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Molecular dynamics simulations are used to study the equilibrium properties and collapse dynamics
of a heteropolymer in the presence of an explicit solvent in two dimensions. The system consists of
a single copolymer chain composed of hydrophobic !H" and hydrophilic !P" monomers, immersed
in a Lennard-Jones solvent. We consider HP chains of varying hydrophobic number fraction n H ,
deﬁned as the ratio of the number of H monomers to the total number of monomers. We also
consider homopolymer chains with a uniform variable degree of hydrophobicity #, which describes
the hydrophobic-solvent interaction, and which ranges from hydrophilic (#!0) to hydrophobic
(#!1). We investigate the effects of varying n H and #, the HP sequencing, and the solvent density
on the equilibrium and collapse properties of the chain. For sufﬁciently high n H , we observe a
collapse transition for random copolymers from a stretched coil to a liquidlike globule upon a
decrease in temperature; the transition temperature decreases with increasing n H . The transition can
also be induced at a ﬁxed !and sufﬁciently low" temperature by varying n H for random copolymers
or # for homopolymers. We ﬁnd that polymer size varies inversely with solvent density. The rate
of polymer collapse is found to strongly vary inversely with increasing n H and # for copolymers and
homopolymers, respectively. Further, the collapse rates for these two cases are very close for n H
!#, except at lower values (n H!#$0.5), where the homopolymers collapse more rapidly. At
moderate densities ( % !0.5–0.7, in LJ reduced units", we ﬁnd that random copolymers collapse
more rapidly at low density and that this difference tends to increase with decreasing n H . At ﬁxed
solvent density and n H we ﬁnd the collapse rate differs little for random copolymers, and
multi-block copolymers with equal n H . Finally, the simulations suggest that copolymers tend to
collapse by a uniform thickening rather than by ﬁrst forming locally collapsed clusters which
aggregate at longer time. The exception to this appears to be block-copolymers comprised of
sufﬁciently long alternating H and P blocks. © 2000 American Institute of Physics.
&S0021-9606!00"51027-7'

I. INTRODUCTION

construct a mean-ﬁeld treatment for homopolymer collapse
dynamics for slight departures from the ( -solvent conditions.
In that study, it was proposed that the polymer initially collapses into a sausage shape, after which the effects of diffusion cause the sausage to thicken uniformly as the ends contract. Several studies employing a variety of related
phenomenological homopolymer models were later
reported.9–13 An alternative to the phenomenological model
theories are Langevin-type theories, based on approximations of the Langevin equation.14–22 For example, Dawson
and co-workers have developed the sophisticated analytical
Gaussian Self-Consistent !GSC" theory to describe the collapse kinetics for both homopolymer17–19 and heteropolymer20–22 chains. The latter studies point to a complicated
heteropolymer collapse process, with the kinetics strongly
dependent on the monomer sequence.
In addition to theoretical work on this topic, there have
been extensive computer simulation studies of polymer collapse dynamics.23–30 Ostrovsky et al. have studied the collapse of homopolymers using Monte Carlo !MC" simulations
in both two and three dimensions23–25 in conjunction with a
model employing irreversible monomer aggregation, essen-

