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ABSTRACT: Dynamic Monte Carlo simulations were performed for isolated polymer chains on both sim-
ple cubic and face-centered cubic lattices with a rigorous excluded-volume constraint and a nearest-neigh-
bor interaction, ¢ (i.e., a square well potential) between the nonbonded beads of the chain. The chains were
observed to exhibit Rouse-like dynamics in the good solvent (or high-temperature) regime and for repul-
sive interactions. Relaxation times of the normal coordinates, 7, were fit to the scaling relations 7(N,k) ~
(N - 1)>» 7(N,k) ~ k—v where N is the number of beads in the chain and k is the mode number. «; was
observed to be dependent on k for the values of ¢ studied and vy was found to be dependent on N - 1 as
the © point was approached. Above the © point the scaling behavior for the two lattices was the same for
a given value of ue, where u is the effective coordination number (the coordination number of the lattice
minus 1). For the short chains studied the 6 point was observed to be at approximately ue = -1.8kgT.
Near and below the 6 point, however, the dynamics of both models are significantly different from the
Rouse prediction, probably due to the increasing lifetime of nearest-neighbor pair contacts. This observa-

tion is consistent with the concept of gel modes introduced by Brochard and de Gennes.

Introduction

One of the important developments in the study of poly-
mer dynamics in the past 10 years or so has been the
increased use of computer simulations to gain insight into
some of the fundamental processes that occur when mac-
romolecules move in solution or in the melt. Consider-
able effort has been expended in attempting to under-
stand the effects of excluded volume on the chain dynam-
ics in both dilute and concentrated systems, including
studies of the validity of the reptation model. Less atten-

_tion, however, has been paid to the role of the effective
pair interactions in chain dynamics.

Monte Carlo computer simulations of lattice models
have provided some important results concerning the
dynamics of chains with excluded volume. These mod-
els are particularly convenient because the excluded-
volume constraint can be rigorously included, but the
model is simple enough that long chains and concen-
trated systems can be studied. A number of research
groups have further developed the original model of Ver-
dier and Stockmayer! and applied it to a variety of
problems.2

Work in this research group has concentrated on the
development of the model and the study of the effects
of lattice coordination number on the chain dynamics.3-7
Chains with constant bond lengths but without other self-
interactions between the beads of the chain (e.g., excluded
volume) exhibit the Rouse dynamics predicted for an ideal
chain. When excluded-volume interactions are included,
the dynamics agree well with the scaling theories for a
Rouse-like chain, except that an unusual, and yet unex-
plained, dependence of the relaxation times on the mode
number has been observed. Experimental results on real
polymer chains at the © point are well described by the
Rouse model of ideal phantom chains, but this behavior
is a result of a cancellation of the effects of the excluded
volume by the polymer-solvent interactions. This is rel-
atively well understood for equilibrium properties of the
chain, but the effects of the cancellation on the chain
dynamics have not been extensively studied.

An early attempt to study the dynamics of polymer
chains near the 0 point by computer simulation was made
by Romiszowski and Stockmayer® who used a weighted
multiple-occupancy model to study the effect of variable
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excluded volume on chain dynamics. The Romiszowski-
Stockmayer model does give the proper equilibrium prop-
erties but, because of the use of multiple site occupancy,
it does not maintain the dynamic excluded-volume con-
straint rigorously. Consequently, the Romiszowski-
Stockmayer model cannot study the cancellation of the
two effects. What is needed is a model in which both
the excluded-volume condition and the attractive effects
of the solvent are included explicitly.

Naghizadeh and Kovac,®7 extending the work of Crabb
and Kovac,? developed an algorithm for cubic lattice model
simulations in which the both the excluded volume and
a nearest-neighbor interaction can be included. This algo-
rithm has been used to study the relaxation of the end-
to-end vector and the center-of-mass diffusion coeffi-
cient of isolated cubic lattice chains in the good solvent
regime, near the 0 point, and in the collapsed chain regime.
In the present paper we examine the dynamics of both
simple cubic and face-centered cubic lattice chains in the
good solvent and O regions in more detail.

