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This paper reports a series of simulations of a single linear polymer chain in solution. Both the monomer
units and the solvent particles are represented by “beads™ which interact via a purely repulsive shifted
Lennard-Jones potential; the chains themselves are constructed by linking beads with relatively stiff elastic
bonds. The chain lengths range from 8 to 48 beads, and the total system size is between 1000 and 14000
beads. The static and dynamic properties of the polymer chains obtained from long simulations of these
systems (over 10° timesteps) are discussed, and the size and density dependence of the chain behavior
examined.

KEY WORDS: Linear polymers, solvent, chain behaviour

1 INTRODUCTION

A large part of the physics and chemistry of polymers is concerned with the properties
of polymer molecules in a solvent. Consequently, the subject has received a great deal
of theoretical attention in attempting to explain the behaviour of the solutions in
terms of the basic molecular properties of the components. The earliest work was
concerned with mathematical treatment of the Rouse-Zimm kind [1, 2], which
employed simple models of polymers to derive fundamental relations. However, in
more recent years, computer simulation has established itself as an extremely import-
ant tool, since it has the advantage of permitting the study of model systems without
resort to the severe mathematical approximations essential for more analytical treat-
ments. Most of the early simulations were based on Monte Carlo studies of idealised
lattice models, an approach which is computationally efficient, and which continues
to yield valuable results in all areas of polymer physics [3, 4]. Off-lattice Monte Carlo
simulations are also possible, but are comparatively infrequent because of the com-
putational effort involved.

The main drawback of the stochastic Monte Carlo approach is the absence of
time-dependent information; this can only be supplied by a full dynamical treatment.
Attempts have been made to exploit lattice models in this area [5], but these have not
proved very successful. Hence, despite the added computational cost, there has
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been a gradual growth in the use of molecular dynamics (MD) simulation, a trend
encouraged by a phenomenal growth in available computing power.

The earliest MD papers to appear exploring the properties of the polymer chain in
solution were by Bishop er al. [6] and Rapaport [7]. The former used a polymer chain
consisting of repulsive spheres, or WCA atoms [8], connected by logarithmic springs,
in a solvent also consisting of WCA atoms. The latter constructed chains from hard
spheres monomers, with freely-sliding links connecting the monomers, and used hard
spheres to represent the solvent. (Henceforth we shall use the term ““bead” as a generic
term for the monomer units of the chain.) In both cases the system sizes were relatively
small: ~ 1000 beads in total being the upper limit in both studies, with only 20 beads
in the largest polymer. Both papers examined time-dependent effects, as well as the
more usual static properties, thereby setting the agenda for many subsequent studies,
but from such short chains it is clearly impossible for the long-chain behavior to be
established unambiguously. Perhaps the most interesting result to emerge from these
studies was an apparent absence of a solvent effect in the static properties, 1.e., the
chains possessed essentially the same mean square radius of gyration ({S°») and
end-to-end distance ((R*)), whether isolated or in solution [7]. It is also of interest to
recall that Bishop et al. observed the same diffusion rate for 5- and 10-bead polymers.
and suggested hydrodynamic effects as a possible explanation [6].

Bruns and Bansal [9] used a 9-bead, rigid bonded, Lennard-Jones (LJ) polymer in
a solvent of 855 LJ beads under conditions near the LJ triple point. In examining the
structural properties of the chain, in particular (R* ), (5> and the inertia tensor 7,
(with «, B denoting x, y, z), and comparing with isolated molecules, they discovered
a significant solvent effect. The structure factor S{g) also showed solvent effects at
small ¢. The time-dependent results, when compared with those of Bishop ef al. [6]
gave a much lower diffusion constant, and a negative region in the velocity auto-
correlation function (VACF) which was not present in the earlier results. These results
served to show that the solvent effects were much more apparent in a liquid-like
solvent than in the more rarified solvents of Rapaport and Bishop ef al., both for static
and dynamic phenomena.