The collapse of a single polymer chain from an extended
coil in ‘‘good’’ solvent conditions to a dense globule in
‘‘poor’’ solvent conditions has been one of the most extensively studied topics in computational and theoretical polymer physics in recent years. One key reason for the interest
in the coil-globule collapse transition is its close relationship
to protein folding, one of the most important problems in
molecular biology.1–3 It is thought that in some cases protein
folding proceeds ﬁrst via a rapid collapse to a molten globule
state, driven mainly by nonlocal hydrophobic interactions,
after which native contacts are established through a slower
process as the protein approaches its native structure. In addition to the relevance of the coil-globule collapse to protein
folding, a direct comparison to standard polymer systems is
now available, as recent advances in experimental methods
have made possible the observation of the collapse transition
of essentially isolated homopolymers in very dilute solution
without the usual complication of chain aggregation.4–7
Numerous theoretical studies of the kinetics of polymer
collapse have been reported. The problem was ﬁrst discussed
by de Gennes,8 who employed a phenomenological model to
0021-9606/2000/113(3)/1283/11/$17.00
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tially the far-from-( -point condition. They observe a collapse process which is dominated by the diffusion of polymer ends, which effectively act as nucleation centers for the
monomers. Dawson and co-workers have also employed
both Langevin27 and MC28,29 simulations to study the collapse of both homopolymer and heteropolymer systems. In
these cases, monomer aggregation is not irreversible, and a
different picture of the collapse emerges: Upon collapse,
long chains form local clusters or ‘‘blobs’’ at random positions along the chain at short times, and which coalesce at
longer time. This mechanism was also observed in Langevin
simulations of the collapse of a random heteropolymer.30
While the thermodynamics of the coil-globule transition
is now fairly well understood, a clear picture of coil-globule
collapse dynamics is not yet available, despite the considerable amount of theoretical and computational work in this
ﬁeld outlined above. One of the main goals of this study is to
more fully account for the effects of hydrodynamics on the
collapse dynamics by employing a model that includes an
explicit solvent. By contrast, the models employed in the
simulation studies discussed above typically consist of an
isolated chain of linked monomers with repulsive cores and
long-range attractive forces. This latter feature, which is essential for collapse to occur for isolated chains, must be
thought of as an effective interaction mediated by the solvent, which therefore is incorporated in an implicit manner.
A variation in the temperature, or, equivalently, the strength
of the attractive component of the potential, drives the transition. While this model can be sufﬁcient for describing the
thermodynamic properties of the coil-globule transition,
clearly the solvent will signiﬁcantly affect the qualitative nature of the collapse dynamics. This fact arises from the complicated hydrodynamic interactions between monomers. This
feature has been incorporated into the Rouse–Zimm theory
equilibrium polymer dynamics,31 and has been shown to result in dynamic properties which scale with polymer size in a
way which differs signiﬁcantly from the case where the effects of hydrodynamics are omitted. These theoretical predictions have been validated by constant energy simulations
of systems composed of a polymer in an explicit monomeric
solvent.32–34 The importance of the effect of hydrodynamics
on polymer collapse kinetics has been recognized and included in the GSC approach17–22 and in other theories.10,12,13
That few comparable simulation studies of polymer collapse dynamics employing explicit-solvent models have been
carried out is due to the high computational cost of studying
a necessarily large system: One must employ a sufﬁciently
large number of solvent particles to satisfy the two conditions that the solvent density is high !the realistic limit", and
that the simulation cell side is large enough to exclude the
possibility that the polymer can directly interact with periodic images of itself. Note that this constraint leads to minimum system sizes which increase rapidly with polymer
length. We also note that it is signiﬁcantly more difﬁcult to
attain the dilute limit in which the polymer does not interact
with periodic images of itself via the long-range hydrodynamic forces, a point which has been noted by Dünweg and
Kremer.32 In addition to system size constraints, many collapse runs must be performed and averaged in order to obtain
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reliable collapse statistics. Despite the complications of
simulating polymer collapse in an explicit solvent, it is
clearly an interesting problem which should be studied. We
anticipate that the collapse behavior for such models could
differ qualitatively from that seen in simulation studies of
isolated chain systems, or even from theories which include
the effect of hydrodynamic interactions.
In the present work, we study the collapse dynamics for
a system composed of a single polymer chain in a monomeric solvent. While most simulation studies of the coilglobule transition have employed homopolymer systems, we
choose to study a heteropolymer system in order to provide a
closer connection with the protein folding problem. We consider a simple heteropolymer model which is often used in
theoretical studies of protein folding: an ‘‘HP’’ copolymer
composed of ‘‘hydrophobic’’ !H" monomers and ‘‘hydrophilic’’ or polar !P" monomers. This model provides a
simple picture to describe the structure of folded proteins in
which hydrophobic amino acid monomers tend to be buried
in the core and surrounded by a shell of hydrophilic monomers. Typically, such models employ monomer–monomer
attractive interactions which are strongest for H–H interactions, and weakest !if they are included at all" for P–P interactions. Again, we note that the attractive interactions in
these models are understood to be solvent-mediated, and not
merely a component of the direct monomer–monomer pair
interaction potential. Since we are primarily focused on the
effects of the solvent on polymer collapse dynamics, we
choose to differentiate H and P monomers in our explicitsolvent model solely on the basis of their interaction with the
solvent. We study both the thermodynamics and collapse dynamics of the model system upon an abrupt change in the
solvent conditions, and investigate the effects of varying a
variety of properties, such as the ratio of the number of H to
P monomers, HP sequencing, chain length and solvent density. We also make a detailed comparison between heteropolymer and homopolymer systems. As we are interested
in the collapse properties of longer polymers, we choose ﬁrst
to study a two-dimensional system in order to circumvent
some of the problems with system size discussed above.
Clearly, the collapse properties will differ qualitatively from
those of three dimensional systems; however, we view this
as a very useful ﬁrst step to guide our work in that direction.
II. MODEL AND METHODS

We consider a two-dimensional system composed of a
single fully ﬂexible polymer chain immersed in a LennardJones solvent. The solvent is essentially a monomeric solvent
in that the solvent particles have the same size and mass as
the monomers on the polymer. Particle interactions are pairwise additive and depend on whether the particle is a hydrophobic !H" monomer, a hydrophilic !P" monomer, or a solvent !S" particle.
Solvent–solvent !SS", hydrophobic–hydrophobic !HH",
hydrophilic–hydrophilic !PP", hydrophilic–hydrophobic
!HP", and hydrophilic–solvent !PS" pair interactions are all
identical and given by a truncated and shifted 6-12 LennardJones potential:
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FIG. 1. Hydrophobic-solvent pair potential u HS
vs r, for hydrophobic interaction degree values #!1.0, 0.8, 0.6, 0.4, 0.2 and 0.0 shown, respectively,
from the top to the bottom.

u ! r " !u LJ! r " "u LJ! r C " ,
!

0,

r)r C
r*r C ,

!1"

where
u LJ! r " !4 + &! , /r " 12" ! , /r " 6 ' ,

!2"

and where we have chosen a cutoff distance of r C !2.5, .
The hydrophobic-solvent pair interaction has been designed
to have the same repulsive-core size as the standard LJ interaction, but differs from the former in that there is no attractive component to the potential, and therefore lacks a
potential well. We deﬁne this interaction as the following:
u HS! r " ! - ! r " u LJ! r " # ! 1" - ! r "" u rep! r " .