In the Crabb-Naghizadeh-Kovac model beads are
allowed to interact with their nonbonded nearest neigh-
bors through a square well potential. In the present study
the value of this potential has been varied over a wide
range, from repulsive interactions to attractive interac-
tions strong enough to simulate a © solvent. The dynam-
ics have been studied by determining the relaxation times
of the autocorrelation functions of the first three normal
coordinates and of the end-to-end vector for a number
of chain lengths. These relaxation times have been used
to obtain scaling exponents for both the chain length and
mode number dependences of the relaxation times. The
relationship between static and dynamic scaling expo-
nents has been examined.

The overall behavior of the exponents as a function of
the attractive energy shows a gradual transition from good
solvent to O solvent behavior consistent with Rouse-like
dynamics. The two lattice models show essentially iden-
tical behavior as a function of ue where p is the lattice
coordination number minus 1 and ¢ is the intersegment
energy. This is the effective potential introduced by
McCrackin, Mazur, and Guttman?® in their studies of the
lattice dependence of static chain properties. They showed
that the equilibrium properties of various lattice models
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of polymers were identical if plotted as a function of the
effective potential ue.

In the 6 region and below the dynamics change signif-
icantly, although the change is less dramatic for the face-
centered cubic model than for the simple cubic model.
The relaxation time of the k = 3 mode is significantly
slowed relative to the two longer wavelength modes. There
are three factors that might be responsible for the change.

The first factor is the increasing segment density as
the chain collapses. It has previously been shown that
increased segment density will cause the two-bead crank-
shaft motions used in the simple cubic lattice model to
be preferentially frozen out, resulting in a significant change
in the chain dynamics.}! The coil densities near the 0
point, however, are probably too small to explain the effects
observed here. In addition, increasing coil density should
affect all modes in the same way.

A second factor is local chain stiffness resulting in coil
expansion on the short range. Curro and Schaefer have
reported results of a Monte Carlo simulation in which
they found that the end-to-end distances of interior chain
sequences of n bonds were larger than those of free chains
of the same length.!? This observation is inconsistent
with the usual blob model but is not unreasonable for
the short chains used in the present study. This short-
range chain expansion would result in the slowing down
of the higher & modes if these modes obey the dynamic
scaling hypothesis.

The third, and most likely, possibility is the dynamic
affect of the increasing lifetime of pair contacts as the
nearest-neighbor interaction becomes more attractive. If
this lifetime becomes comparable to the relaxation time
of a particular normal mode, then the behavior of that
mode should be significantly affected. Clearly the £ =3
‘mode with the shortest relaxation time should show the
largest effect. This idea was suggested originally by Bro-
chard and de Gennes!® with the picturesque name of “gel
modes”.

Any or all of these factors could be important for the
dynamics observed here in the © region and below. Unfor-
tunately, our results are unable to clearly separate the
relative importance of the three mechanisms, although
the gel modes seem to be the most important factor. An
even more detailed analysis of both the static and dynamic
properties of the chain will be necessary.

Simulation Model

For this study we used the algorithm developed by
Naghizadeh and Kovac®7 and its extension to the face-
centered cubic lattice. The computer algorithm includ-
ing nearest-neighbor interactions is a straightforward mod-
ification of the models originally developed by Crabb and
Kovac®!4 and Downey, Crabb, and Kovac.* The elemen-
tary motions have been discussed in detail in previous
articles so they will be only briefly reviewed here.

In the Crabb—Naghizadeh~-Kovac simple cubic lattice
model, the bonds of the chain are of fixed length. There-
fore, if an interior bead is in a linear alignment with its
bonded neighbors, this constraint makes motion of this
bead impossible. A bead in the interior of the chain may
move by a bond vector exchange with its two bonded
neighbors. This is referred to as a normal bead motion.
If this move is disallowed due to the excluded-volume
condition, then the local conformation of the chain is ana-
lyzed and, if it is a crankshaft configuration, a crank-
shaft motion with the appropriate neighboring bead is
attempted. This two-bead crankshaft may move to one
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of the two locations that lie in the plane positioned at a
90° angle to the plane in which the crankshaft was orig-
inally located. End beads are allowed to move to one of
four positions that are nearest neighbors to the next-to-
end bead and form a 90° angle to the end bead’s origi-
nal vector from the next-to-end bead.