The theme of solvent effects on the static properties of polymers was taken up by
Khalatur es a/. [10] in MD simulations of a 16-bead polymer chain in a solvent of 304
beads and also a multi-chain system of 20 {6-bead chains. All potentials used were of
modified LJ form, including the chain links. The investigation of dilute polymer
solutions with repulsive potentials showed no significant solvent effects on the static
structure, but intramolecular (excluded volume) effects increased the molecular size
beyond that of the “ideal” (non-interacting, or random walk) chain. In the polymer
melt, neighbouring chains screen excluded-volume effects leading to ideal chain
behaviour (i.e., the Florey # point [11]), though this effect was apparently reduced in
low density polymers {12]. When attractive forces were introduced the chains con-
tracted. In contrast to Bruns and Bansal’s results [9], no convincing evidence of a
solvent effect was found, though this may have been a consequence of the different
potential function. In the melt the attractive forces were less significant, and the results
similar to those for the purely repulsive potential.

Further attention to the question of solvent effects on polymers in solution was
given by Smit ez a/. [13]. {57 was studied as a function of a parameter A which scaled
the polymer-solvent LJ interaction. A clear dependence of (5?} on /i was observed,
indicating a definite solvent effect. These results led to explicit studies of the “quality”
of the solvent [14, 15]. Tn [14] a study of a 3-arm star polymer constructed out of
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19 WCA beads coupled by harmonic springs in a WCA solvent was described.
Calculations of <S?), (R*) and T,; at different densities revealed unambiguous
solvent effects. Similar conclusions were drawn for time-dependent phenomena. In
[15] a harmonically bonded 8-bead polymer in a 492 bead solvent was studied using
a shifted LJ potential for all nonbonded interactions; the interaction between polymer
beads and solvent was scaled by the parameter A. Simulations for different A values
(0 € 4 < 1.4) revealed significant solvent effects, both for L} and WCA potentials,
with the former showing a remarkable reduction in {R*> and {5?) for small values
of A followed by an increase for larger A. These were qualitatively accounted for by
a “polymer in a sack™ model [15].

Luque ef al. [16] examined several structural and dynamic properties of polymers
in solution using conventional LJ potentials between polymer and solvent beads, with
different polymer chain lengths and with harmonic and logarithmic springs. Chain
lengths ranged from 8 to 20 beads in simulations involving a total of 343 beads. The
measured structural properties indicated that the chains were close to the 8 point. The
time-dependence of {R*> and {$?) were also explored, and it was found that the
autocorrelation function relaxation times for these quantities generally increased with
chain length, and that both a good solvent and a higher density tended to increase the
relaxation time. The diffusion constant, D, calculated from the VACF and from the
mean-square displacement, was found to be inversely proportional to chain length, in
accordance with the free-draining limit applicable in the absence of hydrodynamic
interactions.

Though many of these studies looked at dynamic effects, it is true to say that they
were exploratory rather than quantitative, and mostly concerned with static proper-
ties. This was undoubtedly due to the computational expense, since the long relax-
ation times of polymer chains and the relatively large systems sizes required to avoid
overlap (or even proximity) of a chain and its periodic images imply heavy demands
on computing resources. Only recently, with the greater availability of high-perform-
ance computing, have the problems been addressed in earnest. In work highly relevant
to the study reported here, Diinweg and Kremer [17] have initiated a detailed MD
programme of verification of the Zimm model [18] based on studies of chain polymers
of 30-60 WCA beads in up to 8000 solvent beads. These computations have estab-
lished the adequacy of the Kirkwood formula for the short-time diffusion constant
and simple dynamical scaling laws, but required the use of Ewald sums [19] to correct
the Oseen tensor for long-ranged hydrodynamic effects arising from coupling between
the polymer chain and its periodic images. Another recent paper by Pierleoni and
Ryckaert [20] reports a study of the relaxation of polymer chains of length 6, 9 and
30 in WCA solvents of 144-690 beads. They have calculated the usual static properties
(including S(g)) and the associated relaxation times, and verified that the scaling
relations are those appropriate for the Zimm meodel (i.e., including hydrodynamic
interactions). This is in contrast to the results of Luque et al. [16], who reported Rouse
behaviour.