!3"

Here u rep(r) is a steeply repulsive interaction given by
u rep(r)!4 + (r/ , ) n , where we have chosen the value n!30.
The function - (r) is a weighting function which has the
effect of transforming u HS(r) from values close to u LJ(r) as
low r to values close to u rep(r) at larger r in such a way as to
avoid the presence of an attractive well. To this end we
choose - (r) to be a displaced error function:

- ! r " ! ! 1#erf!! a"r " / !2 . "" /2,

!4"

where a!1.035, and . !0.040. We also consider pair potential functions for HS interactions which lie intermediate to
those given in Eqs. !1" and !2". We deﬁne this generalized
#
(r) as the following linear combination:
function u HS
#
u HS
! r " !#u HS! r " # ! 1"# " u LJ! r " ,

!5"

where the hydrophobic interaction degree, #, ranges from 0,
#
(r)!u LJ(r), the hydrophilic limit, to 1, in
in which case u HS
#
which case u HS(r)!u HS(r), the hydrophobic limit. This
potential has been designed to provide another measure of
the degree of hydrophobicity suitable for homopolymers.
#
(r) is illustrated in Fig. 1 for several values
The potential u HS
of #.
Finally, adjacent monomers on the chain are bonded by
stiff springs which interact with a potential
u b ! r " ! ! k b /2"! r"l b " 2 ,

!6"

where we have chosen the spring constant of k b
!5000+ , "2 and a bond length of l b ! , .
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All quantities described below are in Lennard-Jones reduced units. Speciﬁcally, distances are expressed in terms of
, , energies in terms of + , temperature in terms of k B / + ,
where k B is Boltzmann’s constant, and time in terms of
!m , 2 / + , where m is the mass of each solvent particle and
monomer. Further, the density of the system is deﬁned to be
the total particle density, % !(N#N s ) , 3 /V.
To permit an efﬁcient calculation of the pair potentials
described by Eqs. !3" and !5" and their corresponding pair
forces, we employed a lookup table using 20 000 values of r
for 0.5)r)r C . Further, we employed the linked cell list
method for the total calculation of all pair forces,35 which for
the large system sizes that we used was found to be considerably faster than the Verlet neighbor list method.
Simulations performed to monitor the equilibrium properties of the system employed the constant-temperature,
constant-volume !NVT" ensemble with a Nosé–Hoover thermostat to regulate the temperature. The corresponding equations of motion were integrated using the reversible timepropagation integrators described by Martyna et al.36 In most
cases we used a time step of / t!0.005, and a thermostat
frequency of - p !5.0, from which the thermostat mass is
given by Q p !N f k B T/ - 2p , where N f is the number of degrees of freedom of the system.36 In addition, we employed
the reference system propagator !RESPA" multiple time step
!MTS" method to improve energy conservation.36–38 This enabled us to use a relatively large time step despite the presence of stiff spring bonds between adjacent monomers. Using the bonding force as the reference force, and employing
a short time step of / t s !0.001 !i.e., n s 0 / t/ / t s !5 reference
force calculations per large time step" we observe satisfactory conservation of energy !strictly speaking, conservation
of a quantity with units of energy" at T!1.0, the temperature
at which most of the simulations were performed. Higher
temperature simulations employed shorter values of / t, but
still used n s !5.
Most simulations employed polymers of length N!100
monomers immersed in a bath of N s solvent particles, such
that the total number of particles was N#N s !1225. In a few
cases, we considered smaller systems with N!40 monomers
and N#N s !400 particles, and larger systems with N!200
monomers and N#N s !4900 particles. For any particular
density, the particles of the system were initially placed on a
square lattice. In the case of the polymer, the chain was
initially straight with sharp bends at the edges of the simulation cell in order to occupy successive layers in the lattice.
The system was next equilibrated for a considerable time,
1t*20 000, before any measurements were taken, as a result
of the highly nonequilibrium !though easily constructed" initial chain conﬁguration. The system coordinates were then
used as initial coordinates for subsequent calculations. Upon
variation of some system parameter !e.g., T, hydrophobic
number fraction n H , etc." statistics would be accumulated for
1t!10 000–50 000, depending on, e.g., the solvent density,
after which the ﬁnal conﬁguration would be used as the initial conﬁguration for a simulation with next value of the
parameter, and so on. Prior to each accumulation of statistics, the system was further equilibrated for a period of at
least 1t!2000.
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FIG. 2. Radius of gyration squared R 2g vs temperature T for a heteropolymer
chain of length !a" N!40, and !b" N!100, for various values hydrophobic
number fraction n H0N H /N, where N H is the number of hydrophobic monomers on the chain and N is the total number of monomers. The solvent
density was ﬁxed at % !0.7.