Beads that are not bonded to one another interact by
a nearest-neighbor square well potential, V(r), with the

property
Vo)== VU)=¢ V(@)=0 forr>1l (1)

where [, is the distance between nearest neighbors. An
attempted bead movement beings when the computer gen-
erates a random integer, J, such that 1 < J < N. The
bead J is then analyzed to determine whether an end
bead, normal bead, or crankshaft motion will be attempted.
(A linear conformation, of course, results in a termina-
tion of the attempted move.) Once the local conforma-
tion has been determined, the unnormalized probabili-
ties P; for each possible location to which the bead(s)
may move as well as the probability of remaining at rest
are calculated by the formula

P; = exp(¢n,) (2)

where ¢ = —¢/kgT and n; is the number of nonbonded
nearest-neighbor interactions at position ¢ for the bead(s)
involved in the move. P; is set to be zero if the exclud-
ed-volume condition is violated. The random number
generator then produces a number G such that

0<Gs) P, 3)

The beads are moved to location ¢ if

i‘Pk <G= iPk (4)
k=1 k=1

These transition probabilities are consistent with the prin-
ciples of microscopic reversibility and detailed balanc-
ing.

For the face-centered cubic lattice model the elemen-
tary motions are described in detail in the original arti-
cle by Downey, Crabb, and Kovac* and are only briefly
reviewed here. The interior beads of the chain lie at the
center of an angle formed by the bonds of the two near-
est-neighbor beads. This angle may be 60°, 90°, 120°, or
180°, If the angle is 180°, no motion of the bead is pos-
sible since, in this model, the bonds are of fixed length.
If the angle is 120°, the only motion possible is an in-plane,
bond vector exchange. For both the 60° and 90° angle
configurations there are three possible motions. One is
an in-plane bond vector exchange; the other two are out-
of-plane, crankshaftlike motions, which maintain the fixed
bond lengths of the chain. End beads may move to any
of the other 11 lattice positions that are nearest neigh-
bors to the next-to-end bead subject, of course, to the
excluded-volume constraint. The individual transition
probabilities are chosen as described above.

To analyze the dynamics of the chain, the end-to-end
vector, R(t), was used to compute the autocorrelation func-
tion

pg(t) = (R(t)-R(0))/(R% (5)

The pointed brackets represent an ensemble average com-
puted as a time average over a irajectory begun from an
equilibrated chain conformation. In order to examine
the internal dynamics of the chains, we used the normal
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coordinates, Ux(t), given by the Rouse formulal®

N

T,(t) = D12 - 8,)/N1"* cos [( - 1/2)wk/N] R (¢)
J=1

(®)

From this formula we obtain the autocorrelation func-
tions of the normal coordinates.

p(t) = (O, &)U, (0 /(<UD (7)

The ensemble averages were computed from values of R,
for each bead j sampled at time intervals corresponding
roughly to a decay in the value of p,(t) of about 0.7%.
At least 20 000 samples were taken for each run.

The relaxation times of the autocorrelation functions
were found by plotting In p(t) vs time, where the time
unit is taken to be N bead cycles. The relaxation time,
7, is the negative of the inverse of the slope of this line.
For the normal coordinates, the slope was obtained by
an unweighted least-squares fit over the range for which

0 <1Inp,(t) <-1.2 @®)

For the end-to-end vector relaxation times, the range used
was

0.4 < In pp(t) < -1.2 ©)

The values of 7 and (RZ%) used in this study were the
average of at least four runs. Simulations were per-
formed for chains of 24, 36, 48, 60, and 72 beads. All
simulations were performed on a Hewlett Packard 1000
Model A900 computer using FORTRAN source codes.

