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We have developed a coarse-grained force field for the poly�styrene-b-butadiene� diblock
copolymer. We describe the computational methods and discuss how they were applied to develop
a coarse-grained force field for this diblock copolymer from the atomistic simulation. The new force
field contains three different bonds, four angles, five dihedral angles, and three nonbonded terms.
We successfully tested this coarse-grained model against the chain properties, including static and
dynamic properties, derived from the atomistic simulation; the results suggest that the
coarse-grained force field is an effective model. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2200694�
I. INTRODUCTION

With increasing computer power, computer simulation
methods have become main pillars of scientific research and
we are arriving quickly to a point where the simulation of
complex systems, such as polymers, will become realizable.
Presently, however, the quantitative modeling of polymer
chains in full atomistic detail at meso- or macroscopic length
scales remains difficult because of the huge number of de-
grees of freedom in such system. A possible solution to this
problem is to reduce the number of degrees of freedom
through the mapping of an atomistic model onto coarse-
grained structures. In fact, some simple models for the study
of meso- and macroscale phenomena in polymer systems
have been used extensively,1,2 but most of them do not dis-
tinguish between chemically different polymers because of
their generic nature.

This paper describes a method for systematically gener-
ating coarse-grained �CG� models from atomistic models. In
recent years, a number of so-called CG models have been
developed to enhance polymer simulations, including bond
fluctuation3–10 and high-coordination lattice11–13 models.
Here we briefly describe a few of the major achievements:
Clancy defined a long-range interaction energy and estimated
a continuous effective potential energy between beads;14

Guerrault et al. built a mean force potential and used it to
study a system containing polyethylene and
cis-polybutadiene;15 Buchete et al. obtained anisotropic po-
tentials for protein simulations that were extracted from the
continually growing databases of protein structures;16 Murat
and Kremer mapped bead-spring-type polymer chains in a
melt to a soft-core liquid with fluctuating ellipsoidal particles
modeled by an anisotropic Gaussian potential;17 Bolhuis et
al.18 and Louis19 described a similar method for coarsening
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polymer chains in dilute-to-semidilute solutions; and Tschöp
et al.20,21 and Hahn et al.22 and Akkermans and Briels23 per-
formed systematic studies into polymer melt coarse graining
and developed a hierarchy of methods to bridge the gap from
microscopic to mesoscopic simulation. Of all the models that
have been developed, the one that is closest to ours is a
method devised by Müller-Plathe and co-workers to auto-
matically adjust force fields for specific systems exhibiting
mesoscale phenomena to polymeric systems.24–27 The main
feature of these kinds of methods is the coarsening of the
models and then using them to describe and reproduce many
of the parameters of polymer properties obtained from ato-
mistic simulations. When mapping atomistic structures onto
coarse-grained models, a cluster of several atoms is usually
considered as a single bead. The interaction energies between
two beads are obtained through an optimization procedure
that reproduces the structural distributions between the
beads, which are obtained from atomistic simulations.

When developing simulation methods for polymers, we
must consider the complex nature of these systems; for ex-
ample, obtaining a meaningful coarse-grained force field for
more-complex polymers, such as diblock copolymers, re-
mains a great challenge. Diblock copolymers, which com-
prise two linear sequences of chemically different species �A
and B�, represent an interesting class of polymeric materials
that exhibit a rich variety of phase behaviors,28 making them
subjects of great interest for experiments,29–33 theory,34–38

and computer simulation.39–42 The initial test of the approach
by Muller-Plathe and co-workers used homopolymers as
models.24–27 In this paper, we extend the coarse-graining
strategy described above to block copolymers—specifically,
to a symmetric diblock copolymer comprising A and B units
of equal length. The introduction of the joint point among the
blocks causes the problem to become slightly different and
more complicated. We have to distinguish between unlike
monomers when calculating the bond lengths, bond angles,

dihedral angles, and radial distribution functions �RDFs�. In-
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terference between these quantities causes the coarse-grained
procedure to become difficult. As a first trial, a single sym-
metric diblock copolymer chain in vacuum as a model is
performed in the simulation. When the method has been
found to show promise, it can easily be extended to the case
of multiple chains in the melt or in solution.

