.
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Next, we see that the transition rates of the simulations
are approximately 10-16% lower than the corresponding
theoretical values and thus are in good agreement with
Kramer’s rate theory. If we taken the square root of the
inverse of the total number of transitions counted by the
simulations as a rough estimate of the error in measuring
the rates, then our error ranges from 5% (underdamped)
to 10% (overdamped). Thus, even though Figure 2 shows
a difference between simulation and theoretical rates that
is roughly independent of the damping coefficient, it is
difficult to conclude that the independence is real and
would continue if one went to higher values of 3. However,
it is clear that the rates for all the simulations are equiv-
alent and that the difference with theory is relatively small.

We next calculated some typical types of autocorrelation
functions. In particular, consider a unit vector b(¢) directed
along bond b, at time ¢. The correlation functions that
we measured were

Pi(t) = (b(t)-b(0)) (3.1)
Po(t) = (Wi3[b(t)-b(0)]2 - 1}) (3.2)

i.e., the first and second Legendre polynomials of the
change in direction of bond bg; brackets represent time
averages. P; and P, are given in terms of vectors associated
with the orientation of bonds in n-butane so we must
specify a reference frame in order to do the calculations.
We evaluated P, and P, for a space-fixed reference frame
within both overall molecular tumbling and rotation about
the bond b, contribute to the correlation functions. We
also used a molecular-fixed system (specifically, a reference
frame attached to the bond b;) wherein only rotation about
b, contributes.

Figure 3 shows P,(t) evaluated in the space-fixed ref-
erence system for the three simulation models (flexible,
rigid, and rigid-plus-Fixman potential) for both the un-
derdamped (8/8, = 0.095, run 1) and overdamped (3/8.
= 2.3, run 3) cases. Figure 4 deicts P,(t) for the same
conditions. In both these figures, a solid line represents
the flexible model, a dashed line the rigid model, and a
dotted line the rigid-plus-Fixman-potential model. For the

1
/B, =.095 BB, =23
Underdamped Overdamped
0.75 4
g.’- 0.50 4 B
<
0.25 4
0 \ ; T T —
0 0.25 0.50 0.75 0 2 4 6 8 10

t (psec)

Figure 3. P,(t) vs. t evaluated in the space-fixed reference frame. The solid lines represent the flexible-model results, the dashed
lines are for the rigid model, and the dotted lines are for the rigid-plus-Fixman-potential model. The plot on the left is for an underdamped

friction coefficient and on the right for an overdamped one.
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Figure 4. P,(t) vs. t for the same conditions as in Figure 3. The solid lines represent the flexible-model results, the dashed lines are
for the rigid model, and the dotted lines are for the rigid-plus-Fixman-potential model.
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Figure 5. P,(t) vs. t evaluated in the molecule-fixed reference frame. The solid lines represent the flexible-model results, the dashed
lines are for the rigid model, and the dotted lines are for the rigid-plus-Fixman-potential model.

underdamped cases on P; and P,, all three simulations
have identical relaxation curves. Similarly, the over-
damped cases on P; and P; also show essentially the same
relaxation. For the overdamped cases, there appears to
be a slight tendency for the rigid-plus-Fixman-potential
model to relax faster than the rigid model (as well as the
flexible one). This is in accord with the work of Helfand
on a simple two degrees of freedom model where he cal-
culated that for high friction the rigid-plus-Fixman po-
tential model behaves like the flexible model, while in the
low friction limit these may be differences between the two
models (but what kind is not easily determined). However,
all three curves are in reality quite close so that one would
most likely consider all three curves to be identical within
the error of the simulations. We also note that the re-

laxation times for all three models increase greatly for the
overdamped cases as compared to the underdamped ones,
which is a physically reasonable result.

We next turn to the molecule-fixed reference frame for
evaluating the correlation functions. Figures 5 and 6 depict
these results for P; and P,, respectively, again, for all three
models with under- and overdamped friction coefficients.
Here we see that for the underdamped situation (both Py
and P,), there is a definite difference between the rigid and
flexible simulations, while there is almost no difference
between the two rigid models. The differences between
the rigid and flexible simulations, however, are not drastic
in nature. For the overdamped situation, the two rigid
models seem to be collapsing onto the flexible curve. The
rigid-plus-Fixman-potential model tends to relax faster
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Figure 6. P,(¢) vs. t for the same conditions in Figure 5. The solid lines represent the flexible-model results, the dashed lines are
for the rigid model, and the dotted lines are for the rigid-plus-Fixman-potential model (note: the infinite time limit of P, is 0.25).

than the rigid model as was previously the case, but again,
all three curves are very close and any differences are most
likely within the noise level of the simulations.

There are several other points to be noted. For the
underdamped case, the correlation functions show oscil-
lations at short times (one oscillation for P;; two or three
for P,). These oscillations represent collisions with the
barrier of the torsional rotational potential and the time
scale (~0.3 ps) of the collisions agrees with that for an
oscillator in a well whose curvature is given by the har-
monic part of v,. These oscillations are wiped out by the
strong frictional effects in the overdamped situation.

IV. Discussion

To investigate the differences between the dynamics of
rigid and flexible constraints for polymers, we have per-
formed Brownian dynamics simulations of several models
of a n-butane-like molecule. The models were as follows:
(a) flexible—bond lengths and valence angles kept nearly
constant by strong, harmonic potentials; (b) rigid—bond
lengths and angles kept constant by geometric constraints;
(c) rigid-plus-Fixman potential—the rigid model plus an
extra dihedral angle rotational potential based on the
metric determinant of the unconstrained coordinates. We
performed computer simulations on these three models for
several values of the friction coefficient corresponding to
low friction (underdamped) and high friction (over-
damped). From the simulations, we calculated and com-
pared conformational transition rates and autocorrelation
functions for the three models. We briefly summarize the
results.