Results and Discussion

The scaling exponents, o, for the normal-coordinate
relaxation times were obtained by fitting an unweighted
. least-squares line to a double logarithmic plot of the relax-
ation time, 73, versus the chain length, N - 1. These
exponents correspond to the scaling relation

7o(N) ~ (N = 1) (10)

The scaling exponent, ag, for the end-to-end vector relax-
ation time, TR, was obtained similarly except, in this case,
only the linear long-time region is used to calculate the
relaxation time. This exponent corresponds to the scal-
ing relation

r(N) ~ (N -1)* (11)

The values of a;, and ar for the simple cubic lattice are
listed in Table I, and the values for the face-centered
cubic model are in Table II. The values for both models
are plotted in Figure 1 for the different values of u(¢).
As expected, the values of a) decrease with increasing
u(e) (i.e., making the interaction more attractive). The
attractive nearest-neighbor interaction offsets the expan-
sion caused by excluded volume, and, therefore, we see
the values of oy, begin to approach the value of o expected
for an ideal chain (i.e., the © point value of a; = 2.0).
Throughout the good solvent region we find a; = ag. This
is to be expected since the first normal mode dominates
the long-time behavior of the end-to-end vector. As we
pass the O point, we find a; > ag.

We find, however, that the semilogarithmic plots of
the end-to-end vector autocorrelation functions being to
lose their linearity at long times. This is due to the fact
that the relaxation times of the higher k modes are becom-
ing larger and the decay of pgr(¢) is not being followed
long enough to reach the linear long-time region. We do
find, however, the semilog plots of the autocorrelation
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Table I
Values of the Dynamic Scaling Exponents ar and o and
the Static Scaling Exponent 2v for Various Values of the
Pair Interaction Potential » = —¢/kgT for the Simple Cubic
Lattice Models

—E/kBT aR aq ag ag 2V

ar—2r o1-2

-0.20 231 230 226 229 1.23 1.08 1.07

-0.10 213 214 224 228 119 1.06 0.95
0.0 235 230 222 225 122 1.13 1.08
0.10 221 214 215 224 119 1.02 0.95
0.20 217 218 215 216 110 1.07 1.08
0.30 208 207 211 218 1.01 1.07 1.06
0.32 207 206 210 212 1.00 1.07 1.06
0.34 204 205 209 213 098 1.06 1.07
0.36 199 199 208 214 093 1.06 1.07
0.38 198 202 205 213 0.89 1.09 113
0.40 192 202 208 215 0.84 1.04 1.18
0.50 174 190 212 230

3 These exponents are defined in eqs 10-12. In the final two
columns the differences a; - 2v and ar - 2» used to test the dynamic
scaling hypothesis are given.

Table 11
Values of the Exponents ar and o, for Various Values of
the Pair Potential ¢ = -¢/kgT for the Face-Centered Cubic
Lattice Model®

arR-2v a1—-2v

~-0.10 215 215 227 239 1.22 0.93 0.93

-0.05 228 227 228 233 120 1.08 1.07
0.0 223 218 226 235 121 1.02 0.97
0.05 215 213 219 226 1.20 0.95 0.93
0.10 218 219 212 222 110 1.08 1.09
0.12 201 205 216 217 1.03 0.98 1.02
0.14 2056 207 209 215 1.03 1.02 1.04
0.16 215 211 207 211 101 1.14 1.10
0.18 182 186 208 224 0.84 0.98 1.02
0.20 1.82 18 207 224 0.78 1.04 1.08
0.25 1.50 168 201 212

@ These exponents are defined in eqs 10-12. Also given are the
values of the static scaling exponent 2» and the differences ag ~ 2»
and a; - 2v used to test the dynamic scaling hypothesis.

-¢/kgT  ag ay o a3 2

functions of the normal modes to be linear at all poten-
tials we have studied. This indicates that the Rouse coor-
dinates are still a good set of normal coordinates even in
the dense environment of the collapsing chain. We have
also calculated the cross correlations (Ug()-U(t)) and
found them to be zero. This corroborates the earlier obser-
vation that the Rouse coordinates are a good set of nor-
mal coordinates in dense polymer systems and suggests
that this will remain true even for dense systems inter-
acting through a nearest-neighbor potential.