Many of the simulations in this study were performed to
measure the collapse dynamics of the polymer upon abruptly
changing the conditions of the system. Rather than quenching the system by changing the temperature, we chose instead the following approach. We choose equilibrium initial
conﬁgurations for an all-P chain at T!1.0, at which point the
polymer is in an extended coil state. Quenches are performed
by changing the solvent-monomer interactions. For example,
the sequence may be changed from an all-P chain to a random HP sequence chosen to be sufﬁciently hydrophobic that,
at the same temperature and density, the equilibrium state of
the chain conﬁguration is the globular state. In addition to
quenching with respect to n H !see deﬁnition below" for copolymers, we have also quenched the system by changing #
&see Eq. !5"', which is another measure of the hydrophobicity
of the chain, this time suitable for a homopolymer.
In order to obtain reliable statistics from the quenches, it
was necessary to use a large number, typically 40–60, and in
some cases, up to 120 initial conﬁgurations. The conﬁgurations were generated by conducting a very long simulation,
and saving the coordinates after every time interval of at
least 1t!1000. In the case of quenches employing random
copolymers, we also carried out an additional average over
three different random conﬁgurations. As the results for each
individual random sequence did not differ signiﬁcantly, we
concluded that it was not necessary to average over more
conﬁgurations. Each quench was carried out over a time of
1t!2000. During each quench, we employed the constant
energy !NVE" simulation method to avoid the artiﬁcial dynamics associated with the Nosé–Hoover thermostat. Note
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that when quenching with respect to n H , for example, the
initial conﬁguration is representative of that of an all-P chain
in a solvent. Consequently, in changing the nature of the
interactions during the quench while keeping the energy
ﬁxed to that of the initial conﬁguration, we expect that the
temperature during the collapse will in general differ from
that associated with the initial conﬁguration. However, we
ﬁnd that at T!1.0 for the system sizes we investigated, the
average temperature during the collapse is a negligible few
per cent higher than its initial value.
HP copolymers are characterized by the hydrophobic
fraction number, n H0N H /N, where N H and N are the number of hydrophobic monomers and the total number of monomers, respectively. Thus, n H is a measure of the degree of
hydrophobicity of the polymer which is controlled exclusively by the monomer-solvent interactions. Unless otherwise stated, HP copolymers of any n H are assumed to have
hydrophobic monomers characterized by #!1, i.e., the case
#
(r) of Eq. !5" reduces to the form in Eq. !3", and
where u HS
which is shown as the top curve in Fig. 1. The case of arbitrary #! & 0,1' provides another measure of the degree of
hydrophobicity of the polymer which is suitable measure for
homopolymers. The two different measures provide a means
to compare equilibrium and collapse properties of copolymers and homopolymers for comparable degrees of hydrophobicity.
In this study, two key quantities were measured and used
as descriptors of the state of the polymer chain. The ﬁrst is
the radius of gyration, R g , which is given by its standard
deﬁnition:

!2
N

R 2g !N "1

i!1

#

" Ri "RCM," 2 ,

!7"

where Ri is the position of the ith monomer, RCM is the
center of mass of the polymer chain, and where the average
3 . . . 4 denotes a time !or ensemble" average over all conﬁgurations of the chain. The second measure is n MM , the average number of monomer–monomer contacts, where in this
case a contact is deﬁned as two monomers separated by a
distance r)1.5, .
Finally, the rate of collapse was quantiﬁed by deﬁning
two separate collapse times t 50 and t 90 for monitoring both
R 2g (t) and n MM(t). t 50 is deﬁned as the average time taken
for either R 2g or n MM to decay or grow from its initial value
by 50% of the difference between the initial and ﬁnal values.
Likewise, t 90 is deﬁned as the average time taken for either
R 2g of n MM to decay or grow from its initial value by 90% of
the difference between the initial and ﬁnal values.

III. RESULTS AND DISCUSSION
A. Equilibrium properties

Figure 2 shows the temperature dependence of R 2g for
random copolymers of varying hydrophobic number fraction
n H at ﬁxed density % !0.7 for chains of length !a" N!40,
and !b" N!100. Note that because of the time-consuming
calculations required to measure R 2g accurately, each curve
represents results for only a single random HP copolymer
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FIG. 3. Radius of gyration squared R 2g vs degree of polymerization N for
random copolymers at T!1.0. The raw data shown are for the homopolymer case of n H!0, and random copolymer case for n H!0.5, each for #
!0.0. The superimposed lines are predictions in two dimensions from the
scaling relation R 2g 5N 2 6 for the Flory coil, 6 !0.75 !upper line", and the
compact globule, 6 !1/3 !lower line".

sequence; further averaging over HP sequencing is not expected to change the qualitative character of the results.
Qualitatively, there is no difference between the results for
the two chain lengths. In each case, one observes a substantial reduction in R 2g as T decreases. At higher T, R 2g levels off
to a roughly constant value. At these temperatures the chains
are in an extended or coil state—the ‘‘good’’ solvent conditions. After the abrupt decrease in R 2g with decreasing T, its
value also begins to level off, though this is more apparent
for the N!100 case with higher n H . We ﬁnd that the chain
is in a liquidlike globule state in this regime, although for
T$0.75 the chain dynamics become very sluggish, and the
chain is probably in a frozen or glassy state. Nevertheless, in
each case there appears to be a distinct globule temperature
regime, and, thus, the chain undergoes a clear thermally
driven collapse transition from the extended coil state to a
compact globule state. The transition region is generally
smeared out over a wide range of T. The width of the transition is expected to decrease with increasing chain size,
though it remains continuous !i.e., not ﬁrst-order" as found in
other studies of the polymer collapse transition for models
without an explicit solvent. In this case, there is little evidence of the sharpening of the transition in going from
N!40 to N!100: this would likely only be evident for much
longer N. What is noticeable, however, is that the transition
does become sharper and shifts to lower T with decreasing
n H . Eventually, in the limit n H!0, the transition is completely suppressed, and the all-P chain retains a relatively
constant R 2g and remains in the good solvent regime for all T.
We note that the calculations were performed for ﬁxed
% . As well, the range of T over the transition is generally
quite broad. Consequently, the pressure P varies signiﬁcantly
over the transition—a feature that does not coincide with the
standard experimental conditions of constant pressure. An
alternative approach here would be to ﬁx P and allow % to
vary with T. We ﬁnd that such conditions yield transition
curves qualitatively similar to those in Fig. 2. In that case,
however, we observed that % varies enormously over the
transition temperature range. Ideally, we want to study the
collapse kinetics of a polymer-solvent model system subject

