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Solvent effects on polymer dynamics and structure are investigated using a mesoscopic solvent
model that accounts for hydrodynamic interactions among the polymer beads. The simulation
method combines molecular dynamics of the polymer chain, interacting with the solvent molecules
through intermolecular forces, with mesoscopic multiparticle collision dynamics for the solvent
molecules. Changes in the intermolecular forces between the polymer beads and mesoscopic solvent
molecules are used to vary the solvent conditions from those for good to poor solvents. Polymer
collapse and expansion dynamics following changes in solvent conditions are studied for
homopolymer and block copolymer solutions. The frictional properties of polymers are also
investigated. © 2006 American Institute of Physics. �DOI: 10.1063/1.2198201�
I. INTRODUCTION

It is well known that the solvent plays an important role
in determining the nature of polymer dynamics and polymer
structure.1–4 In good solvents the polymer exists in an ex-
panded configuration while in poor solvent it adopts a com-
pact form. If solution properties are suddenly changed from
good to poor solvent conditions, polymer collapse will
occur.5 The collapse dynamics of polymers is akin to the
early stages of folding transitions seen in proteins and this
analogy has stimulated research in this area.

Polymer collapse dynamics has been intensively studied
and a variety of models have been proposed for the mecha-
nism of the collapse.6–9 The existence of such a transition has
been proven for exactly a solvable model of a polymer
chain.10 Simulations of model systems have been carried out
to test these theoretical predictions. Polymer collapse dy-
namics is strongly influenced by the presence of hydrody-
namic interactions among the polymer units due to coupling
to collective solvent dynamical modes. Consequently, mod-
els have been based either on Langevin dynamics where sol-
vent effects are included implicitly through frictional and
random forces,11–13 or on full molecular-dynamics simula-
tions with explicit inclusion of solvent molecules.14–16

Frictional properties of polymers also depend strongly
on solvent collective effects. Since polymer molecules are
large, hydrodynamic interactions lead to Stokes-law-like
forms for the friction and diffusion coefficients. The mesos-
copic polymer lengths and complex shapes of polymers in
solution, along with the presence of hydrodynamic interac-
tions, make the computation of these frictional properties
difficult. Most often simple macroscopic models are used to
estimate their values.1

Full molecular-dynamics �MD� simulations on large
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polymers that include solvent molecules explicitly provide
the most detailed information on polymer solution dynamics.
Such simulations are lengthy and this places restrictions on
the system size and accessible time scales. In this paper we
examine some aspects of polymer dynamics and structure by
carrying out simulations of a single polymer chain in a me-
soscopic solvent evolving through multiparticle collision
�MPC� dynamics �also termed stochastic rotation
dynamics�.17,18 In this model solvent positions and momenta
evolve through free streaming and effective collisions in a
manner that preserves mass, momentum, and energy. As a
result, a hydrodynamic description emerges on long distance
and time scales. The solvent model can be combined with
full molecular dynamics to simulate the dynamics of solute
molecules dissolved in the solvent.19 In this hybrid MD-
MPC dynamics hydrodynamic interactions among the solute
molecules are automatically taken into account.20,21

The aims of this paper are to demonstrate that the hybrid
MD-MPC dynamics can be used effectively to study polymer
dynamics in solution under varying good and poor solvent
conditions and to obtain information on polymer collapse
dynamics and polymer frictional properties for different sol-
vents. MPC dynamics has already been used to study several
aspects of polymer dynamics.22–28 In contrast to these stud-
ies, we model interactions between the polymer beads and
mesoscopic solvent molecules by intermolecular forces that
mimic both good and poor solvents. The introduction of ex-
plicit polymer bead-solvent particle intermolecular forces in
the hybrid MD-MPC method, while computationally more
demanding than schemes which use MPC dynamics for both
solvent-solvent and solvent-bead interactions, has the advan-
tages that solvent particles can no longer freely stream
through the polymer and the solvent structure in the imme-
diate vicinity of the polymer arising from bead-solvent inter-
actions is taken into account. While computations of equilib-

rium properties of a polymer under varying solvent
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conditions can be carried out using effective potentials �of
mean force� between polymer beads, the treatment of both
equilibrium and dynamical properties requires a consistent
formulation of the equations of motion. Simulations based on
MPC dynamics may be contrasted with Langevin schemes
where explicit solvent phase space coordinates are projected
out of the dynamics. The solvent is then accounted for by
effective potential-of-mean-force interactions among the
polymer beads and frictional and random forces on the
beads. The effective potentials can be obtained by integrating
out the solvent configurations to determine the free energy as
a function of bead coordinates while configuration-
dependent friction tensors must be supplied as input into
such Langevin models to account approximately for hydro-
dynamic interactions.