For essentially all potentials studied with both mod-
els we find a; < @z < ag. The few exceptions are almost
certainly due to statistical fluctuations, This is in gen-
eral agreement with our previous Monte Carlo studies3-%
with no potential (¢ = 0) in which we also found o) < a2
< ag. This observation is consistent with the effects of
local chain stiffness and with the observation of Curro
and Schaefer who found local expansion of the chain in
the good solvent region. As the O point is approached
from above the values of all the o, become smaller. Below
the © point this behavior changes significantly. The val-
ues of a; continue to decrease for both models. a2 for
the simple cubic lattice increases siowly while in the face-
centered cubic lattice it decreases slowly. The values of
a3 for the simple cubic lattice begin to increase rather
sharply while, for the face-centered cubic lattice, they
remain essentially constant.

This behavior is partly due to the increasing segment
density in the coil interior. Increasing segment density
will increase the value of the scaling exponents as was
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Figure 1. Plot of ar (©), a1 (@), az (0), and a3 (4) plotted
against u¢. The filled symbols are for the face-centered cubic
lattic. The open symbols are for the simple cubic lattice.

clearly shown by earlier work on concentrated systems.
The coil densities, N/ (R2)3/2, near the 6 point are still
rather small and, on the basis of previous results on dense
‘system dynamics, are probably not the major factor in
the increase of the scaling exponent «3. In addition, the
results on dense systems showed that increasing seg-
ment density had a similar effect on all three modes.11:16
This is not true here. «; continues to decrease below
the O point while a3 increases or remains constant.

Another, probably more important, factor is the effect
of the attractive potential. Each nearest-neighbor con-
tact will have a finite mean lifetime determined by the
strength of the interaction compared to the thermal energy.
If that lifetime is long compared to the relaxation time
of the motion, then one should see a slowing of the relax-
ation. Clearly, the higher £ modes will be more strongly
effected by this mechanism than the long wavelength
modes. This is the physical origin of the gel modes intro-
duced by Brochard and de Gennes.!3 What we observe
here might be an indication of these gel modes, but a
more detailed study of the chain motion would be required
to clearly separate the effects of chain stiffness and nearest-
neighbor attractions.

The mean-square end-to-end distances measured for
the various potentials were fit to the scaling relation

(R ~ (N-1)» (12)

The values of 2v are listed in Tables I and II and plot-
ted in Figure 2 as a function of the reduced effective poten-
tial, u¢. Experimental measurements, scaling theories,
and static and dynamic Monte Carlo methods give val-
ues of » to be about 0.6 for a good solvent. The values
obtained are consistent with previous results. In Figure
2 it can be seen that 2v varies smoothly with u¢. The
values of 2v obtained below the O point are of debatable
merit since we found the lines from which they are drawn
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Figure 2. Plot of the static scaling exponent, 2», versus u¢ for
the face-centered cubic (@) and simple cubic lattice (O).

begin to lose their linearity as we pass the © point. This
latter observation is consistent with the previous results
of Naghizadeh and Kovac who found that the (R2) vs N
plots became curved in the collapsed chain region, even-
tually going over to the behavior expected for a col-
lapsed coil.

The relaxation times of the end-to-end vector and the
first normal mode are fit by the relation

I~ <R2>(N—1) ~ (N_ 1)2v+1 ~ (R2>1+1/2v (13)

The exponent 1 + 1/2v is usually referred to as the dynamic
scaling exponent and is denoted as z. We have previ-
ously defined 2v + 1 = «. It had been shown by renor-
malization group techniques that chains with excluded
volume and Rouse-like dynamics have the scaling prop-
ertyz=1+1/2y;i.e. « = 2r + 1.2 This is referred to as
the dynamic scaling result.