FIG. 4. Radius of gyration squared R 2g !top" and number of monomermonomer contacts n MM !bottom" vs hydrophobic number fraction n H for
random HP copolymers !closed symbols" or hydrophobic interaction degree
# for all-H homopolymers !open symbols" for a chain of length N!100 at
T!1.0 at densities % !0.5 and 0.7.

to standard experimental conditions of roughly constant solvent density and pressure, as an abrupt change in temperature
would cause enormous changes either one of these two quantities and possibly lead to artifacts in the dynamics. Given
this problem with the choice of studying polymer collapse
dynamics by abruptly changing the temperature, we choose
instead a different approach: changing n H . As noted above,
all-P polymers remain in the good solvent regime for all T,
while, in general, other HP copolymers may be in the poor
solvent !globule" regime at sufﬁciently low T. Consequently,
we can observe a polymer collapse by starting with an extended coil conﬁguration typical of all-P chain systems, and
abruptly changing some P monomers to H monomers. This
approach has the advantage that it can be done at constant
temperature, and therefore at roughly constant pressure. It
can be viewed as an abrupt nonthermal change in the solvent
conditions of a real system, for example, a change in the pH
of the solvent which will affect the solvent-monomer interactions.
We choose to ﬁx T!1.0, a convenient temperature at
which N!100 chains for n H*0.5 are deﬁnitely in the liquidlike globule state, and not in a frozen or glassy state. Figure
3 shows a plot of R 2g vs N on a log–log scale for two systems
with T!1.0 and % !0.7: an all-P chain, and a random copolymer with n H!0.5. The latter data were measured for a
single random HP sequence !though with ﬁxed n H) for each
N: a further average over HP sequencing would be useful,
but not feasible. The lines drawn through the data sets are
given by R 2g 5N 2 6 , where 6 !0.75 for the all-P data and 6
!1/3 for the n H!0.5 data. These exponents are the expected
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FIG. 5. Radius of gyration squared R 2g !top" and number of monomermonomer contacts n MM !bottom" versus hydrophobic interaction degree #
for a random HP copolymer chains of length N!100 for various hydrophobic number fractions n H0N H /N, where N H is the number of hydrophobic
monomers on the chain and N is the total number of monomers. The simulations were carried out for at temperature T!1.0 and at ﬁxed solvent density % !0.7.

values for good and poor solvent conditions in two dimensions. Thus, the collapse will involve a transition from an
extended coil to a liquidlike globule state. We will consider
only the case of quenching to n H*0.5, where the scaling
relation illustrated for the copolymer in Fig. 3 is expected to
remain valid.
Since we study the collapse kinetics by quenching with
respect to n H , it is useful to study equilibrium properties as
a function of n H . Figure 4 shows !a" R 2g , and !b" the number
of monomer–monomer contacts n MM , both as a function of
n H !closed symbols in the ﬁgures". As n H increases, there is
a reduction in the size of the chain as seen by the reduction
in R 2g and the corresponding increase in n MM . Note that for
each point, only a single random HP copolymer sequence
was used: sequence averaging is not expected to qualitatively
change the results. The curves vary only slightly for n H
%0.5, the regime corresponding to the globule state. Below
n H!0.5, the curves vary sharply. We expect that the observed transition would sharpen with increasing N, in analogy with typical results for thermally driven collapse transitions of model polymer systems.
Figure 4 also shows the effect of the variation of the
solvent density on the equilibrium R 2g and n MM : the chains in
the % !0.5 solvent are consistently more expanded than those
for the % !0.7 solvent as evidenced by the larger values of
R 2g and lower values of n MM . In the limit that n H!0, the
differences vanish to within the statistical accuracy of the
measurements.
We also compare the effect of the variation of the hy-
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FIG. 6. Plots !a" radius of gyration squared R 2g vs time, and !b" number of
monomer–monomer contacts n MM vs time, for random HP copolymer collapse for chains of length N!100 monomers in a solvent with N tot!N
#N s !1225, where N tot , N and N s are the total number of particles, the
number of monomers and the number of solvent particles, respectively. The
curves correspond to hydrophobic number fractions n H!0.5, 0.7 and 0.9
from top to bottom for !a", and in reverse order for !b". Polymer collapse is
induced by switching the hydrophobic interaction parameter from #!0.0 to
#!1.0 at T!1.0.