The outline of the paper is as follows. In Sec. II we
describe the polymer and solvent models used in this inves-
tigation of polymer dynamics. Section III describes the dy-
namics following a sudden change from good to poor solvent
conditions and presents results on the structure of the col-
lapsed polymer for different bead-solvent interaction poten-
tials. In addition, this section also discusses the dynamics
following a sudden change from poor to good solvent con-
ditions. Frictional properties are topic of Sec. IV. The col-
lapse dynamics and structure of block copolymers are de-
scribed in Sec. V, while Sec. VI contains the conclusions of
the study.

II. POLYMER AND SOLVENT MODELS

We consider a standard bead-spring model of a linear
polymer chain with Nb beads and suppose that the polymer is
in a solution containing of Ns molecules. The Hamiltonian of
the system consists of the sum of the kinetic energies of all
bead and solvent molecules and the total potential energy
V�rNb ,rNs� of the system. In our mesoscopic model the total
potential energy consists of contributions arising from inter-
actions among the polymer beads, Vbb�rNb�, and bead-solvent
interactions, Vbs�rNb ,rNs�. Interactions among the solvent
molecules are accounted for by multiparticle collisions as
discussed below.

The interactions among the polymer beads consist of
bead-spring potentials between neighboring beads as well as
bead-bead interactions among all beads. The non-Hookian
bead-spring potential29,30 is given by finite extensible nonlin-
ear elastic �FENE� interactions,

VFENE�r� = −
�

2
R0

2 ln�1 − � r

R0
�2�, r � R0, �1�

where �=30� /�2 and R0=1.5�.
Two types of bead-bead interactions among all beads are

considered: �A� Attractive Lennard-Jones �LJ� interactions,

VLJ�r� = 4����

r
�12

− ��

r
�6� . �2�
The LJ potentials are cut off at a distance L /4 where L is the
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length of simulation box �52.9868��. �B� Repulsive LJ
interactions,31

VLJ
R �r� = 	4����/r�12 − ��/r�6 + �1/4�� , r � rc

0, r � rc,

 �3�

are also studied where rc=21/6�.
Since the solvent bath in which the polymer dynamics

takes place must contain a very large number of molecules to
account properly for solvation and collective hydrodynamic
effects, instead of using full molecular dynamics to describe
the solvent motions, we utilize a mesoscopic multiparticle
collision description of the solvent dynamics.17 In the MPC
model, no intermolecular forces act among the solvent mol-
ecules, instead, interactions are accounted for by collisions
that take place at discrete time intervals �. The system vol-
ume is partitioned into n3 cells given labels � and at each
time � rotation operators 	̂�, chosen at random from set of
rotation operators, are assigned to each cell. We take rota-
tions by ±
 /2 about a randomly chosen axis, but other
choices are possible.

At any chosen time, a cell will contain a number of
solvent molecules with velocities vi�. Let V� be the center of
mass velocity of the particles in cell �. The postcollision
velocities of the particles in the cell are determined by rotat-
ing the particle velocities, relative to the center of mass ve-
locity V�, by the rotation operator 	̂�, and then adding V� to
the result,

vi = V� + 	̂��vi� − V�� . �4�

These multiparticle collisions take place independently in
each cell. Between multiparticle collisions solvent molecules
move under the influence of solvent-bead intermolecular
forces. The combination of multiparticle collisions and
streaming motion specify the mesoscopic MPC solvent dy-
namics. Random shifting of the grid used to define the mul-
tiparticle collision volumes32–34 was implemented in our
simulations.

MPC dynamics conserves mass, momentum, and energy,
phase space volumes are preserved, and the equilibrium
single particle velocity distribution is a Maxwell-Boltzmann
distribution. Starting from MPC dynamics, one may derive
the hydrodynamic equations and transport coefficients of the
model.17–19,35 This mesoscopic model has proven its utility in
a variety of applications �see, for example, Ref. 18 and ref-
erences therein�. It goes beyond simple Langevin descrip-
tions of the solvent dynamics since it shares the basic con-
servation and phase space volume preservation properties
with full molecular dynamics. Consequently, frictional prop-
erties and hydrodynamic interactions, crucial for a proper
description of polymer dynamics in solution, follow auto-
matically from the dynamics and need not be supplied as
input to the calculation.