In this study we found the values of 2 using static
measurements and the values of o from dynamic mea-
surements. In Tables I and II, we list o; — 2v and agr -
2y for potentials above the 6 point, i.e., ¢ < 0.34 for the
simple cubic lattice model and ¢ < 0.17 for the face-cen-
tered cubic lattice model. We find these differences to
be in good agreement with the dynamic scaling result of
a - 2» = 1.0. For the simple cubic lattice model below
the © point a3 — 2» increases, but ag — 2v remains rela-
tively constant. While it is interesting that ar and 2»
remain interdependent as we enter the poor solvent regime,
our lack of confidence in the values of ar and 2» in this
regime cause us to distrust putting much emphasis on
this result.

We have also fit the relaxation times of the normal
coordinates to the scaling relation

7(N,k) ~E™ (14)

The values obtained for vy are listed in Tables III (sim-
ple cubic) and IV (face-centered cubic) and plotted in
Figure 3 as a function of u¢. The values of v decrease
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Table I11
Values of the Scaling Exponent v for Various Values of
the Pair Interaction Potential ¢ = —¢/kgT for the Simple
Cubic Lattice Model*

-¢/ksT Ya4 Y36 Yas Yeo Y72
-0.20 2.23 2.26 2.29 2.27 2.24
~-0.10 2.30 2.20 2.25 2.15 2.14

0.0 2.10 2.09 2.06 2.10 2.20
0.10 2.17 2.15 2.09 2.10 2.13
0.20 1.91 1.99 1.96 201 2.09
0.30 1.91 1.89 1.80 1.78 1.79
0.32 1.80 1.84 1.83 1.79 1.74
0.34 1.80 1.76 1.73 1.73 1.73
0.36 1.78 1.71 1.66 1.63 1.64
0.38 1.73 1.64 1.65 1.64 1.61
0.40 1.71 1.67 1.63 1.55 1.53
0.50 1.41 1.40 1.17 1.19 1.00

@ The exponent is defined in eq 14.

Table IV
Values of the Exponents vy for Various Values of the Pair
Interaction Potential ¢ = —¢/kgT for the Face-Centered
Cubic Lattice Model*

-¢/kpT Y24 Y38 Ya8 Yeo Y72
-0.10 2.36 2.18 2.21 2.12 2.10
-0.05 2,19 2.02 2.11 2.20 2.13

0.0 2.23 2.24 2.09 2.11 2.08
0.05 2.19 2.02 2.01 2.13 2.05
0.10 2.06 1.96 1.92 1.93 2.09
0.12 2.02 2.00 1.93 2.00 1.83
0.14 1.92 1.87 1.84 1.83 1.86
0.16 1.82 1.71 1.84 1.81 1.78
0.18 1.86 1.90 1.61 1.62 1.51
0.20 1.75 1.76 1.52 1.52 1.37
0.25 1.46 1.35 1.29 1.03 1.04

@ This exponent is defined in eq 14.

with decreasing ¢, and, at least near the © region and
below, v decreases for increasing N. Decreasing values
“of yn indicate that the shorter range motions are becom-
ing more inhibited relative to the longer range motions.
This is consistent with the hypothesis that the relax-
ation time of nearest-neighbor contacts is exerting an effect
on the dynamics in the 6 region. This effect becomes
greater for larger N and for larger (more attractive) val-
ues of ¢. The decrease in vy is probably not a density
effect since it has been shown that vy is only weakly
dependent on density and at very high densities vn
approaches the Rouse value of 2.0.111¢ Unexpectedly low
values of yn could be explained by the observation of
Curro and Schaefer, but the internal chain expansion they
observed seemed to disappear just below the 6 point. Since
longer chains are more flexible and will have more near-
est-neighbor contacts this observation is consistent with
the existence of gel modes in the O region.

The difference between the dynamics of the two lat-
tice models below the 8 point is probably due to the dif-
ferences in the elementary motions used in the two mod-
els. The simple cubic lattice model requires the use of
the two-bead, three-bond crankshaft motion. This longer
range elementary motion will be more strongly effected
by both the increasing segment density and the increased
lifetime of the pair contacts than a single bead motion.
Since the face-centered cubic lattice model uses only sin-
gle bead motions, it should be effected differently by the
increasing attraction. The difference in the effect of
increasing concentration on the two different models was
seen in the work of Crabb, Hoffman, Dial, and Kovac.!¢

The O point is defined as the point at which the chain’s
attractive interactions cause it to behave as an ideal chain.
However, there is no reason to believe that all the prop-
erties of an ideal chain will occur at the same value of ¢.
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Figure 3. Plot of v24 (O), 36 (A), Y48 (©), veo (©), and y7o
(Q) versus uo. The filled symbols are for the face-centered cubic
lattice. The open symbols are for the simple cubic lattice.