II. METHODS

A. Concept

Atomistic force fields of polymers are usually divided
into two major parts, i.e., bonded and nonbonded potential
terms,24 each of which comprises several different contribu-
tors. The total force field energy can be described as follows:

Vtot = Vbonded + Vnonbonded = �Vstr + Vbend + Vtors�

+ �Vvdw + Ves + ¯ � , �1�

where Vtot is the total energy of the system; Vstr and Vbend are
the potentials defining the contributions for bond stretching
between pairs of bonded atoms and the angular bending be-
tween three atoms, respectively; Vtors is a torsional potential
accounting for the change of the energy as bonds rotate; Vvdw

accounts for the excluded volume repulsive and intermolecu-
lar attractive forces between atoms in different polymer
chains or in the same polymer chains, but at least three bonds
apart; Ves is the potential of the electrostatic interactions.43

The coarse-grained force field is constructed similarly using
four potential terms, i.e., Vstr, Vbend, Vtors, and Vnonbonded; we
did not intend to make adjustments to all of the terms simul-
taneously but to perform successive adjustment of the terms
in the order of their relative strength. According to the results
described by Reith et al.,24 we chose to begin with the
stretching energy and work our way systematically down to
the torsional energy in the following order:

Vstr → Vbend → Vnonbonded → Vtors. �2�

B. Simulation

This paper describes the computational methods and
their application to the development of a coarse-grained
force field for the poly�styrene-b-butadiene� �PS-b-PB�
diblock copolymer from the atomistic simulation. Thus, we
had to construct a CG model of the PS-b-PB diblock copoly-
mer. We choose this copolymer because of its wide applica-

FIG. 1. Illustration of the mapping of poly�styrene-b-butadiene� from the
atomistic to the mesoscopic level.
bility in industry, e.g., poly�styrene-co-butadiene� rubber
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�SBR� is used in systems that are exposed to low tempera-
tures. Our molecular dynamics simulations of this diblock
copolymer, which comprises two species—styrene �S� and
butadiene �B�—of equal length �ten monomers�, in vacuum
were performed using the program TINKER �Refs. 44–49� in
an orthorhombic cubic box having standard periodic bound-
ary conditions. The parameters of the all-atom force field for
the polymer were obtained directly from the MM2 �Refs.
50–52� force field, and the CG force field was developed
using our own new force field, which we designed to match
the structural properties, such as radial distribution functions,
of the various kinds of polymers derived from atomistic
simulations.

The molecular dynamics were simulated using the

FIG. 2. Histograms of the �a� S–S, �b� S–B, and �c� B–B bond distributions
of poly�styrene-b-butadiene� obtained through atomistic �solid lines� and
coarse-grained �empty triangles� simulations at 500 K.
Langevin equation of motion at a constant temperature T:
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mi
d2ri

dt2 = − mi�i
dri

dt
+ �

j

Fij + �i, �3�

where ri is the position of the ith bead and � jFij and �i are
the systematic and random forces, respectively, on the ith
bead. The white and Gaussian random force �i satisfy ��i�
=0 and its variance is ��i�t�� j�t��=2�ikBT�ij�iI, where the
bracket denotes the ensemble average and I is a 3�3 unit
matrix. The term �i represents the friction coefficient of the
ith bead; we used �i=0.91 in the simulations. For numerical
integration of the Langevin equation, we used the Velocity
Verlet algorithm53,54 with a finite time step of 2 fs. The runs
were performed in the NVT ensemble and the temperature
was set at 500 K using an Andersen thermostat with the col-
lision frequency �=0.10.55

To construct the coarse-grained models, we began from
atomistic simulations from which we could obtain the distri-
butions of bond lengths, bond angles, dihedral angles, and
RDFs. The initial configurations were generated using the
given parameters for the bonds, angles, dihedral angles, and
other interactions according to the MM2 force field. The en-
ergy of the system was optimized to relax overlapping mono-
mers, in which case the excluded volume problems were
avoidable. Subsequently, the chain was placed randomly into
the simulation box having periodic boundary conditions.

A preequilibration procedure was run initially at a higher

FIG. 3. Histograms of the �a� S–S–S, �b� S–S–B, �c� S–B–B, and �d� B–B–
�solid lines� and coarse-grained �empty squares� simulations at 500 K.
temperature. The equilibration runs were performed until the
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distributions of bonds, angles, dihedral angles, and RDFs had
stabilized. Subsequently, a run of more than 106 integration
steps was required to obtain smooth RDFs.

III. COARSE GRAINED FORCE FIELD DEVELOPMENT

A. Mapping

The first step of the coarse-graining procedure was to
choose the centers of the coarse-grained beads. Figure 1 il-
lustrates the mapping of the S and B strands. Every S strand
was replaced by one bead, centered at the mass center of the
unit. In view of the particular features of the B strand, we
applied a different type of bead in this case, i.e., we chose the
center of the double bond of the unit to be the mapping
point; a detailed description of the process is available
elsewhere.56

The force field corresponding to this choice of coarse-
grained model will have two types of coarse-grained beads
�corresponding to the S and B strands�, three different types
of bonds �corresponding to three bond distributions: S–S,
S–B, and B–B�, and four types of angles �corresponding to
four angle distributions: S–S–S, S–S–B, S–B–B, and B–B–
B�. By analogy, there should be five dihedral angle distribu-
tions �S–S–S–S, S–S–S–B, S–S–B–B, S–B–B–B, and B–B–

gular distributions of poly�styrene-b-butadiene� obtained through atomistic
B an
B–B� and three RDFs �SS, SB, and BB�.
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B. Bonded potential

Figures 2�a�–2�c� display the distributions of distances
between two successive coarse-grained beads along the
chain, namely, the three bond distributions, SS, SB, and BB,
respectively. The Bolzmann-inverted distribution was ap-
plied to obtain the bond energy in the CG simulations, as
stated in Eq. �4�.