The main conclusions of the work thus far may be summarised as follows. Firstly,
the solvent does have a distinct effect on structural properties of polymer chains in
solution, and the failure to see this in earlier work was primarily due to low density
and/or insufficient sampling. Secondly, the solvent has a strong effect on the dynamic
properties, as evidenced by the two studies that have looked for them [17, 20]. But
overall, considerably less is known about the dynamics of polymers in solution than
the equilibrium structural properties.
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In this paper we describe a series of simulations of polymer chains of different
lengths (ranging from 8 to 48 beads) in a solvent at two different densities. The total
system sizes varied from 1000 to 14000 beads. We have examined the principal
conformational properties of the chains, namely end-to-end distance (average and
distribution), radius of gyration and persistence length, and dynamical properties
such as chain diffusion and the relaxation of the end-to-end distance and radius of
gyration.

2 SIMULATION MODEL

The polymer chains are constructed of beads linked by stiff (non-harmonic) springs
[21], which restrict the bond length to a relatively narrow range. The solvent fluid
consists of beads with the same diameter as those of the chain. The potential functions
used are as follows: A repulsive WCA pair potential

12 6
41 (Z) — E) l—l < s
Vwealr) = ‘ |:('> <’” - 4 (r < 2%0) (hH

0 (r > 2¥%g)

is used to describe the solvent-solvent, solvent—chain, and the excluded volume part
of the chain—chain interactions. The bond interaction is also based on this potential,

Ve(r) = Vieald — 1) (2)

where r is the distance between the bonded beads, and d is a parameter whose value
exceeds the maximum permitted bond length and regulates the bond elasticity (the
minimum length is set by the WCA potential that maintains excluded volume). The
potential V; is used in this context to produce an effective attraction over a limited
range of bead separations; it is nonzero only when r > ¢ — 24 Note that V,
assumes that r < d, a condition that the chain finds easy to satisfy.

Standard MD reduced units [24] are used throughout the paper, with the following
values: energy ¢, length o, mass m, time t = a(m/e)'?, temperature ¢/k,, and density
o, where kj is the Boltzmann constant and m the bead mass. Reduced units are
indicated by an asterisk. Solvent and chain beads were assigned the same WCA
parameters, namely ¢* = ¢* = m* = 1, and all runs were performed at a tem-
perature 7* =~ 2.0.

The computations were carried out using an Intel iPSC/860 parallel computer and
employed the parallel MD algorithm of Rapaport [22], which is based on the serial
“link-cell” algorithm of Hockney and Eastwood [23]. Algorithms of this kind are
highly suited to large-scale simulations; as many as 16 nodes were used simultaneously
in these calculations, and close to maximal efficiency was achieved (in other words,
the computations ran almost 16 times faster than on a single processor). Integration
of the equations of motion employed the standard leapfrog algorithm [24]. In each
simulation, a chain of the desired length was initially embedded in a simple cubic
lattice of WCA beads, which quickly melted as the simulation began. The simulations
extended over 1.2 x 10° timesteps, with a timestep value Ar* = 0.005. An equili-
bration period of 2 x 10* timesteps was assumed and the configurational data were
subsequently sampled at 100 timestep intervals. Estimates of the error in the cal-
culated structural properties were obtained by the method of Flyvbjerg and Petersen
[25].



19: 41 14 January 2011

Downl oaded At:

MOLECULAR DYNAMICS OF LINEAR POLYMERS 29

Table 1 Computed structural parameters for system A (p* = 0.625}.

Chain System  (R*>* (S* Shape (A,)  Mean Persistence

length size bondlength* length*

8 1000 I19 + 03 204 £ 0.03 0.54 £ 0.04 1.0644 £ 0.0001 091 £+ 0.03
16 1000 29 42 48 + 0.1 0.54 + 0.08 1.0643 + 0.0001 098 + 0.05
24 1728 4 +4 83 + 04 0.5 £ 0.1 1.0644 + 0.0001 1.16 + 0.07
32 4096 97 +9 140 + 09 06 + 02 1.0643 + 0.0001 1.5 + 0.1

40 8000 127 + 11 18 + 1 0.6 + 0.3 1.0644 + 0.0001 1.6 + 0.1

48 13824 110  + 36 19 +2 0.6 + 04 1.0644 + 0.0001 1.1 + 04

Exponent 1.28 + 0.11 1.24 4+ 0.06

Two series of simulations were performed: system A with density p* = 0-625 and
system B with p* = 0.417. Polymer chains of 8, 16, 24, 32, 40 and 48 beads were
studied at each density.