Therefore, some authors refer to a O region in which var-
ious characteristics of the © point are satisfied. In our
study we have located the 6 point using a variety of dif-
ferent parameters.

For an ideal chain the value of 2v should be 1.0. From
Table I, we find this occurs in the region of 0.34 < ¢ <
0.36 for the simple cubic lattice model. For the face-
centered cubic lattice the © point is at approximately ¢
= (0.17. These correspond to essentially the same value
of the effective potential, u¢ = 1.8. The effective poten-
tial corresponding to the © point is slightly smaller for
the simple cubic lattice than for the face-centered cubic
lattice. This is probably due to the larger persistence
length of the simple cubic lattice chains. This chain stiff-
ness will effect the position of the 0 point of short chains,
but the difference should disappear as N — «. The expo-
nents o and ag should both be 2.0 at the 6 point. Table
I shows that a; = 2.0 in the range 0.34 < ¢ < 0.36, while
ar = 2.0 in the range 0.32 < ¢ < 0.34 for the simple
cubic lattice. For the face-centered cubic lattice the region
at which these two exponents become equal to 2.0 is the
same and is centered at ¢ = 0.17.

As a final measure of the O point we have plotted
(R2) /(N -1) vs ¢ in Figures 4 (simple cubic) and 5 (face-
centered cubic). From the formula of Domb and Fisher!?
we expect this ratio to have a value of 1.5 for a simple
cubic lattice and 1.2 for the face-centered cubic lattice
at the O point. From Figures 4 and 5 it can be seen that
this occurs at approximately ¢ = 0.34 for the simple cubic
lattice and ¢ = 0.16 for the face-centered cubic lattice.
Within the limits of our study this measure of the © point
does not show an appreciable dependence on the chain
length.

It is interesting that the value of vy reaches its ideal
chain value of 2.0 at a much larger value of ¢ than the
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Figure 4. Plot of the reduced mean-square end-to-end dis-
tance (R?)/(N - 1) versus the potential ¢: N =24 (0), N =36
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Figure 5. Plot of (R2)/(N - 1) against ¢: N = 24 (0), N =35
(a), N=48 (0), N=60 (<), N =172 (D).

other three parameters and then continues to decrease
as the attraction increases. At the © point vy is smaller
than the ideal chain value. As suggested above this seems
to be an indication that the finite lifetime of nearest-
neighbor contacts is influencing the dynamics in the 0
region. To show graphically the way in which the val-
ues of ay and v vary as a function of the attractive energy,
we have plotted «y versus the long-chain value of v (the
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Figure 6. Plot of the exponent «y versus the long-chain value
of vy for different attractive energies. The long-chain value of
vy is the average of yeo and y72. The increasingly large sym-
bols indicate increasingly large ¢. Values of ¢ are 0.0, 0.10,
0.20, 0.30, 0.32, 0.34, 0.36, and 0.40. The three different values
of ay are designated: «; (), az (©), and a3 (O).
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Figure 7. Plot of ap against the long-chain value of vy for
different attractive energies. The long-chain value of vy is the
average of ygo and vy72. The increasingly large symbols indi-
cate increasingly large values of ¢. Values of ¢ are 0.0, 0.05,
0.10, 0.12, 0.14, 0.16, 0.18, and 0.20. Symbols are for a; (0), a2
(©), and a3 (O).

average of the values for N = 60 and N = 72) for a num-
ber of values of ¢ in Figures 6 (simple cubic) and 7 (face-
centered cubic). These values of ax and v correspond to
a compact Rouse-like formula for the relaxation times of
the form

7(N) = A, (N - 1)/ (15)

where A, is a proportionality constant, which is indica-
tive of the absolute time scale of the relaxation. In Fig-
ures 6 and 7 the value of the attractive energy is sug-
gested by the size of the point. The larger the symbol
the smaller (more attractive) the energy. The figure shows
clearly that the ideal Rouse spectrum is never achieved
by these lattice model chains. It would be interesting to
see if the inclusion of the hydrodynamic interaction mod-
ified the spectrum in such a way as to produce com-
pletely Rouse-like behavior at the © point.

