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Abstract
The properties of a AB diblock copolymer chain are calculated by Monte Carlo methods.
Monomer A contacting to the surface has an adsorption energy E=-1 and monomer B E= 0. The polymer
chain is simulated by self-avoiding walk in simple cubic lattice.The adsorption properties and the
conformation properties of the polymer chain are computed by using message passing interface (MPI).
The speedup is close to linear speedup by parallel computing independent samples.
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1. Introduction

The motive of computer-generated is that people want to invent a machine used for
scientific computing. In past sixty years, the computer has experienced rapid development with
Moore's Law. The computing performance is double for the number of transistors doubling
every 18 months. In the last 20 years, high-performance computing can be researched with the
developments of parallel computing hardwares and software technologies [1-3]. High-
performance computing is used to to solve larger computing problems or to get more accurate
solutions in the area of natural sciences and engineering. The computing of scientific problems
becomes an increasingly important field in bioinformatics, materials science, fluid dynamics,
drug design, computational chemistry, meteorology and so on [4-7]. To sovle these problems
only by the theoretical analysis and experiments has been difficult in dealing with the amount of
data and the complexity of mechanism. Computer simulation can get the desired result on many
specific problems, or be used to replace the physical experiment. High-performance computing
is to develop and to apply mathematical modeling, data analysis, computer simulation
technology for many applications. Therefore, we can extract useful information from the vast
amounts of data with the large-scale computer simulation technology. Computational science is
an interdisciplinary science of many application areas(such as physics, chemistry, or
engineering et al.), which often applies high-performance computers to improve advanced
theoretical and technical level in the individual science [1-5].

Computing theory and modeling of polymer is an important branch of polymer with the
development of computer science. The polymer chain adsorbed at the interface becomes a hot
research topic in the polymer and biological science [7-11]. The polymer is concatenated by a
large number of the same structure unit. The linear chain is a simplified model commonly used
for a polymer. Polymer chain has various conformations due to the constantly changing shape
by the thermal motion of the molecules. The conformation of polymer chain at some time is
completely random. Therefore there are very large number of polymer chain conformations for
the molecular weight is often very large. No precise expression of partition function can resolve
for long polymer chain. So conformational statistics of a single polymer chain is a complex
computational problem. Then the simulation of polymer usually requires longe computation time.
In recent years, parallel computing is often the best choice, for serial computing can only be
limited to calculate the short chain or local nature. The design of efficient parallel programming
has been well established in scientific computing for many years. The static and dynamic
properties of polymer chain can be obtained by parallel Monte Carlo simulations [12-14].

Computer simulations often require a large amount of calculation. With the cluster
system becoming increasingly popular, parallel computing is often used for computer simulation
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[12-14]. In order to effectively use the cluster, the problem is decomposed into a number of
parallel computing portion. Each part should be independent and load ballancing as possible. In
order to obtain a parallel computing, we select message passing interface (MPI) to achieve high
performance.

In this paper, we simulate a single AB copolymer chain tethered to the surface by using
parallel programming technology. We obtain nearly linear speedup by parallel computing the
independent samples.This paper is organized as follows. The simulation method and a brief
description of parallel computing properties of diblock copolymer are described in Section 2.
Results and discussion are presented in section 3. Finally, our work of this paper is summarized
in Section 4.

2. Research Method

The simulation system is often using the simple cubic lattice L x L x L. The monomer
coordinate in chain (x, y, z) is valued in the grid with lattice length unit. A flat surface is placed at
z = 0 which is impenetrable for polymer chain. Monomers of chain are all located above the
surface (z>0) and periodic boundary conditions are performed in x, y direction [3, 13].

Polymer chain is simulated by the self-avoiding walk ( SAW). A chain is made up of N
monomers consecutively linked with fluctuating bond length from 1, sqrt(2) and sqrt(3) unit. The
bond between successive monomers in chain can be taken from the set {(1, 0, 0), (1, 1, 0), (1,
1, 1)} by symmetry operations in the simple cubic lattice sapce. Each monomer occupies one
unit in the grid lattice. The first monomer is fixed at the position (0, 0, 1) which contacts to the
center of flat surface (0, 0, 0) and can’t leave this position.

Diblock copolymer is a simple example of two-letter copolymers made up of two
different monomers, marked by letters A and B. Monomer A is attractive to the surface,
but monomer B is repulsive to the surface. Every monomer locating at layer z = 1 is contacting
with the surface which is assigned an interaction energy -E. Monomer A contacts to the surface
with a constant adsorption energy E= -1, but monomer B E= 0.

2.1 Chain Generation Method

The initial state of polymer is generated by self-avoiding walk which never visits the
same lattice twice on the graph. The polymer is produced by walking step-by-step. An N-step
self-avoiding walk is an ordered sequence of (N+ 1) monomers in polymer. The coordinates of
the ith monomer,is marked as (x [i], y[i], z[i])fori=0,1 ...... N. The first monomer (x[0],
yl0], z[0]) is located at the place (0, O, 1). On the simple cubic lattice, there are 6 nearest-
neighbor sites on the primary lattice{(0,0,1), (0,0, -1), (0,1,0), (0, -1,0), (1,0,0), (-1,0,0)}. Each
attempted walk involves a trial chosen one of the direction at random..