3 RESULTS
3.1 Structural Properties

The computed structural properties for systems A and B appear in Tables 1 and 2.

3.1.1 End-to-end distance
The mean-square end-to-end distance of a polymer chain ({R?>)) is defined as the
configurational average

(R = Ry, — R 3)

where R, is the position of the ith bead and N, is the number of beads in the chain.
(R*) was calculated for all the chains in the A and B systems and was found to
increase monotonically with N,, with the exception of the 48-bead chain of system A,
which has a smaller value than the 40-bead chain. This will turn out to be one of
several indications of a potential lack of convergence for the longer chains at this
relatively high density, and it will be shown later that this can be attributed to the fact
that the relaxation times amount to a significant fraction of the total run duration.
Theory [1, 2] predicts that (R?) scales as (N, — 1), with 2v = 1.18 for excluded
volume chains. By plotting log ((R*)) against log (N, — 1) we obtain
2y = 1.28 £ 0.11 for system A and 2v = 1.18 + 0.03 for system B. The larger
errors for system A reflect the slower convergence of structural properties at the
higher density.

Table 2 Computed structural parameters for system B (p* = 0.417).

Chain = System {(R*>* (Sy* Shape (A;,)  Mean Persistence
length size bondlength* length*

8 1000 135 £ 03 2.19 £ 0.02 057 + 0.03 1.0677 + 0.0002 1.05 + 0.02
16 1000 34 41 53 + 0.1 0.56 + 0.05 1.0684 + 0.0001 1.12 + 0.04
24 1728 58 +3 92 + 03 0.56 + 0.07 1.0684 + 0.0001 1.25 + 0.05
32 4096 7% 6 125 + 0.6 0.5 + 0.1 1.0677 + 0.0001 1.23 + 0.09
40 8000 13 +9 174 + 09 0.6 + 0.1 1.0677 + 0.0001 1.4 4 0.1
48 13824 123 £ 11 20 +1 05 + 01 1.0675 + 0.0001 1.3 + 0.1
Exponent 1.18 + 0.03 [.18 £ 0.02
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It is of interest to examine the end-to-end distance distribution function P(R), since
MD studies of this are relatively uncommon. Our analysis follows that of Bishop
and Clarke [26] who used a lattice model. For 3-dimensional random (Gaussian)
chains [1, 2]

P(R an| —3 1" Rexp g
" = 4&MWJ R“%‘KF>R> @
For the excluded volume case Mazur [27] proposed the improved functional form
I'(5/1) T“ (R ( r(s/nrR> 7"
P(R) = B A CULY A
® = | aieres | mam e (- [ rewes ) ) ©

where 1 is an empirical parameter determined [27] from Monte Carlo simulations to
be 2.9. Bishop and Clarke [28] have also shown that this form provides a better fit to
the simulation data than the Gaussian form. More recently, however, these authors
have shown that the fit at small R is fortuitous, and owes much to the presence of R?
term that precedes the exponential [26]. The spatial (as opposed to the radial)
dependence of the distribution function is given by

PR) = P(R)4AnR? (6)

which must fall to zero as R — 0 because of excluded volume. This does not occur
for either the Mazur or the Gaussian forms. Following the work of des Cloizeaux [29]
another form was introduced, namely

[ (5 + 6)/n ]‘”"’”’2
C(3 + O/NER

(RO TS + Gy pR " .
“ TG 1 00 e""( B [r((s T 6>/z)<R2>] > )

where the value # = 5/18 follows from theoretical arguments. This functional form
does have the correct limiting R — 0 behaviour. Bishop and Clarke have proposed
that 1 = 2.5.

We have examined the validity of these equations for the case of system B. Our
results for P(R) are presented in Figure 1(a), where the resuits for all chain lengths are
scaled by the appropriate ¢ R?>. Despite the wide scatter several observations can be
made. Firstly, it is already apparent that the Gaussian distribution fails to account for
the observed distribution at both extremes. The Mazur and des Cloizeaux distri-
butions are better, though the scatter prevents a judicious choice between the two.
Secondly, the failure of all the distribution curves for short chains is strongly evident
at small and large R, an expected result since the theory assumes chains with N, — oo.
The size of the beads in relation to the chain length clearly forces the distribution to
zero at some nonzero R, whereas the finite N, produces similar behaviour at large R.
The results for P(R) are shown in Figure 1(b), where, despite the large scatter in the
data, it is clear that only the des Cloizeaux function can account for the small-R
behaviour (in the imit N, — oc). This represents a valuable distinction between the
Mazur and des Cloizeaux functions [26].