A comparison of transition rates for the three models
showed no differences. This was true for all three values
of the damping constant used. The transition rates of all
three models were in good agreement with the Skolnick—
Helfand extension of Kramer’s rate theory, showing rates
approximately 10-16% lower than the theoretical values,

The first and second Lengendre polynomials (P, and P,,
respectively) of the change in direction of the bond vector
by were calculated. These were evaluated in a space-fixed
reference system (which includes the effects of molecular
tumbling) and in a molecular-fixed frame (which excludes

tumbling). We presented results for the underdamped and
overdamped cases. For P, and P, evaluated in the
space-fixed reference frame, there were no differences
among the relaxation curves for all three models for either
under- or overdamped values of the friction constant.
When P, and P, are evaluated in the molecular-fixed
frame, in the underdamped case the two rigid simulations
were identical but they both relaxed more slowly than their
flexible counterparts. This difference is not drastic but
there is a clear separation of relaxation behavior between
the rigid and flexible models. For overdamped 3 the re-
laxation characteristic of all three models is essentially the
same. There is a slight tendency for the rigid-plus-Fix-
man-potential model to relax more quickly than the rigid
model but all three curves are so close that it is difficult
to make any definite statements about this trend.

The fact that the rigid and rigid-plus-Fixman-potential
simulations differ so little is perhaps not surprising.
Consider Figure 7, where we have plotted the dihedral
potential divided by kgT vs. ¢ due to the torsional po-
tential (solid line), due to the Fixman potential (dashed
line), and due to the two combined (dotted line). We see
that the Fixman potential is a very small perturbation on
the torsional potential, and thus we do not expect (and do
not see) any major differences between the rigid and rig-
id-plus-Fixman-potential simulations. Helfand has ana-
lytically studied a simple system with only two degrees of
freedom, one constrained and the other unconstrained.®
His analysis concluded that at low friction, the Fixman
potential may not be enough to recover the flexible dy-
namics while at high friction it should suffice. Our sim-
ulation results are basically consistent with this picture.
At low friction, the Fixman potential makes almost no
difference. At high friction, however, what appears to be
happening is that all three simulations are collapsing to
the same relaxation curve. The rigid-plus-Fixman-poten-
tial model does relax faster than the rigid alone, but since
all the curves are so close (essentially within the noise level
of the simulations), the best we can say is that the results
are consistent with Helfand’s conclusions.

We feel that there are two main conclusions to be drawn
from the present work. The first is that, in the high-
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Figure 7. Potential about bond b, (in units of kgT) vs. ¢. The
solid line represents the bare torsional potential v, defined in eq
2.3, the dashed line is the Fixman potential given by eq 2.4, and
the dotted line is the torsional-plus-Fixman potential.

friction limit (overdamped), the dynamics of rigid and
flexible models of n-butane do not differ significantly.
Secondly, in the low-friction limit (underdamped) where
the dynamics do differ (although only slightly), the ad-
dition of the Fixman potential is of no help. Since the
overdamped case is the physically realistic situation, we
conclude that the dynamics of rigid and flexible models
of n-butane are essentially equivalent.

Unfortunately, one cannot automatically generalize from
the case of n-butane to longer chains. The reason is that
butane, because of its single dihedral angle, has only one
long time scale associated with it (except for overall ro-

tation and translation). Long chains, on the other hand,
will have many different time scales because of the larger
number of soft modes. It is not clear whether the rigid
model will accurately reproduce the flexible model in these
cases. Such a study is the subject of future work.
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Measurement of the Correlation Hole in Homogeneous Block

Copolymer Melts
Frank S. Bates'
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ABSTRACT: Homogeneous block copolymer melts are predicted to exhibit a decrease in interchain segment
correlation (a “correlation hole”) at wavevectors corresponding to a polymer coil radius. Small-angle neutron
scattering data are presented which demonstrate this effect in two 1,4-polybutadiene—1,2-polybutadiene diblock
copolymers. These results are quantitatively predicted by the mean-field theory of Leibler, thereby providing
a new method for determining the Flory interaction parameter y in binary polymer blends. x was found to
be dependent on sample composition, which can be attributed to equation-of-state contributions to the mixing

free energy.

Introduction

A system of undiluted, amorphous homopolymers of
sufficiently high index of polymerization (N > 1) is com-
posed of ideal (Gaussian) chains, for which the mean
squared radius of gyration, R? = Na2/6, is defined in terms
of an effective segment (Kuhn) length, a. In the case where
every chain contains a block of labeled and a block of
unlabeled segments, the probability of bringing like seg-
ments from separate chains into the same vicinity is re-
duced, since molten polymers are nearly incompressible.

tPresent address: Department of Chemical Engineering, Cali-
fornia Institute of Technology, Pasadena, CA 91125.
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This depletion of interchain segment-segment correlation
is called the correlation hole! and results in a peak in the
measured correlation function, S(Q), at a scattering
wavevector of QR ~ 1. Small-angle neutron scattering
(SANS) measurements of polystyrene samples containing
blocks of deuterium-labeled segments have confirmed the
prediction of the correlation hole for noninteracting
chains.?2 Homogeneous block copolymers containing blocks
of chemically different segments between which there
exists a nonzero energy of interaction, typically defined
in terms of the Flory parameter x, have not been so ex-
amined. Leibler® has expanded on the concept of the
correlation hole in noninteracting chains and calculated
the correlation function for diblock copolymers in the
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