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The new multibond algorithm for the Monte Carlo simulations of poly-
mers developed for an isolated chain was extended for the case of dense
polymer melts. Polymer chains were confined to a simple cubic lattice with
excluded volume and no attractive interactions (good solvent conditions).
The simulations were carried out by the means of the classical Metropolis
scheme. The algorithm was verified by the analysis of static and dynamic
properties of polymer melts. The dependence of the longest relaxation time
and the self-diffusion coefficient on the chain length and the polymer con-
centration was discussed and the proper scaling laws were formulated. The
number of entanglements, their distribution, and lifetimes were determined
for different chain lengths and melt concentrations using the new algorithm.

PACS numbers: 02.50.Ng, 61.25.Hq

1. Introduction

The dense polymer melt is not only an interesting theoretical many-body
problem but it is also of practical importance (rheology, adhesion, lubrication)
[1]. The most popular model of the chain motion is the idea of reptation, which
originated from the de Gennes’ model [2, 3]. In this model it is assumed that
chains surrounding a given chain can be treated as fixed in space and thus the
motion of test chain is like a slithering snake in a tube of constraints. Predictions
of this model concerning the dynamic behavior of the melt are almost the same
as experimental results: in both cases the diffusion coefficient scales as D ~ N1
for shorter chains and as N~2 for longer chains. For shorter chains the scaling of
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viscosity is predicted correctly (n ~ N1) but for longer chains reptation theory
predictions are N3 instead of N34, Computer simulation carried out for different
models confirmed the experimental results [4-7]. Thus, many attempts were made
in order to improve these predictions by modifying the reptation theory or by
introducing different mechanisms of chain motion [1, 4, 8].

Computer simulation is a very useful tool in studying the properties of poly-
mer systems because real experiments cannot answer the question concerning the
mechanism of chain motion in melt [1, 4]. Even very simple lattice models in spite of
some limitations appeared very useful to study dense polymer systems. Regardless
of the assumed model of chain motion in the melt the question of the entangle-
ments remains crucial. The questions arise what is the mobility of entanglements,
their distribution, and lifetimes. Recently, there have been some attempts of deter-
mining the properties of polymer—polymer contacts and chain entanglements on a
molecular level using the computer simulations but to date they were carried out
for isolated polymers only [9, 10]. The extensive studies of polymer systems having
different internal architecture (star-branched chains, rings) showed the influence
of the chain topology on its structure and dynamic properties [10-14].

Recently, we have introduced a new multibond algorithm for the Monte
Carlo simulation of chain molecules that uses the asymmetric Metropolis scheme
[15]. This algorithm was capable to reproduce most of features of the model of
an isolated polymer chain. The extension of the algorithm can also be used for
studying the properties of dense polymer melts. What is interesting, it appeared
that some modifications of this algorithm applied for dense multichain systems
could give some insight into the nature of entanglements. The purpose of this
work is to check the validity and usability of the new algorithm for dense polymer
melts and to study the nature of chain entanglements.

2. The model and the algorithm

The simulations were carried out for the simple model of a dense polymer
melt. Chains were confined to a simple cubic lattice, i.e. every polymer segment
was placed in lattice vertex [4, 5, 12]. The double occupancy of lattice points was
forbidden which implied that the excluded volume effect was taken into account.
No temperature dependent long-range interactions were introduced, i.e.; the melt
was athermal which corresponds to good solvent conditions.

In the classical simulation algorithm the conformational space was sampled
by local chain micromodifications (2 or 3 polymer bonds were involved in every
micromodification) [4, 14]. We have constructed a new algorithm in which larger
parts of a chain can be shifted at once. The multibond algorithm was tested for
single chains and reproduced proper static and dynamic properties of the system
[15]. Tt was also shown that this algorithm was considerably faster than the older
one. The multibond algorithm was recently described in detail [15] and thus we are
giving only a short description here. In the new algorithm the elementary motions
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modify the large portion of the polymer chain. In the version of the algorithm
presented here 6 subsequent (along the chain contour) polymer bonds undergo
simultaneous modification. For such a shift of large parts of a chain there i1s a
possibility of topological obstacles because the moved part can cross other parts of
the chain or other chains. Thus, every attempt of motion is accepted after the check
if points, which can be potentially occupied by a fragment of the same or other
chain, are empty. In this motion the connectivity of the chain and the geometry
of the lattice has to be maintained, too. Chain ends were subjected to the same
6-bond micromodifications but the new conformation was chosen randomly. In this
algorithm we can as usual define time unit which corresponded to one attempt of
chain modification per one polymer bead. The polymer melt was generated and
equilibrated using 10°—10° time units while the production run consisted of order
of 105107 time units.