P(R)

3.4.2 Radius of gyration
The radius of gyration ({S?}) of a polymer chain (for monomers with unit mass) is
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Figure 1 (a) End-to-end distribution function P(R) plotted for all chains in system B (p* = 0.417). The
continuous lines represent the Gaussian (G), Mazur (M) and des Cloizeaux (C) functions. (b) End-to-end
distribution function P(R){4aR? plotted for all chains in system B. The continous lines are labelled as in
(a). Note that the des Cloizeaux curve extrapolates to zero at R = 0, as distinct from the Gaussian and
Mazur curves. (NB. in both (a) and (b) the plots are scaled so that {R*> = 1).

defined as

(82 = <1—f,;Z] IR,-~R[.IZ> @®)

where R, denotes the center of mass. The results appear in Tables 1 and 2. The
expected behaviour is that {S*) scales as (N, — 1)™, with v as before. Plotting
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Table 3 Time-dependent properties for System A (p = 0.625).

Chain Diffusion Relaxation 1%, Relaxation t§ Relaxation 1%,
length D* x 100

8 1.184 + 0.006 84 + 0.1 33.88 + 0.08 6.50 + 0.03
16 0.432 + 0.002 259 + 03 1219 + 07 256 £+ 0.1

24 0.383 + 0.001 383 +03 222 +2 459 + 02

32 0.280 + 0.001 103 £ 2 363.0 + 038 117.6 + 0.6

40 0413 + 0.002 s +1 S03 4+ 3 1426 + 04

48 0.392 + 0.001 178 =+ 1 397 %1 2293 + 05

Exponent 0.57 + 0.20 1.61 + 0.12 1.41 £ 0.13 1.87 + 0.09

log ((S?>) against log(N, — 1) leads to 2v = 1.24 + 0.06 for system A and
1.18 + 0.02 for system B, in reasonable agreement.
The inertia tensor (again, for monomers with unit mass) is

1 & ,
T, = N, ; (R, — R),(R;, — R ), {9

Diagonalisation of T, yields the three principal moments of inertia {/,}, which can
be ordered so that /, = 4, = A;. The key feature of the mean 3-dimensional “shape”
of the chain is the asphericity A4, which can be determined from {1} using the result
of Rudnick and Gaspari [30]

_1_ <Zi>j(;'i - )“j)z >
2 LELAD

It follows that 4, -» 0 if the chain adopts a spherical conformation and 4, — 1 ifa
rod-like conformation is preferred. The calculated values of A, are included in
Tables 1 and 2. The values are in the range 0.52-0.63 for system A and 0.50-0.60 for

system B, indicating ellopsoidal shapes for the chains in solution. The uncertainties
prevent deducing any trends in the dependence of 4, on N,.

A, (10)

3.1.3 Persistence length

The persistence length P of a polymer chain provides an indication of the degree of
“stiffness” of the chain in solution. We have estimated P using the Kratky-Porod
model [2], which defines a relationship between ¢ R?> and the contour length of the
chain (L),

(R*Y = 2P(L — P[1 — exp (—L/P)) (1)
where we have assumed that L = (N, — 1) {ryona 2 With {ryonq » the mean bondiength.
P may be obtained by iterative solution of (11). Both P and <{r,,.,> appear in
Tables | and 2. The persistence length in all cases is of the order of a single bond-
length, as expected for freely-jointed flexible chains not subject to any angular
constraints. The results appear more consistent for case B, again reflecting the better
convergence at lower density.

3.2 Time-dependert Properties

The calculated time-dependent properties are listed in Tables 3 and 4.

3.2.1 Chain diffusion
The diffusion of a single chain in solution is a problem of great current interest. We
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Table 4 Time-dependent properties for System B (p = 0.417).