Finally, we must specify the interactions between the
polymer beads and the solvent molecules. These are also
taken to be of either the attractive or repulsive type. The

attractive LJ interactions have the form
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Vbs�r� = �cVLJ�r� , r � rt

cVLJ�r�S�r� , rt � r � rc

0, r � rc,
� �5�

and are cut off at a short distance with a switching
function,36 S�r�=1− ��r−rt�2�3rc−2r−rt� / �rc−rt�3�, that acts
between rt=1.1688� and rc=1.3636�. The LJ parameter c in
this equation is used to scale � and takes the values c
=1/12 and 1/3 to model weak and strong bead-solvent at-
tractive forces. The repulsive LJ bead-solvent interactions
have the same form as the repulsive bead-bead interactions
given above.

The full dynamics of the polymer in the presence of the
solvent is then carried out using the hybrid MPC-MD
dynamics.19 Newton’s equations of motion are solved to
evolve the polymer taking into account the forces derived
from the bead-spring, bead-bead, and bead-solvent interac-
tions. Since there are no solvent-solvent interactions these do
not appear in the equations of motion. However, at time in-
tervals � multiparticle collisions as described above take
place and the evolution is continued. This hybrid dynamics
again conserves mass momentum and energy and preserves
phase space volumes.

A. Simulation details

Using the model described above, we have carried simu-
lations of the dynamics of a system containing Ns mesos-
copic solvent particles of mass m and one polymer with Nb

beads of mass M =10m. We present results for Nb=40, 60,
100, and 200 beads. The simulations were carried out in a
cubic box of volume V=L3 with periodic boundary condi-
tions. If the volume of the bead particle is Vb= 4

3
�3, V0 is
defined as the volume of the system occupied by solvent
molecules, V0=V−NbVb. The multiparticle collision cell vol-
ume is given by V�=V /n3= �L /n�3=�3. We have taken n
=32. The values of L and Ns were chosen to fix the number
density of solvent particles at �s=Ns /V0=2.2027 �−3 or an
average of ten particles per collision cell so that there are
327 680 solvent molecules in the simulation box.

We use dimensionless LJ units throughout the paper
where distances are measured in units of �, energy in units
of �, time in units of �m /�, and temperature in units of
� /kB. Newton’s equations of motion were integrated using
the velocity Verlet algorithm,37 with a time step of �t
=0.016 56. Multiparticle solvent collisions were carried out
in cells with linear dimension �=L /n every 100 molecular-
dynamics time steps so that �=100�t. The temperature was
determined from the average kinetic energy and, unless oth-
erwise stated, was taken to be T=1/3. The results were ob-
tained from ensembles of ten microcanonical MD trajectories
of length approximately 1.66105 time units.

III. POLYMER DYNAMICS AND STRUCTURE

The systems we consider may be classified according to
the nature of the bead-bead �b-b� and bead-solvent �b-s� in-
teractions. Letting upper case symbols A and R denote at-
tractive and repulsive b-b interactions and lower case sym-

bols a and r denote attractive and repulsive b-s interactions,
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the various polymer-solvent systems will be designated as Ii
where I=A ,R and i=a ,r. A system with Ra interactions
mimics a polymer with repulsive bead-bead interactions in
good solvent. For i=a, the weak bead-solvent attractive force
�c=1/12� was employed, unless otherwise stated. For Ra
interactions the polymer exists in an expanded state as shown
in the upper left panel of Fig. 1. In all other cases, Aa, Rr,
and Ar, the polymer exists in a collapsed form with the Aa
system having the least compact polymer structure and the
polymer with Ar interactions being most compact.