The systems of linear M chains, each consisting of N beads (or N — 1 seg-
ments), were placed in a Monte Carlo box with periodic boundary conditions. The
edge of the box was chosen large enough to avoid a chain to interact with its im-
age or L had to be greater than root-mean-square end-to-end vector (R?)1/2 i.e.
L = 20 for shorter chains and L = 40 for longer chains. The density of the melt
can be defined as the ratio of the total number of polymer beads to the number of
beads in the Monte Carlo box, i.e., » = M -N/L3. The simulations were carried out
for the chains with N = 50, 100, 200, 400, and 800 beads for the density ¢ = 0.5.
We also carried out simulations for systems containing chains with N = 100 beads
at different densities: ¢ varied from 0.1 to 0.8 (for densities higher than 0.6 this
algorithm becomes inefficient).

3. Results and discussion

Some parameters describing the size of a polymer chain were calculated dur-
ing the simulation. These were mean-square end-to-end distance (R?) and the
mean-square radius of gyration (S?). The values obtained are very close to those
from the simulations carried out by the classical algorithm. As an example we
present Fig. 1 where one can observe the dependence of (R2?) and (S?) on the
chain length N — 1 for moderate density (¢ = 0.5). (R?) and (S?) scale with the
chain length as (N — 1)1-030£0.02 and (N — 1)1:04020.02" pegpectively. The expo-
nents are very close to previous simulation results obtained for the same model
at the same conditions by means of the classical Monte Carlo algorithm, where
vr = 0.99 and vs = 1.02 [5] and to the theoretical predictions where yg = v5 = 1
[1, 3, 4]. The values of scaling exponents close to random flight chain (with no
excluded volume) can be explained by the fact of mutual interpenetration of poly-
mer chains [1, 4, 8]. The ratio (S?)/(R?) changes from 0.164 for systems containing
short chains (N = 50) to 0.166 for longer chains (N = 800) which was expected,
since for random flight chain it takes the value 0.167. The next figure (Fig. 2)
presents the dependence of {S?) on the density ¢ for melt consisting of chains
with N = 100 beads. The size of a single polymer decreases with the increase in
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Fig. 1. The mean-square end-to-end distance (R?) (open circles, dotted line) and the
mean-square radius of gyration {S?) (solid circles, solid line) versus the chain length N.
The case of the density ¢ = 0.5.

Fig. 2. The mean-square radius of gyration {S?) versus the density @. The case of the
chain with N = 100 beads.

the density rather fast for ¢ < 0.5 because chains become to interpenetrate one
another. For higher densities the decrease in the polymer chain becomes slower.
The dynamic properties of the systems studied can be determined for short-
-time and long-time timescale. Fast processes of the chain are usually described
by the longest relaxation time, which describes the process of internal rearrange-
ments. The longest relaxation time g can be extracted from the end-to-end vector
autocorrelation function as was previously described many times [4, 12, 14]. Fig-
ure 3 presents the values of g for melts at the density ¢ = 0.5 versus the number
of segments in the polymer chain N — 1. The relaxation times scale with the chain
length as (N — 1)2:53%0.06 which is very close to the results obtained for similar
model using the classical algorithm where g ~ (N — 1)2:%3 [5, 14]. The simplest
theory of Rouse (isolated chain, no hydrodynamic interactions) predict the expo-
nent equal to 2 [1, 3, 16]. Experiments concerning dense polymer melts give the
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Fig. 3. The longest relaxation times 7r versus the length of the chain N at the density
e = 0.5.
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scaling (N —1)34 for sufficiently long chains [1, 3, 4]. Lower exponents obtained in
simulations can be explained by the fact that the density of our melt is only 0.5;
rough extrapolations towards the concentrated solution (¢ = 1) which is out of
simulation capabilities led to the exponents close to 3.4 [5]. Anyway, the short-time
dynamic behavior of the chain using the new multibond algorithm is exactly the
same as in the classical Monte Carlo algorithm.