A 3D array g[L][L][L] is used to flag the state of the lattice space. A lattice unit can only
be occupied by a monomer of chains, for example the number 0 is for empty lattice, 1 for lattice
occupied by monomer A, 2 for lattice occupied by monomer B and 3 for lattice occupied by the
first fixed monomer X, respectively. Three one-dimensional arrays record the site of monomers
in the linear chain, x, y and z, respectively. The first monomer of the chain is fixed on the flat
surface (0, 0, 1), marked the element of three-dimensional array g[x[iJl[y[il][z[i]] with i = O for the
first monomer X of the chain. The coordinate of the first monomer of the chain is fixed as

follows:
i=0
x[i]=0;
Nil=0;

Z[i]1=1;
ol XM Iyl 211 1= 3;

The new monomer from 1 to N is generated by self-avoiding walk at random.

for(i=1;i<N;i++){
do {
k = (int) 6 * rand (); / / a random number selected one of six motion directions
x[i]= x[i-11+ dx[K];
y[i]= y[i-1] + dy[k];
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z[i]= z[i-1] + dz[k];
} while (gIXTIIViT[z[iT]) == O && z[i]> 0);
/Iset the state of the monomer i in space 1-A, 2-B
if (i<N/2)

gIXIMIvIiTzLi= 1;

ol = 2;

else

}

At the beginning of simulation, a SAW polymer chain is to generate at fist. The number
of monomer A and the number of monomer B in the diblock copolymer are both equal to N/2
half of the chain length. In this simulation, there are two sequences of diblock copolymer by
which segment is grafted onto the monomer X: XAu2Bn, for the end of segment A grafted onto
the monomer X and XBy,,An.> for the end of segment B grafted onto X.

2.2 Chain Motion Method

After generating a whole chain, the chain maintain Brownian motion constantly. In the
motion model, one monomer is chosen randomly and attempts to move one step selected
randomly from one of the six directions. The motion of the polymer chain is simulated by the
bond fluctuation model. The bond length in three dimensional lattice model is allowed as three
conditions: 1, sqrt(2) and sqrt(3). In our bond fluctuations model, each site of the lattice has the
coordination number z=26 in three-dimensional space, and z=8 in two-dimensional space. Each
monomer contacting to the surface has an interaction energy E. Each monomer of chain except
the first one is always doing Brownian motion. In the simulation, the monomer is selected
randomly from 1 to N and the direction is also selected randomly. One attempt to move is to
meet the following conditions:
(1) One of monomers, which is selected random from 1 to N in chain, try to move one step.

i= (int) (N * rand ()+1); (1)

(2) Check the nearest neighbor (NN) lattice of monomer i along the six directions. If the NN
lattice is empty, the sequence number of the direction will be recorded. And a number randomly
selected from these allowed directions is assigned to motion derection k.
(3) The new position of monomer i is located above the surface (z[ i ]+dz[ k ] > 0).
(4) The new bond length between monomer i and the nearest neighbor monomer i-1 or i+1 meet
the allowed conditions (1, sqrt (2), sqrt (3)).
(5) This monomer i can move with probability exp(-AE/ksT) which is the Boltzmann factor, where
AE is the energy migration before and after the motion. The Boltzmann constant kg is set unity
in the simulation.

If all the conditions (1) - (5) are met, monomer i moves successfully one step. When all
monomers attempt to exercise once, the time is recorded as a Monte Carlo Step (MCS).

2.3 Parallel Computing Method.

Static and dynamic properties of the polymer chain are simulated by the parallel
computing method. A large number of samples are calculated for sampling statistics. At each
sample, the chain is produced independently by self-avoid walk and then the polymer chain has
been doing Brownian motion. The thermodynamic and kinetic properties of the polymer are
calculated and recorded at different temperatures. At each temperature T, the polymer chain
first run enough relaxation time for about 2.5N*"* MCS [15-16]. And then chain continue to do
Brownian motion in the next 100 N*"*MCS, in which we record chain properties at every 0.1N*"
MCS. Over 1000 conformations are averaged for one independent sample. We calculate 1000
independent samples for statistic average. And the final results are averaged over 10°
independent conformations. These individual samples are run by parallel computing in the
cluster of the hiigh-performance computing center.

The parallel algorithm is to implement through Fortran+MPI (Message Passing
Interface) and the program flowchart is described in Figure 1.
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Figure 1. Parallel Program Network Charts

3. Results and Analysis

In this section, it is explained the results of Monte Carlo simulation and at the same time
is given the comprehensive discussion. The critical adsorption point (CAP) could be understood
as the point where the limiting monomer free energy for a chain attached to the surface equals
the limiting monomer free energy of a desorbed chain in the bulk solution [15]. The statistical
approach is always to study the conformation of polymers. Probabilities of the different
conformations produces a polymer chain with many possible shapes [17]. Finally, the speedup
of our parallel computing is discussed.