Chain Diffusion Relaxation 13, Relaxation % Relaxation 1%,
length D* x 100

8 2.618 + 0.004 272 4 0.03 11.73 + 0.08 242 + 0.04
16 1.958 1+ 0.002 8.18 + 0.05 293 4+ 0.2 7.5 £+ 0.1

24 1.694 + 0.006 158 + 0.2 728 4 0.5 146 + 0.1

32 1.073 £ 0.003 314 +04 113.6 + 06 349 + 0.1

40 1.044 + 0.003 677 £ 03 150.3 + 0.5 546 + 0.6

48 0.723 + 0.002 523 £ 03 180 <+ 1 56.1 + 0.2

Exponent 064 +0.10 1.70 + 0.15 1.50 + 0.08 1.76 + 0.12

have calculated the mean-square displacement of the centre of mass for all chains and
the results are shown in Figure 2(a) and 2(b). The plots are reasonably linear over the
time interval shown. The diffusion constant D was obtained using the Einstein
relation

(R} — RON*> = 6Dt (12)

For system B it is possible to see the expected reduction in diffusion rate with
increasing N,, namely D; > ... > D,. This trend is not apparent for system A, and
further confirms earlier observations of poorer convergence at higher density. The
diffusion is significantly faster at lower density, as expected. A plot of log (D) against
log (N, — 1) provides the exponents 0.57 + 0.20 (system A) and 0.64 + 0.10
(system B). From simple scaling and the Stokes law of diffusion it is expected that
D oc (8?»7 ' sothat D oc (N, — 1)7" with v = 0.59 (v being the same exponent as
for the configurational exponents); this is what is observed within the (somewhat
large) errors calculated here. We note that the longer simulations of Pierleoni and
Ryckaert [20] gave an exponent of ~ 0.62.

3.2.2 Configurational relaxation
The time autocorrelation function for R* was evaluated using the general formula

(RERY0)y — (R
LR0))) — (R*?
The results appear in Figures 3(a) and 3(b). 1t is apparent that the relaxation is much
slower in the higher density system (A). The increase in the relaxation time as N,
increases is also evident in these plots, though for system B we note that the 40-bead
chain appears to have a longer relaxation time than the 48-bead chain; in this instance

poor convergence is manifest even at the lower density.

In each case we have estimated the relaxation time 7, by fitting the early portion
of the correlation function to an exponential form

CRZ(I) = exp(ht/‘ckl)' (14)

The relaxation times obtained are shown in Tables 3 and 4. We note the longer
relaxation times in case A as compared to B, typically by a factor of ~2.5. The
length-dependence of the relaxation times has the form 7, oc (N, — 1)* and we
obtained @ = 1.61 + 0.12 for system A and 1.70 + 0.15 for system B, scaling
requires that o« = 3v. Pierleoni and Rychaert {20] reported a value a« = 1.56.

The autocorrelation function of the end-to-end distance vector was calculated using

Cp() = (13)

M.SIM -B
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Figure 2 Mean-square displacement versus time: (a) for system A (p* = 0.625) and (b) system B
(p* = 0-417).[1] = 8 beads, {2] = 16 beads, etc. up to [6] = 48 beads. These and subsequent plots employ
reduced units (see Section 2).

the formula

. CR(7) - R(0))

C, = (15)

i (R¥0))
The resulting correlation functions are plotted in Figures 4(a) and 4(b). As expected,
the rate of relaxation of this vector is much slower than the mean square end-to-end
length and siowest of all in the higher density system. The calculated relaxation times
tg are listed in Tables 3 and 4. Calculation of the N,-dependence of this relaxation
gives o = 1.4]1 £+ 0.14 and 1.50 + 0.04 for systems A and B respectively. These
exponents are noticeably smaller than those for R* and S°.
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Figure 3 Autocorrelation function (Cp, (1)) of the mean-square end-to-end length: (a) for system A and
(b) system B. [1] = 8 beads, [2] = 16 beads, etc. up to [6] = 48 beads.

Finally, the time autocorrelation function for §? was calculated using a form similar
to (13); the results appear in Figures 5(a) and 5(b). Once again the relaxation rate is
slower at higher density and tends to drop with increasing chain length, though the
longer chains show a departure from the expected ordering in case B. The relaxation
times 1, appear in Tables 3 and 4; in general they resemble the corresponding values
for R%. The exponents for the N,-dependence of 1y, are « = 1.87 + 0.09 and
1.76 + 0.12 for systems A and B, again in reasonable agreement with the results for R%.
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Figure 4 Autocorrelation function (C, (1)) of the end-to-end vector: (a) for system A and (b) system B.