A. Polymer collapse

As an illustration, we consider the collapse dynamics
when the potential for the Ra system is changed suddenly to
Ar interactions, modeling a polymer with attractive bead-
bead forces in a poor solvent with repulsive bead-solvent
interactions. Collapse occurs as shown in the series of panels
in Fig. 1. The final state of the Ar polymer is a compact
elongated structure. In this and subsequent figures the end
beads are distinguished by a different shading from other
beads in the chain. One can see that the free ends of the
polymer chain tend to reside at the ends of the long axis of
the elongated collapsed polymer, consistent with the larger
conformational freedom associated with such configurations
compared to configurations where the free ends reside in the
interior of the collapsed polymer.38–43

Our investigations of polymer collapse were carried out
on relatively small chains with Nb=40–200. As a result
some aspects of the proposed mechanisms for collapse, es-
pecially scaling predictions, cannot be analyzed on the basis
of our simulation results. Nevertheless, our simulations are
consistent with many of the basic elements in theoretical
models of the collapse.6–9 In particular, our results show that
the collapse from the expanded state proceeds as follows �see

FIG. 1. Polymer collapse starting from a polymer �Nb=200� with repulsive
bead-bead interactions in a good solvent with attractive bead-solvent inter-
actions �Ra� �top left panel� following a sudden change to attractive bead-
bead interactions in a poor solvent with repulsive bead-solvent interactions
�Ar� resulting in a fully collapsed polymer �bottom right panel�. The end
beads in the polymer chain are distinguished by a different shading. The
solvent molecules are not shown. The polymer configurations shown in the
panels correspond to times t=0.0, 15.6, 33.7, 90.9, 138.3, and 827.0, from
left to right and top to bottom, respectively.
Fig. 1�: first “blobs” of polymer beads are formed where
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portions of the chain are in close proximity, separated by
segments of the uncollapsed chain. As time progresses, the
blobs coalesce to form a thick sausage-shaped structure,
which continues to thicken and shrink until the collapsed
elongated polymer state is reached.

The collapse dynamics can be analyzed by computing
the time variation of the radius of gyration Rg�t�, averaged
over several realizations of the collapse dynamics starting
from different configurations of the expanded polymer. Here
Rg2�t�=Nb

−1�i=1
Nb ��ri�t�−rCM�t���2, where ri is the position of

bead i and rCM is the center of mass of the polymer chain.
This data is summarized in Fig. 2 which shows plots of �a�
Rg�t� versus time for several values of Nb, �b� for Nb=60 and
various values of the temperature T, �c� Rg versus T for Nb

=60, where Rg is the average asymptotic value of Rg, and
�d� a log-log plot of Rg versus Nb for T=1/3. The results
confirm several anticipated trends: the polymer collapses
more slowly as the polymer length increases and the tem-
perature decreases. If the collapse time is defined as the time
� for which Rg���=Rg+ �Rg�0�−Rg� /20,28 our results �Fig.
Downloaded 25 Jun 2006 to 142.150.190.39. Redistribution subject to
3 �left panel�� for the Ra→Ar collapse show that the col-
lapse time increases linearly with Nb which is consistent with
the predictions of a model of the collapse that involves a fast
formation of blobs along the chain followed by a slower
compaction of the chain.44 Our simulation results can be fit
by ��Nb�=13.2+1.07Nb for fixed T=1/3. The right panel of
this figure shows that � decreases with increasing tempera-
ture as expected. The size of the collapsed polymer, as re-
flected in the average asymptotic value Rg, increases with
increasing temperature and Nb �see Fig. 2�c��. From the log-
log plot in �d� we find Rg�Nb

�, with an exponent ��0.34 for
the Ar system which is close to the value �=1/3 expected
for a polymer chain collapsed into a dense globule2 and �
�0.58 for the Ra system which is close to the value �
�0.588 expected for a swollen chain in a good solvent.45–47

The structure of the collapsed polymer with Ar param-
eters can be studied by computing the radial distribution
functions for polymer and solvent molecules relative to the
center of mass of the polymer. These distributions are de-
fined as

FIG. 2. Plots of Rg vs time for �a� several values of Nb,
from bottom, Nb=40, 60, 100, and 200 for T=1/3 �b�
several values of the temperature T, from top, T=12.0,
5.0, 1.6, and 0.333, for Nb=60. The lower panels show

�c� Rg vs T for Nb=60 and �d� a log-log plot of Rḡ vs
Nb for T=1/3 for Ar �circles� and Ra �diamonds�. The
slopes of the curves in �d� are approximately 0.34 and
0.58, respectively.