drophobic interaction degree # for all-H homopolymers on
the same equilibrium properties with the effect of varying n H
for random HP copolymers. Figure 4 also shows R 2g and n MM
plotted as a function of # !open symbols" superimposed on
the previous data. For both densities, the curves overlap almost perfectly with the random copolymer curves. A slight
difference is evident for R 2g at lower degrees of hydrophobicity (n H!#$0.2), perhaps an indication that sequence speciﬁcity is important in copolymers at low n H . However, in
general, with respect to the static equilibrium properties, n H
and # appear to be comparable measurements of hydrophobicity for copolymers and homopolymers, respectively, for
this model.
For completeness, we consider the general case of the
effect of the simultaneous variation of n H and # on random
HP copolymers. Figure 5 shows results, again for equilibrium R 2g and n MM , upon variation of # for various hydrophobic number fractions n H . Consistent with the particular
case of #!1 for HP copolymers in the data of Fig. 4, we see
that the more general result is also true: as n H increases for
each ﬁxed #, the chains become more compact, with smaller
R 2g and larger n MM .
B. Collapse dynamics

We now consider the collapse properties of the polymersolvent model system. Speciﬁcally, we consider collapse induced by an abrupt change in n H , for the case of HP copoly-
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FIG. 8. Decay of radius of gyration squared vs time upon collapse for a
random HP copolymer chain with hydrophobic number fraction n H!0.5,
and for an all-H homopolymer with #!0.5.

FIG. 7. Collapse times !a" t 50 , and !b" t 90 !see text for deﬁnition", vs
hydrophobic number fraction n H !for random HP copolymers" or # !for
all-H homopolymers" for chains of length N!100 monomers in a solvent
with N tot!N#N s !1225, where N tot , N and N s are the total number of
particles, the number of monomers and the number of solvent particles,
respectively. Polymer collapse at T!1.0 is induced by switching the hydrophobic interaction parameter from #!0.0 to either #!1.0 for the random
copolymers !times plotted vs n H) or to other some other value of # as
labeled in the ﬁgure in the case of the homopolymers. The collapse times
have been determined by monitoring the decay of the radius of gyration
squared, R 2g , and the number of monomer-monomer contacts, n MM .

mers, and by an abrupt change in #, for the case of all-H
homopolymers. As discussed in Sec. II, we consider the
time-dependence of R 2g and n MM during the quench, averaged over a large number of initial conﬁgurations representative of an all-P chain !i.e., n H!0 for arbitrary #), and, in
the case of copolymers, over a few different random sequences, where appropriate, as well. The equilibrium results
demonstrate that, under the system conditions considered
(T!1.0, % !0.5–0.7" when the system parameters n H or #
are abruptly changed from n H!#!0 to n H!#*0.5, the
system will undergo a conformational change from an extended coil to a liquidlike globule state.
Figure 6 shows averaged !a" R 2g (t), and !b" n MM(t), for
random HP copolymers with different n H . In all cases, the
quantity relaxes from the initial value to its equilibrium ﬁnal
value over a time interval of 1t&2000. The most notable
point is that the decay is much more rapid for increasing
hydrophobic number fraction n H ; that is, increasing the
number of hydrophobic monomers causes the chain to collapse more rapidly. Fitting to a stretched exponential function, we can obtain collapse times t 50 and t 90 , the 50% and
90% decay times deﬁned in Sec. II. Figure 7 shows plots of
!a" t 50 , and !b" t 90 vs n H !closed symbols", for solvent density % !0.7, as determined by the decay of both R 2g and n MM .
The increase in the rate of collapse with n H is very clear.

As in the case of the equilibrium properties, we are interested in the differences in the collapse behavior between
HP copolymers and all-H homopolymers upon variation of
the hydrophobicity parameters n H and #, respectively. Results for the collapse times of homopolymers by quenching
with respect to # are also shown !open symbols" in Fig. 7.
As in the case of the equilibrium average R 2g and n MM , we
ﬁnd that the collapse times between the two systems are very
close over a wide range of hydrophobicity, when n H and #
are overlaid on the same scale. However, at lower values a
difference begins to emerge: the homopolymer collapses
more rapidly than the heteropolymer at n H!#$0.5. This is
made clear by the comparison of R 2g (t) of the collapses for
the two different types of polymer shown in Fig. 8. We stress
again that the equilibrium averages of the quantities are virtually identical at this value of n H and #, as seen in Fig. 4.
Thus, it appears that a uniform increase in the hydrophobicity of a polymer chain results in more rapid collapse kinetics
than a heterogeneous increase in hydrophobicity of the same
magnitude. From Figs. 4 and 8, it is evident that the slower
decay for the homopolymer case is manifest particularly in
the longer time tail to the decay of R 2g and n MM .