3.1. Adsorption Properties

The analysis of the number of surface contacts M is always to determine the critical
adsorption point (CAP) of polymers. We calculated the mean number of surface contacts <M>
of diblock copolymer chain XAn:2Bn2, XBn2An2 and homopolymer chain XAy, with chain length
N=400 at different temperatures in Figure 2. At low temperatures, <M> of these three polymers
are almost the same value at the same temperature. Near the critical adsorption point, the mean
surface contacts <M> of homopolymer XAy, is the biggest , <M> of XBp,An- is the smallest,
and <M> of XAn.Bnz is between them, as shown in the inset of Figure 2. This shows that the
surface contacts <M> is affected by the segment B, which have none attractive at the surface, in
front of or behind the segment A.

The mean number of surface contacts <M> of diblock copolymer XAn:Bn. and
XBn2Anz2 is calculated for chain length N=50,100, 200 and 400 at different temperature in Figure
3. At low temperature, <M> almost linearly increase as the temperature T decreases. At high
temperature, <M> is almost 0 and does not change with the temperature 7. <M> has a transition
phase at about T, = 1.5 for both diblock copolymer XAn2Bn» and XByAn.2.
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Figure 2. The Mean Number of Surface Contacts <M> at Different Temperatures for Diblock
Copolymer Compared with Homopolymer.
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Figure 3. The denpendence of the Mean Number of Surface Contacts <M> of Diblock
Copolymer on Different Temperatures T for Chain Length N=50, 100, 200, and 400. (a) XAx.B
w2 and (b) XBp.A w2
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Figure 4. The Variance of the Order Parameter AM as a Function of Temperature T for Different
Chain Length N=50, 100, 200 and 400. (a) XAN/28 N/2 and (b) XB N/2A N/2

In simulations, we calculate the variance of the surface contacts, AM= <M*>-<M>?,
where <M?> is the mean square number of adsorbed monomers and <M> is the mean number
of adsorbed monomers. The variance of the surface contacts will produce some important
thermodynamic quantities like specific heat by the fluctuation relations. The variance of the
surface contacts AM exists a maximum at the temperature below and more close to the CAP
with the increase of chain length N. The dependence of AM/N on the temperature T is plotted in
Figure 4 for a variety of chain lengths N from 50 to 400. We find each curve for different length
N nearly intersect at a common point, which is in excellent agreement with T, of homopolymer
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by scaling from <M> [11]. The variance of the surface contacts AM/N can be used to determine
the CAP by the common intersection point of AM/N vs T. In the simulation we found that the
intersection point for diblock copolymer is also in agreement with the CAP. The CAP of diblock
copolymer is roughly equal to CAP of homopolymer. The critical adsorption point has none
effect by segment B.

3.2. Conformation Properties
The shape of polymer can be desicribed using the mean asphericity parameter <A>
which is defined in three-dimension space as:

A=< S (LT -L2)?/2(3 L) s (2)

i>]

Here, Lf , L2, and L§ (Lf < Li < L§ ) are the eigenvalues of the radius of gyration tensor [17].

Where s; =col(X;,Y;,z,) is the position of monomer i in a frame of reference with its origin at

the center of mass. <A> ranges from 0 for spherically symmetric chain, to 0.5 for circular ones,
and to 1 for rod-shaped ones. For a linear SAW chain, <A> is about 0.44 for long chain [11, 17].
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Figure 5. Plot of the Asphericity Parameter Figure 6. Plot of Speedup Versus the
<A> Versus Temperature T for Chain Length N Number of Cores
=200 and 400

We have calculated the mean asphericity parameter <A>. Figure 5 shows the
dependence of the mean asphericity parameter <A> on temperature T for diblock coplymer and
compared with homopolymer, among which there is a great difference. For homopolymer, <A>
exists a transition phase at T, at high temperature <A> = 0.45 and at low temperature <A> =
0.62. For the diblock copolymer XAn2Bn2, <A> almost does not change, because segment B in
the tail of copolymer extends freely in solution. For XBpAnz, <A> almost remains unchanged at
high temperature T > T, at low temperature T < T, <A> of XBnrAn. increases as the
temperature decreases, which is smaller than that of the homopolymer at the same
temperature, since both ends of segment B close to the surface, but the middle of the
monomers B can stretch in the solution. From the value of the shape factor at different
temperatures, we can distinguish the polymer type.
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3.3. Speedup

Numerical simulation of the self-avoiding chain is computed at high-performance server
cluster. In order to test the speedup for the same chain length in different core number, the
parameters are used for the chain length N = 100, the number of samples 480, Monte Carlo
stpe 10°MCS. Speedup is dependent on the number of processor cores in the same parameters
as shown in Figure 6. The test result is nearly linear speedup.

4. Conclusion

In this paper, Monte Carlo method is to study the adsorption and conformational
properties of the polymer chain. The simulation is performed in parallel on a cluster. The
simulation results indicate that there is a difference in the surface contacts for two different
diblock copolymer chain, but the critical adsorption point is almost the same as CAP of the
homopolymer chain. The conformational properties is differences for diblock copolymers and
homopolymer. We calculated the speedup of parallel computing, which is almost linear
speedup.
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