FIG. 3. Plots of the collapse time � vs �left� Nb for T
=1/3 and �right� T for Nb=60.
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gCM−��r� =
1

4
r2��
��

i

N�

���ri − rCM� − r�� , �6�

where �=b or s labels a polymer or solvent molecule and ��

is the number density of polymer bead or solvent molecules.
Figure 4 shows the radial distribution functions for polymers
with Nb=60 and 200 beads. The radius of the polymer rp can
be estimated from the radial distribution functions and was
found to be rp�1.95, 2.24, 2.73, and 3.41 for polymers with
Nb=40, 60, 100, and 200, respectively. However, recall that
the asymptotic collapsed polymer is not spherical �see Fig. 1�
and the radial distribution results reflect the average over all
orientations. For polymer chains with Ar interactions the
deviations from sphericity of the collapsed polymer are not
great. The asphericity can be measured by �A�=� 1

2 ��R1
2

−R2
2�2+ �R1

2−R3
2�2+ �R2

2−R3
2�2�� / ��R1

2+R2
2+R3

2�2�, where the
Ri

2 are the three principle radii of gyration squared of the
polymer chain. The asyphericity parameter �A� varies from
zero for spherically symmetrical polymer chains and tends to
unity for very elongated chains.41 We find �A�=0.0087,
0.0032, 0.0028, and 0.0016 for Nb=40, 60, 100, and 200,
respectively. The decrease with increasing Nb can be attrib-
uted to the smaller fluctuations for the larger polymer chains.

FIG. 5. �left� Plots of the radial distribution functions for the polymer beads
�solid line� and solvent molecules �dashed line� for Aa interactions with c
=1/3 and Nb=60 indicating the structure of the trapped solvent in the inte-
rior of the collapsed polymer. The polymer bead radial distribution function
has been scaled by a factor of 14 to more easily compare the results. �right�
A view of the interior of the collapsed polymer showing trapped solvent

FIG. 4. �left� Radial distribution functions gCM−b�r� �solid line and short
dashed line� and gCM−s�r� �dotted line and long dashed line� vs r for Nb

=60 and 200, respectively. �right� Final collapsed state of an Ar polymer
with Nb=60 showing neighboring solvent molecules which do not penetrate
into the interior of the collapsed polymer.
molecules.

Downloaded 25 Jun 2006 to 142.150.190.39. Redistribution subject to
Figure 4 also shows the structural ordering of the beads
within the collapsed polymer. Furthermore, we see that the
solvent is excluded from the collapsed polymer. From the
nature of the collapse dynamics described above, the poly-
mer chain gradually excludes solvent from its interior as
small blobs of the collapsed chain are formed. As these blobs
coalesce and the chain thickens into a sausage shape, solvent
is continually pushed out of compact regions of the chain.
Consequently, for the solvent conditions in this simulation,
with attractive bead-bead interactions and repulsive bead-
solvent interactions, there is little opportunity for solvent to
become trapped in the interior of the collapsed chain.

Solvent can penetrate into the collapsed polymer for
other bead-solvent interactions. For Aa interactions with c
=1/3, the solvent penetrates into the collapsed polymer as
seen in Fig. 5. From the structure of the radial distribution
function, and an examination of the interior of the collapsed
polymer �right panel�, one can see that the trapped solvent
has a highly structured configuration that follows the struc-
tural ordering of the polymer beads. If the attractive interac-
tion strength is changed to c=1/12, the solvent is excluded
from the polymer.

B. Polymer expansion

We can also consider polymer dynamics when the sys-
tem parameters are changed from those corresponding to a

FIG. 6. Expansion of the polymer from the collapsed state following the
parameter change Ar→Ra. Time increases from left to right and top to
bottom.

FIG. 7. Rg�t� vs t for expanding and collapsing polymers with Nb=60

monomer beads.
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collapsed polymer in a poor solvent to those for an expanded
polymer in a good solvent. In particular, we consider the
parameter change Ar→Ra, the reverse of that discussed
above. Figure 6 shows several polymer configurations during
the course of the expansion process. Figure 7 plots the radius
of gyration versus time in such a process and compares the
time evolution with the collapse dynamics. The fact that the
collapse and expansion curves have very different forms is
expected in view of the strongly nonequilibrium nature of the
dynamics following the sudden changes in the interaction
potentials that characterize the systems.