Vstr,i�r� = − kBT ln�pi�r�� �i = SS,SB,BB� . �4�

Boltzmann inversion is a method that can always perform
potential inversion from a distribution to yield a potential of
mean force. Details on the Boltzmann-inversion method that
we used are available elsewhere.57 Although the Boltzmann-
inverted distribution provides only an approximation of the
bond energy, it turns out that the CG simulations yield al-
most the same distributions; hence, no further optimizations
were necessary.

For angles, we weighted the distributions of three suc-
cessive beads along the chain by a factor of sin � and then
we used the Boltzmann-inverted angular distributions to ob-
tain the angular potentials in the CG simulations, which are
similar to the bond distributions.

Vbend��� = − kBT ln� p���
sin �

	 . �5�

Figure 3 displays the results. The atomistic data �solid lines�
are mapped well by the coarse-grained model �squares�. In-
deed, it was sufficiently reproduced such that further optimi-
zation was unnecessary.

For the distributions of the dihedral angles, we used a
nonlinear curve fitting method to obtain the coarse-grained
simulations’ analytical potential function of dihedral angles.
For the analytical potential, it is relatively straightforward to
automatically adjust the parameters. We used a function hav-
ing the Fourier progression form

Vdihedral��� = �
i=1

n
Vi

2
�1 + cos�i� − �i�� . �6�

Here, the values of the series �i �i=1,2 , . . . ,n� are constants.
Compared to the distributions of the dihedral angles obtained
from atomistic simulations, we adjusted the values of Vn �n
=1–6� according to the distribution of the dihedral angles
from the coarse-grained simulation. Table I lists the values of
the parameters, and Fig. 4 displays their optimized distribu-
tions. We observe that the atomistic data �solid lines� are
symmetrized and five-point smoothed. The coarse-grained
data �circles� were obtained for the force field with torsional
potentials; qualitatively, they reproduce the atomistic curve.

C. Nonbonded potential optimization

For the nonbonded portion of the potential, we illustrate
the procedure using, as an example, the derivation of an ef-
fective nonbonded potential from a given target radial distri-
bution function g�r�. Assume that we begin with a tabulated
initial potential V0�r�. It has been proposed58 that the inver-
sion of the RDFs for one-component simple liquid systems

may be performed through simple Boltzmann inversion of
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g�r�. This approach is exact, however, only at the limit of
infinitely dilute systems. We use the potential of mean force,

F�r� = − kBT ln g�r� , �7�

which is a free energy and not a potential energy �except for
the case of zero density�. However, F�r� is usually sufficient
to serve as the initial guess V0�r� in an iterative procedure.
The potential must be improved using a correction term. This
step can be iterated as follows:

Vi+1�r� = Vi�r� + kBT ln
gi�r�
g�r�

�8�

until

f target =
 	�r��g�r� − gj�r��2dr �9�

measures the curve convergence quantitatively. As a weight-
ing function, we applied the expression 	�r�=exp�−r� to
cause stronger deviations at small distances.

Figure 5 indicates that a reasonably good relationship
exists between the RDFs obtained from the atomistic and CG
simulations. The RDFs obtained from the CG simulations
reproduce both the rises of the main peaks and their conver-

TABLE I. Parameters of the dihedral angle potentials obtained through
coarse-grained simulations of poly�styrene-b-butadiene� using Eq. �6�.

Dihedral angle n i Vi �i �deg�

S–S–S–S 4 1 0.997 0
2 0.536 180
3 1.155 0
4 0.948 0

S–S–S–B 5 1 16.612 0
2 −7.199 180
3 4.857 0
4 1.004 0
5 −1.342 0

S–S–B–B 6 1 2.827 0
2 −4.467 180
3 2.811 0
4 −0.014 0
5 0.234 0
6 0.065 0

S–B–B–B 4 1 −4.507 0
2 −1.222 180
3 −0.170 0
4 0.159 0

B–B–B–B 6 1 −3.261 0
2 0.162 180
3 0.591 0
4 −0.034 0
5 −0.027 0
6 −0.080 0
gences. The coarse-grained RDFs agree well to the RDFs
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obtained from the atomistic simulations. Figure 6 displays
the corrected numerical potentials of the coarse-grained
simulation that correspond to those in atomistic simulations.