FIG. 9. Collapse times t 50 vs degree of hydrophobicity n H at densities %
!0.7 and 0.5 for random copolymers of chain of length N!100 monomers
in a solvent with N tot!N#N s !1225, where N tot , N and N s are the total
number of particles, the number of monomers and the number of solvent
particles, respectively. Polymer collapse at T!1.0 is induced by switching
the hydrophobic interaction parameter from #!0.0 to either #!1.0 for the
random copolymers. The collapse times have been determined by monitoring the decay of the radius of gyration squared, R 2g , and the number of
monomer–monomer contacts, n MM .
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FIG. 10. Decay of radius of gyration squared versus time upon collapse for
three HP copolymer chain sequences, all with hydrophobic number fraction
n H!0.5: random HP, alternating H and P monomers !1-block" and alternating 10-blocks of H and P monomers. N tot!N#N s !1225, where N tot , N
and N s are the total number of particles, the number of monomers and the
number of solvent particles, respectively.

We consider next the effect of solvent density on polymer collapse kinetics, this time, solely for random HP copolymers. Figure 9 shows t 50 vs n H for two densities, %
!0.5 and 0.7, as determined by measurement of R 2g (t) and
n MM(t) during the collapse. Generally, the polymers in the
lower density solvent collapse more rapidly than those in the
higher density solvent. Although this difference appears to
vanish in the n H!1 limit, it increases monotonically with
decreasing n H . Thus, the rate of collapse of the more hydrophilic and more heterogeneous HP copolymers has a more
sensitive dependence on the solvent density. It is worth noting again at this point that the polymer collapse occurs because it is energetically more favorable for the hydrophobic
monomers to avoid contact as opposed to make contact with
the solvent particles. Consequently, one might expect there
to be a stronger driving force to collapse at higher solvent
densities. On the other hand, the solvent can also be viewed
as a sea of hard obstacles !neglecting the attractive component to the PS interaction" which tends to impede the collapse, as the solvent must ﬂow out of the spaces between
monomers. Clearly, the latter picture is more consistent with
the observed density dependence of the collapse times.

J. M. Polson and M. J. Zuckermann

The next case we consider is the effect of HP sequencing
on the rate of collapse of HP copolymers. Due to the high
computational cost of the calculations, we restrict the comparison to only three different sequences, all with n H!0.5 at
T!1.0 and % !0.7. The ﬁrst case is just the random copolymer case, which we have discussed above. We also consider
two HP sequences: a ‘‘one-block’’ composed of strictly alternating H and P monomers, and a ‘‘ten-block’’ composed
of alternating blocks of ten H and P monomers. Figure 10
illustrates the basic result: in all three cases, the timedependence of R 2g is virtually identical, as is also the case for
the decay of n MM . Thus, for the cases considered, sequence
design has virtually no effect on the collapse dynamics of the
copolymer.
This result is in marked contrast with many studies
which have investigated the sequence dependence of heteropolymer systems, particularly so for those explicitly concerned with modeling protein folding. Generally, it is found
that certain heteropolymer sequences can be designed to signiﬁcantly increase the rate of collapse. A recent example is
the study by Khokhlov and Khalatur,39,40 who have described
a method for designing copolymer sequences that, relative to
polymers composed of random sequences with the same
number of hydrophobic monomers, have a sharper collapse
transition at higher temperatures, and for which the collapse
to the globule state proceeds more rapidly. Increasing the
‘‘blocky’’ character of the random sequences was also
shown to have a similar, though less pronounced effect. Timoshenko et al.20,22 have also predicted a considerable sequence dependence of the collapse kinetics of heteropolymers using their GSC method.
More insight into the collapse dynamics of our polymersolvent system may be obtained by inspection of a timeseries of snapshots. Figure 11 shows a series of snapshots for
a random heteropolymer chain with n H!0.9. In this system,
it appears that the chain collapses by a uniform thickening
process. This appeared to be the general case for random
copolymers independent of n H . This is in marked contrast to
results generally seen for a variety of homopolymer and heteropolymer systems, where typically the polymer collapses

FIG. 11. Snapshots for random copolymer collapse at
different times for chains of length N!100, and with
n H!0.5, for N#N s !1225, T!1.0 and % !0.7. Open
circles denote solvent particles, gray-ﬁlled circles denote P monomers, and black-ﬁlled circles represent H
monomers.
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FIG. 12. Snapshots for random copolymer collapse at
different times for chains of length N!200, and with
n H!0.5, at T!1.0 and % !0.7. Open circles represent
H monomers and black-ﬁlled circles denote P monomers. The solvent has been omitted in the plots for
convenience. Note that the simulation cell size is signiﬁcantly larger than the boxes drawn around each
chain snapshot.

into a number of local clusters over a short time which
gradually coalesce over longer times. It is possible that the
present observation is simply due to the fact that the N
!100 chains are not long enough to display this effect in two
dimensions. Consequently, we carried out several simulations for longer chains with N!200, with a total number of
N#N s !4900 particles. Figure 12 illustrates a collapse for a
random copolymer with n H!0.5. While we see some heterogeneity in the chain as it thickens upon collapse, there is still
no clear formation of local clusters or ‘‘blobs.’’ Of course, it
is possible that much longer chains are required to observe
this effect, a case that is not feasible to pursue at present.
Alternatively, it is possible that this is a general result in two
dimensions where the effect of excluded volume is much
more severe than in three dimensions.
The ﬁnal case that we consider is a 10-block chain of
N!200, whose collapse is illustrated in Fig. 13. In this case,
we ﬁnd that chain does indeed collapse with the clusterforming mechanism. The clusters nucleate around the
H-blocks, which cluster in order to minimize the number of
contacts with the solvent. As the H-clusters form, the
P-blocks move to the surface in order to ‘‘wet’’ the interface
between the H clusters and the solvent particles. These clusters then appear to aggregate, and eventually form a globule