IV. FRICTIONAL PROPERTIES

The time-dependent friction coefficient for a polymer is
defined in terms of the finite-time integral of the autocorre-
lation function of the force on the center of mass of the
polymer,

��t� =
�

3
�

0

t

dt��fCM
p �0� · fCM

p �t���0, �7�

where fCM
p =FCM

p − �FCM
p �0 with FCM

p the total force on the
polymer center of mass, FCM

p =�i=1
Nb Fi, where Fi is the force

on bead i. The angular brackets denote a canonical equilib-
rium average with the center of mass of the polymer fixed. In
our calculations of the friction, the center of mass of the
polymer was fixed by a holonomic constraint.48 The friction
coefficient � is defined as limt→���t�. The force on a
polymer bead i is Fi=−�V�rNb ,rNs� /�ri=−�Vbb�rNb� /�ri

−�Vbs�rNb ,rNs� /�ri, so that the total force on the polymer
center of mass arises solely from bead-solvent interactions,
FCM

p =−�i=1
Nb �Vbs�rNb ,rNs� /�ri, since the net force from bead-

bead interactions vanishes. Thus, the friction coefficient is
determined by bead-solvent force correlations.

The simulation of the friction coefficient is a subtle
problem requiring long simulations on large systems, even
for a single spherical particle in solution20 or for pairs of
spherical particles where hydrodynamic interactions between
the particles come into play.21 We consider the frictional
properties of the system with Ar interactions where the poly-
mer is in its most collapsed form and solvent does not pen-
etrate into the interior of the collapsed polymer. Figure 8 �left
panel� plots the friction coefficients for various values of the

FIG. 8. �left� The friction coefficients �p ��� and �S ��� as function of
radius of cluster, rp. �right� Diffusion coefficients �104� of moving poly-
mers as function of number of beads, Nb, obtained from mean-square dis-
placement ���, and D=kBT /� with � taken from the simulation ���.
polymer radius rp. The polymer radius was determined from

Downloaded 25 Jun 2006 to 142.150.190.39. Redistribution subject to
the radial distribution function. For large radii, the friction
coefficient of the polymer increases approximately linearly
with radius of polymer, a signature of the dominance of col-
lective solvent effects on the friction.49 For Ar interactions
the collapsed polymer is compact and can be crudely ap-
proximated by a sphere with an effective radius. The central
LJ bead-solvent forces, since they act at the polymer bead-
solvent particle level, macroscopically give rise to effective
stick boundary conditions. Consequently, we may compare
the simulation results with the Stokes law form of the fric-
tion coefficient of a sphere of radius rp interacting through
stick boundary conditions with a continuum medium with
viscosity � :�S=6
�rp. The solvent viscosity was deter-
mined from a simulation of the stress-stress autocorrelation
functions and was found to be20 �=1.49. In the figure we
also plot �S vs rp and we can see that it does not provide a
quantitatively accurate estimate of the friction. This discrep-
ancy likely arises from the fact that the simple Stokes law
form fails to capture the internal dynamics of the polymer
chain and the hydrodynamic interactions among the polymer
beads, especially those on the surface of the collapsed poly-
mer. In addition, the mesoscopic treatment of the solvent
approximately accounts for the presence of a boundary layer
in the vicinity of the polymer beads. This effect is absent
when the solvent is treated as a continuum fluid. Finite size
effects arising from periodic boundary conditions will also
affect the simulated friction coefficients.

The diffusion coefficient D of the polymer was also
computed from both the mean-square displacement and cen-
ter of mass velocity autocorrelation function, which yielded
similar values for D. The results are presented in Fig. 8 �right
panel� and show, as expected, that D falls as Nb increases.
The figure also compares the values of D obtained from
these simulations with the Stokes-Einstein formula, D
=kBT /�, for a single spherical particle. The friction coeffi-
cient was determined from the force autocorrelation function
calculation described above. The results show that while this
formula yields a similar variation with Nb to the mean-square
displacement simulation, it underestimates the value of the
diffusion coefficient.