IV. STATIC AND DYNAMIC PROPERTIES OF DIBLOCK
COPOLYMERS

In this section, we discuss some of the polymer chain
properties, both static and dynamic, determined through ato-
mistic and coarse-grained simulations to demonstrate that
our coarse-grained model does indeed reproduce the results
from the atomistic simulations.

Table II lists the statistical values of the mean-square
2

FIG. 4. Normalized distributions of the �a� S–S–S–S, �b� S–S–S–B, �c�
b-butadiene� obtained through atomistic �solid lines� and coarse-grained �em
end-to-end distance ��RG�� and the mean-square radius of
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gyration ��SG
2 �� obtained. The coarse-grained force field re-

produced the properties of the atomistic model.
Of more interest is the finding that the diffusion of the

coarse-grained molecular dynamics simulation for PS-b-PB
displays the same characteristics as that obtained from an
atomistic molecular dynamics simulation. The diffusion co-

B–B, �d� S–B–B–B, and �e� B–B–B–B dihedral angles of poly�styrene-
circles� simulations at 500 K.

TABLE II. Mean-square end-to-end distances and mean-square radii of gy-
ration obtained through atomistic and coarse-grained simulations of
poly�styrene-b-butadiene�.

Simulation �RG
2 � /nm2 �SG

2 � /nm2 �RG
2 � / �SG

2 �

Atomistic 3.1162 0.6055 5.1465
CG 3.1321 0.6029 5.1951
S–S–
pty
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efficient was measured by monitoring the mean-square dis-
placement �MSD� of the center of gravity of the chains,59,60

D =
1

6
lim

gCG�t�
t

=
1

6
lim

�

�t
��ri�t� − ri�0��2� , �10�

where the quantity in braces is the ensemble-averaged mean-
square displacement of the molecules and ri�t� is the vector
coordinate of the center of mass of bead i. Figure 7 displays
the mean-square displacements of the atomistic and coarse-
grained simulations at 500 K and 101.3 kPa. The results
from the simulations are shifted in log t to bring both sets of
curves into coincidence. As expressed in the form of plots of
the MSDs versus time, we do indeed observe a linear depen-
dence of the MSDs with respect to t; the MSDs are linear up

FIG. 5. Intrachain �a� S–S, �b� S–B, and �c� B–B radial distribution func-
tions �RDFs� of poly�styrene-b-butadiene� obtained through atomistic �solid
lines� and coarse-grained �empty squares, broken lines� simulations at
500 K. The latter approach reproduces both the rise of the main peaks and
the convergence.
to 80 ns with this regime �slope: 0.49�, followed by another
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linear regime having a slope of 0.92. There are a few ex-
amples of the dynamic properties of coarse-grained simula-
tions agreeing with experimental values and/or the atomistic
simulations being observed in other simulations.20,25,56,61 Our
findings provide another example where, through multiscal-
ing, a calculated dynamic property reproduced the results of
atomistic simulations.

V. CONCLUSIONS

This paper describes the results of a molecular dynamics
simulations of the diblock copolymer PS-b-PB. We devel-
oped an all-atom force field for this diblock copolymer using
the MM2 force field and then developed coarse-grained
models using this new force field. We designed these CG
models to match the structural properties—such as RDFs of
various kinds—that are derived through the use of atomistic
simulations. Although we developed CG force fields only for
PS-b-PB, this approach should be amenable for use with
other diblock copolymer systems and, indeed, other polymer
systems in general.

The optimization algorithm we used was quite powerful,
but in one case—i.e., for the distribution of the dihedral
angle—although the CG simulation’s data reproduced the
atomistic curve, the efficiency of this simulation was poor.
We had hoped to obtain an effective potential for this term

FIG. 6. Optimized nonbonded numerical potentials obtained through coarse-
grained simulations of �a� S–S, �b� S–B, and �c� B–B interactions.

FIG. 7. The mean-square displacements of the center mass as a function of
time for the poly�styrene-b-butadiene� chain at 500 K and 101.3 kPa ob-
tained through atomistic molecular dynamics �empty circles, solid line� and
coarse-grained molecular dynamics �empty squares, solid line� simulations,

after shifting in log t to bring both sets of curves into coincidence.
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through iterative methods, but it did not appear to converge
slowly through these methods; our results proved this ap-
proach to be ineffectual. We used a nonlinear curve fitting
method to obtain the coarse-grained simulations’ analytical
potential function for dihedral angles. For the analytical po-
tential, it is relatively straightforward to adjust the param-
eters. Compared to the distributions of the dihedral angles
obtained from atomistic simulations, we need to adjust the
values of Vn �n=1–6� according to the distribution of the
dihedral angles from the coarse-grained simulation. Hence,
to some extent, the generated potential caused the program
execution to be slow. Our analysis of the static and dynamic
characteristics determined using the atomistic and coarse-
grained simulations indicated that the latter approach pro-
vided accurate results.
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