As another measure of the dynamics we have calcu-
lated the long-chain value of the parameter A, defined
in eq 15, as a function of the interaction energy. The
averages of the values of A for chain lengths 48, 60, and
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Table V
Values of the Constant Ay Defined in Equation 15 for
Various Values of the Pair Interaction Potential ¢ = ~¢/kgT
for the Simple Cubic Lattice Model

—é/kBT A1 Az A3
-0.20 0.243 0.283 0.253
-0.10 0.404 0.295 0.230

0.0 0.195 0.277 0.250
0.10 0.340 0.332 0.229
0.20 0.255 0.303 0.282
0.30 0.351 0.285 0.219
0.32 0.342 0.297 0.262
0.34 0.359 0.303 0.252
0.36 0.424 0.298 0.233
0.38 0.377 0.334 0.246
0.40 0.369 0.283 0.213
0.50 0.490 0.214 0.0851
Table VI

Values of Constant A, Defined in Equation 14 for Various
Values of the Pair Interaction Potential for the
Face-Centered Cubic Lattice Model

-¢/kgT A Ay A
-0.10 0.476 0.293 0.173
-0.05 0.262 0.271 0.209

0.0 0.340 0.245 0.171
0.05 0.383 0.304 0.235
0.10 0.302 0.344 0.232
0.12 0.427 0.278 0.260
0.14 0.349 0.330 0.252
0.16 0.296 0.345 0.288
0.18 0.658 0.275 0.138
0.20 0.627 0.318 0.127
0.25 1.237 0.235 0.154

72 are listed in Tables V and VI. The value of A; is a
measure of the absolute time scale of the relaxation.
Although there is a lot of statistical scatter, the values
.of Ap are, at most, weakly dependent on k. The value of
Aj is smaller than either A; or A,, but all three values
are relatively independent of the potential except for the
most attractive values of ¢, which are deep in the col-
lapse region. The major effect of the attractive poten-
tial on the dynamics seems to be contained in the two
scaling exponents ay and yn.

As a final note, we have also performed simulations
for repulsive values of the pair potential, and the results
for the scaling exponents are included in the Tables. The
motivation for studying these cases was to see if this sim-
ple model could be used to represent the behavior of stiff
chains. We do not see an expansion of the chain or a
significant effect of the dynamics for the potentials stud-
ied for either model. These results suggest that this is
not an effective way to simulate extended chains. A more
effective, but more complicated, way of introducing stiff-
ness would be through the introduction of a bond-bond
potential.
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Conclusion

At potentials above the © point, both models exhibit
Rouse-like dynamics. For a given value of the effective
potential, u¢, the static and dynamic scaling exponents
have identical values for both the simple cubic and face-
centered cubic lattices. The results of this study indi-
cate that for swollen chains our results are not model or
lattice dependent. These observations are an encourag-
ing indication that simulations may be applied to more
complex problems involving isolated swollen polymers with-
out fera of lattice and model dependencies.

The dynamics of the two lattices appear to be quite
different for collapsed chains. We believe that the rea-
son for this is the freezing-out of the two-bead crank-
shaft motions in the simple cubic lattice once the chain
collapses. There are several ways of testing this hypoth-
esis. One is to study the dynamics of a body-centered
cubic lattice model, which uses only one-bead elemen-
tary motions but has a different lattice coordination num-
ber. The second method is to compute the lifetimes of
the pair contacts in the two models and compare them
to each other and to the relaxation times of the various
normal modes. We plan to report results of these inves-
tigations in future publications.
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