V. BLOCK COPOLYMER COLLAPSE

Next, we consider some aspects of the collapse dynam-
ics and structure of block copolymers in order to illustrate
some of the new phenomena that arise as a result of different
bead-solvent interactions within the same polymer. We focus
on block copolymers composed to two types of monomer
units, labeled A and B, which interact differently with the
solvent molecules. The block lengths are denoted by NA and
NB. We refer to such block copolymers by Ah or Rh, de-
pending on whether the bead-bead interaction is attractive or
repulsive. The results presented earlier showed that for Aa,
Ar, and Rr interactions the polymer exists in a collapsed
form while for Ra interactions the polymer is in an expanded
form. Consequently, block copolymers with mixtures of
these interactions should show distinctive dynamics and
structure.
Consider block copolymers of the form AB composed of
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two blocks with NA=NB with Ah interactions. Since the in-
teractions for each of the blocks, Aa and Ar, correspond to
polymers that exist in collapsed forms, we expect that the AB
copolymer will also exist in a collapsed form. This is indeed
the case but both the dynamics and equilibrium structure
exhibit differences from the homopolymer case. Pictures of
polymer configurations are shown in Fig. 9. For the ho-
mopolymer, relaxation to the collapsed state occurs more
rapidly for a system with Ar interactions than that for a
system with Aa interactions and leads to a more compact
form of the collapsed polymer. As Fig. 9 �left panel� shows,
at intermediate times during the collapse dynamics the block
with Ar interactions has already collapsed while the block
with Aa interactions has not yet collapsed. Finally a fully
collapsed state is reached �right panel� but the copolymer
adopts a dumbbell shape consisting of two collapsed portions
which do not mix. Differences in the bead-solvent interac-
tions are sufficient to produce this phase segregation.

While a homopolymer with Rr interactions exists in a
collapsed state, one with Ra interactions is in an expanded
state. An AB block copolymer with Rh interactions com-
posed of blocks of equal length exhibits both of these fea-
tures and its equilibrium form consists of a collapsed portion
attached to tail of expanded polymer �see Fig. 10 �top
panel��. The figure shows several conformations of the equi-
librium state of the polymer chain. This structure also mani-
fests itself in ABAB block copolymers with blocks of equal
length of alternating A- and B-type monomers. Several con-
formations of equilibrium structures are shown in Fig. 10
�bottom panel�. We see that there are alternating compact and
expanded segments of the polymer chain.

VI. CONCLUSIONS

The results presented in this paper showed that the hy-
brid MD-MPC simulation scheme can be used to explore a

FIG. 9. �left� Intermediate state of an AB block copolymer with NA=NB

=30 and Nb=NA+NB=60 and attractive bead-bead interactions and half at-
tractive and half repulsive bead-solvent interactions �Ah�. �right� Final col-
lapsed state of the polymer showing the dumbbell form where the two
blocks are segregated.
variety of polymer dynamical properties. Earlier

Downloaded 25 Jun 2006 to 142.150.190.39. Redistribution subject to
investigations22–24,26–28 have already shown that many as-
pects of polymer dynamics can be studied using MPC dy-
namics, especially those that depend on hydrodynamic inter-
actions. In the MD-MPC algorithm employed in this
investigation, the polymer beads interact with the mesos-
copic solvent molecules through intermolecular forces. Con-
sequently, by modifying the nature of these interactions, the
character of the solvation structure of the polymer could be
changed. In particular, the quality of the solvent could be
altered from good to varying levels of poor solvent condi-
tions. In poor solvents the degree of compactness of the
polymer could be varied and solvent could either be ex-
cluded from the interior of the polymer chain or be present in
the interior of the chain more fully solvating the polymer
beads. The studies of block copolymers showed how specific
solvent interactions can have especially pronounced effects
on both the structure and collapse dynamics of polymers.

Specific solvent characteristics influence the collapse dy-
namics of the polymer chain when solvent conditions are
suddenly changed. The fact that the MPC solvent dynamics
conserves momentum means that the dynamics automatically
accounts for hydrodynamic interactions among the beads,
which is crucial for determining both the time scale and
mechanism of the chain collapse. These hydrodynamic inter-
actions also play an essential role in determining the values
of the frictional properties of the polymer solution.

The hybrid MD-MPC model involves additional compu-
tational demands since full MD that includes all bead-bead
and bead-solvent interactions between multiparticle solvent
collisions must be carried out. However, the simulations are
still highly efficient since no solvent-solvent interactions
need be computed by MD and the number of solvent mol-
ecules employed in the simulations is orders of magnitude
greater than the number of polymer beads. Thus, the model
should find use in applications where specific solvent effects
on polymer dynamics and structure need to be taken into
account.
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