The motion of the entire chains (long-time timescale dynamic behavior) can
be described and discussed in the term of autocorrelation functions. Center-of-mass
autocorrelation function gem (¢) and single bead autocorrelation function g(¢) were
obtained and plotted versus time? in Fig. 4 for a system containing chains N = 100
at ¢ = 0.5. The behavior of both these functions is qualitatively the same as for
isolated chain [14]. The main difference is that for displacements gem () < 2(5?)
autocorrelation function scales as t* where o < 1. The function g(¢) also scales
with the exponent 8 < 1/2. This behavior, i.e. exponents lower than 1 and 1/2, can
be explained by the fact that for short times the motion of a chain is constrained
(coupled with the internal relaxation). The shape of both autocorrelation func-
tions does not change with the density and the length of the chain. Self-diffusion
coefficients D were determined from the center-of-mass autocorrelation function
using modified Einstein’s formula

D = gem(t)/6t + a, (1)

where a is a constant (nonzero value of a is caused by the anomalous diffusion of
chains for short times). It was previously shown [5, 14] that diffusion coefficient
should be determined for the window gem(t) > 2<SZ>. In Fig. 5 the self-diffusion
coefficient D is plotted against number of polymer segments N — 1 for chains in
a melt at the density ¢ = 0.5. At these conditions the diffusion coefficient scales
with the chain length as (N — 1)=14930:06 This value is close to the results given
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Fig. 4. Autocorrelation functions g(t) (upper curve) and gem(t) (lower curve) vs. time
t. The case of the chain with N = 100 beads at the density ¢ = 0.5.

Fig. 5. Plot of the self-diffusion coefficient I versus the length of the chain N at the
density ¢ = 0.5.
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by the classical algorithm where D ~ (N — 1)=152 [5]. For higher densities it is
expected that the exponent should approach -2 [1, 3, 4].

The number of entanglements in chains forming a melt can be estimated from
the diffusion coefficient using the Kolinski—Skolnick—Yaris [4, 5] formula, which was
based on the Hess treatment [17, 18]:

do

D= Naramy @)

where N, is a number of monomers between entanglements and dy is the effective
diffusion coefficient per bead in the absence of chain connectivity. The fitting of
this equation for diffusion coefficients obtained by means of the new multibond
algorithm for the melt of chains at the density ¢ = 0.5 gives No = 121. This result
is very close to that obtained for the same polymer chain model by the classical
algorithm where N. = 132.

The dependence of the self-diffusion coefficient D on the density ¢ of the
polymer melt is shown in Fig. 6. One can observe a fast decay of the chain’s
mobility as the density increases. This is in accordance with other simulation
results and theoretical predictions [3, 8]. The very small values of D for densities
over 0.6 suggest that the new algorithm is rather not capable to study the long-time
dynamic properties of the system.
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Fig. 6. Plot of the self-diffusion coefficient D) versus the density . The case of the
chain with N = 100 beads.

All the results listed above confirm that the new algorithm is capable to
reproduce properties not only of an isolated chain [15] but also of dense polymer
melts. Moreover, it allows one to determine some properties concerning the nature
of chain entanglements which was impossible using the classical algorithm. This is
a very important problem as these entanglements determine viscoelastic properties
of the polymeric system and no experimental data on entanglements are available.

One has to remember that in the new multibond algorithm there is a possi-
bility of crossing other chains during the attempt of chain’s motion [15]. By turning
off the procedure that rejects such cases we can therefore remove some of these
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obstacles from the model. These obstacles are apparently related to chains’ en-
tanglements that are formed as knots, as well as entanglements formed by looping
around a chain. Now we can determine the differences in the chain motion between
cases where obstacles are present and suppressed. Therefore, the new algorithm
has the ability to determine some properties of entanglements directly from the
simulation. During the simulation run all the cases of attempted moves hindered
by the above obstacles were analyzed and the number of the unsuccessful moves
for each bead of the chain was recorded. Figure 7 shows the plot of the distribution
of number of unsuccessful moves f attempted by a given bead (its number is given
on z-axis). The plot shows that the chain ends have executed more unsuccessful
moves than the fragments located in the center of the polymer molecule. It corre-
sponds well with the Rouse-like motion of the chain [3]. Interesting fluctuations of
the curve are observed — it shows that even neighboring fragments of the chain
exhibit significant differences in their mobility.
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Fig. 7. The distributions of obstacles along the number of chain’s bead (see text for
details). The case of density ¢ = 0.125 and N = 100.

The results described above strongly suggest that the multibond algorithm is
capable to reproduce the static and dynamic properties not only for isolated chains
but also for dense polymer melts. All the results concerning the polymer size, the
process of its internal relaxation, and self-diffusion are the same as obtained by
classical Monte Carlo simulation algorithm. The multibond algorithm gives us
some insight into the nature of chains entanglements which is very important due
to their influence on viscoelastic properties of polymeric systems.
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