with a hydrophobic core, and a hydrophilic surface, reminiscent of the structure of a folded protein. A closer analogy is
afforded with the designed copolymers of Khokhlov and
Khalatur39,40 who observed a similar structure with their collapsed globules. Clearly, such a structure is energetically
more favorable than a more random distribution of H and P
monomers throughout the globule. However, the less blocky
random HP copolymers are subject to a higher degree of
‘‘frustration,’’ and are unable to achieve this state. It is also
interesting to compare the results for the 10-block collapse
with the MC simulations of Kuznetsov et al.28 who observed
a local cluster formation upon collapse of random HP copolymers in which local blobs with hydrophobic cores and
hydrophilic surfaces form, and then later coalesce. That they
were able to see this effect for random copolymers while we
did not is probably due to the fact that they used a 3-D model
while ours is 2-D, where the frustration effects are likely to
be more problematic. One other difference between the two
studies is evident: Kuznetsov et al. note that the P-coated
local clusters lead to very long coalescence times. By contrast, we ﬁnd that this mechanism seen for the 10-block polymer, does not lead to any signiﬁcant increase in the collapse
times. Again, this was evident from the quantitative mea-

FIG. 13. Same as in Fig. 12, except for 10-block sequential copolymer.
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surements illustrated in Fig. 10, as well as from a qualitative
inspection of the snapshots of Figs. 12 and 13.
IV. CONCLUSIONS

In this paper, we have investigated the collapse transition properties of a simple two-dimensional system composed of a single ﬂexible HP copolymer chain immersed in a
Lennard-Jones solvent. The key feature of the model is the
fact that H and P monomers are differentiated solely on the
basis of their interaction with the solvent: HS interactions are
purely repulsive while the PS pair potential have an attractive component as well. Chains with sufﬁciently high hydrophobic number fractions n H were found to undergo a thermally driven transition from an extended coil in a ‘‘good’’
solvent to a liquidlike globule in a ‘‘poor’’ solvent. We noted
that the transition for random copolymers occurred over a
narrower temperature range and at lower temperatures with
decreasing n H . In addition, a comparable transition was observed at sufﬁciently low temperature upon variation of n H .
For comparison, we studied a similar collapse transition for a
homopolymer system upon variation of #, a parameter describing the degree of hydrophobicity of the hydrophobicsolvent interaction. The two parameters n H and # turned out
to be quantitatively comparable measures of hydrophobicity
for random copolymer and homopolymer chain systems, respectively, with respect to the measurement of equilibrium
quantities, R 2g and n MM .
For practical reasons we chose to study the collapse kinetics by making an abrupt change in n H and #, rather than
temperature. In each case, we ﬁnd that the collapse rates are
sensitive to the ﬁnal values of n H and #, and tend to increase
upon decreasing each of these parameters. Thus, for example, copolymers with a greater number of hydrophobic
monomers collapse more rapidly than those with fewer hydrophobic monomers. Unlike the case of the equilibrium
properties of the transition, we ﬁnd that the collapse rates
between copolymers and hydrophobic homopolymers tend to
differ as each n H and # are decreased. In particular, it appears that R 2g and n MM for the copolymer chains have longer
tails to their decays upon quenching than do those for the
homopolymer chains of comparable hydrophobicity.
At moderate solvent densities, we ﬁnd that the collapse
rate for random copolymer chains increases with increasing
chain density for all n H . By contrast, we ﬁnd no signiﬁcant
dependence of the collapse rates on the HP copolymer sequence, in contrast with results of other studies. A qualitative
inspection of the system conﬁgurations upon collapse suggest that the chains collapse via a uniform thickening rather
than the formation of local clusters, which is the case observed in other systems. This was the standard process observed for all random copolymers, independent of n H . It is
possible that this effect is a result of the two-dimensional
character of the system, for which excluded volume effects
may preclude such local structures, in general. One exception to this rule that we noted was the case of a polymer
composed of sufﬁciently long alternating HP blocks. In this
case, local clusters with H cores and P shells do ﬁrst form,
then coalesce at later times of the collapse.

J. M. Polson and M. J. Zuckermann

To our knowledge, this is the ﬁrst study of the coilglobule collapse dynamics using a model employing an explicit solvent. Clearly, more of such studies are required before a clear picture of collapse dynamics can emerge. While
many of the existing theories of this process have attempted
to account for the effects of hydrodynamics, simulation studies have thus far failed to do so in a satisfactory manner.
Thus, inclusion of an explicit solvent in the simulation model
represents a signiﬁcant step in that direction. Of course, there
are several important questions that this study raises. In particular, it is difﬁcult to determine why some of the observed
behavior in this system differs from that of other systems. As
mentioned above, the two-dimensional nature of the system
is expected to affect the collapse mechanism, in general. Of
course, the explicit presence of the solvent is expected to
play a signiﬁcant role. Clearly, it would be of interest to
conduct additional studies using a comparable model in three
dimensions, as well as in the absence of an explicit solvent,
in order to shed light on these matters. Such studies are currently underway.
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