4 DISCUSSION

It i1s clear from the above results that, despite the length and size of the simulations
undertaken, there is still a large measure of uncertainty in some of the calculated
properties. The reason for this is easily understood from the temporal length of the
simulations in relation to the computed relaxation times. For both R* and S? the ratio
of the simulation time to the relaxation time is of the order 800 (system A) and 2300
(system B) for the shortest 8-bead chain, but these values drop to a mere ~ 30 (A) and
~ 110 (B) for the 48-bead chain. This inevitably implies a severe reduction in the
ability to examine adequately the configuration space of the longer chains and,
consequently, the degree to which the results can be relied upon (even ostensibly good
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Figure 5 Autocorrelation function (Cg(1)) of the mean-square radius of gyration: (a) for system A and
(b) system B.

statistics are of little value if the mean value is incorrect). For the longest chains, a
simulation of duration sufficient to allow reliable estimation of the dynamical proper-
ties (which, at the same time, should also be long enough to provide an adequate
sample for estimating the mean configurational properties) would probably have to
be an order of magnitude longer, namely 10’ timesteps. The significance of such
uncertainties for the determination of the exponents is also clear. However, on a more
optimistic note, the results obtained do represent correct orders of magnitude for
these properties, and are useful guides to further simulations.

Subject to the caveats above, we now discuss the calculated physical properties. In
general the computed structural properties are reasonable and compare in magnitude
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with previous work [6-17, 20). The N,-dependence of these properties yields exponents
averaging 1.26 in system A and 1.18 in system B. These results are largely what one
would expect from previous simulations and available theoretical predictions [1, 2].
The computed relaxation times provide insight into the origin of the likely errors in
their computation.

With regard to the time-dependent properties, we note first that the computer
diffusion constants are similar to those reported previously. Pierleoni and Ryckaert
[20] obtained 10* x D* = 2.5, 2.0, 0.86 for chains of length 6, 9 and 30 beads
respectively, in simulations at p* = 0.8, 7* = 1.5. Dunweg and Kremer [17] obtained
107 x D* = 0.68, 0.55, 0.43 for chains of 30, 40 and 60 beads and with p* = 0.864,
7% = 1.2. Our results, which are for systems at lower densities, are more in line with
[17] than [20], the latter appearing to be somewhat large. This is possibly because, as
in {17], we have simulated systems with a comparatively large number of solvent
particles and so the chains are less subject to hydrodynamic coupling between periodic
images. This effect has been examined in some detail by Dinweg and Kremer [17].
who showed that such effects are clearly important and were able to successfully
correct for them in the analysis. The larger uncertaintics in our results unfortunately
prevent us drawing any quantitative conclusions about this effect here.

The relaxation times 7., 1g and 15 computed from our simulations provide
cxponents comparable with [20], where the exponent of & = 1.55 was proposed to
account for the N,-dependence. Our exponents for 7,, are higher than this (1.6] and
1.70), but agree within the calculated margin of error. The 7y exponents (1.41 and
1.50) are lower, but reasonably close. It would seem therefore that our results support
a Zimm model for time-dependent processcs, in agreement with [17, 20] and n
contrast to {16)].

Comparing the results for the two densities studied here, it appears that the
relaxation times are 2 to 3 times longer in the higher density system. At the even higher
density studied in [20] (i.e., p* = 0.805) the times are an order of magnitude longer
than those obtained here. The relaxation times associated with chain conformation
are clearly extremely sensitive to changes in solvent density.

5 CONCILUSIONS

In this paper we have attempted to examine the number dependencies of structural
and time-dependent properties of a chain polymer in solution. The results are in
agreement with other published results, but because of extremely large relaxation
times for the longer chains, precise numbers have not been obtained in all cases. We
have also shown that the time-dependent properties are in line with the Zimm model
and that the timescales of all measured propertics increase with density.

An important aspect of this work has been the application of parallel processing to
the study of polymers. This has permitted comparatively large simulations to be
undertaken cost effectively. Such methods will become essential given the emerging
awareness of the magnitude of the task confronting the simulator of polymer systems.
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