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ABSTRACT: For simulating hydrophobic-amphiphilic (HA) copolymers, we have developed a “side-chain”
HA model in which hydrophilic (P) interaction sites are attached to hydrophobic (H) main chain, thereby
forming amphiphilic (A) monomer units, each with dualistic (hydrophobic/hydrophilic) properties. Using
this coarse-grained model, we performed molecular dynamics simulations of the hydrophobically driven
self-assembly in a selective solvent, for both single-chain and multichain systems. The focus is on the
regime in which H and P interaction sites are strongly segregated. Single-chain simulations are performed
for copolymers with the same HA composition but with different distribution of H and A monomer units
along the hydrophobic backbone, including regular copolymers comprising H and A units in alternating
sequence, (HA)x, regular multiblock copolymers (HLAL)x composed of H and A blocks of equal lengths L
) 3, and quasi-random proteinlike copolymers having quenched primary structure. In a solvent selectively
poor for H sites, the proteinlike polyamphiphiles can readily adopt spherical-shaped compact conformations
with the hydrophobic chain sections clustered at the globular core and the hydrophilic groups forming
the envelope of this core and buffering it from solvent. Because of the fact that these globules are size-
and shape-persistent objects, they maintain their morphological integrity even in rather concentrated
solutions where no large-scale aggregation is observed. Moreover, we find that the population of aggregates
generally decreases with worsening solvent quality. The compact conformations of long regular copolymers
tend to be strongly elongated in one direction.

I. Introduction

One of the most fascinating features of polymer
systems relates to the fact that a phase transition can
occur at the level of a single chain. The best-known
example is the coil-to-globule transition. The coil col-
lapse problem is of interest not only because of its
fundamental importance as related to polymer nano-
structures but also because of various biological ap-
plications such as protein folding. Though the theory
of this transition is well understood,1,2 related experi-
mental studies face difficult challenges: the coil-to-
globule transition occurs at poor solvent conditions and
is almost invariably accompanied by precipitation. This
significantly complicates the data analysis, preventing
the clear correlation between the experimental observa-
tions and the molecular parameters. At the same time,
it is well-known that globular proteins differ from the
globules of synthetic water-insoluble polymers in three
main ways. (i) Globules formed from homopolymers and
random copolymers are typically insoluble in aqueous
medium, whereas many of globular proteins are water-
soluble. (ii) In a poor solvent, when polymer segments
attract each other strongly, synthetic globules stick
together and form intermolecular clusters or aggregates
even in very dilute solutions. It is the aggregation that
makes them insoluble. At sufficient concentration, ag-
gregation results in polymer precipitation. Globular
proteins fold and may form small aggregates (quater-

nary structure) preserving their globular native state,
but even these are still water-soluble. (iii) Globular
proteins are mobile in solution due to their solubility.
The aggregation of synthetic globules dramatically slows
down their diffusion in the polymer precipitate.

It is thought that protein globules are soluble in water
because of the special primary sequence: hydrophobic
amino acids effectively join together, and by doing so,
they are avoiding the surrounding aqueous environ-
ment. One of the major driving forces in the folding of
proteins is to place each of the types of amino acids
(hydrophilic and hydrophobic) in an environment ap-
propriate for its solution properties. This can be achieved
by locating the majority of hydrophilic amino acids on
the globule exterior where they can bond to water
molecules, while most hydrophobic amino acids are
clustered in a central core where they bind to each other
in an effectively water-free environment.

Having in mind this fundamental principle of protein
organization, we can now discuss how to optimize
copolymer sequences to obtain better aggregation stabil-
ity. Since globule formation and solution stability cannot
be simultaneously realized with any random sequence
of monomer units, we can formulate the following
problem: is it possible to design such a sequence of an
HP copolymer (i.e., a copolymer consisting of segments
of two types, H and P) that in the dense globular
conformation all the hydrophobic H segments are in the
core of this globule while hydrophilic P segments form
the envelope of this core? Indeed, it is clear that a simple
way to protect designed copolymer chains from aggrega-
tion would be to make the chains compact with a stable
core-shell structure.
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In the past few years, a number of groups have
analyzed the aggregation mechanism of heteropolymers
using computer simulations employing both lattice and
off-lattice representation based on the so-called HP
model first introduced by Lau and Dill.3,4 This two-letter
model of a linear hydrophobic/hydrophilic macromol-
ecule involves only two types of polymer segments, H
and P, and reflects the spirit of minimalist models, in
that it is simple yet based on a physical principle. With
this model, Abkevich et al.5 proposed a simple algorithm
that biases sequence sampling toward compact and
water-soluble sequences. Using Monte Carlo simula-
tions, the competition between chain folding and ag-
gregation was studied by following the simultaneous
folding of two designed copolymer chains within the
framework of a lattice model.6 It was found that ag-
gregation is determined by partially folded intermedi-
ates formed at an early stage in the folding process.
Giugliarelli et al. investigated how the interaction
potentials affect the solubility and compactness of short
heteropolymers on a two-dimensional lattice.7 Maxi-
mally compact conformations were found to be desta-
bilized in solution as the intermolecular potential varies.
Timoshenko and Kuznetsov8 simulated the formation
of clusters consisting of several linear heteropolymers
in dilute solutions. They found that, at relatively low
concentrations of heteropolymers with sufficiently strong
competing interactions, such clusters (“mesoglobules”)
are more stable in a selective solvent as compared to
single chains. Bratko and Blanch9,10 considered a lattice
model designed to examine the competition between
intramolecular interactions and intermolecular associa-
tion, resulting in the formation of aggregates of mis-
folded chains (see also refs 11 and 12). The question
formulated in the previous paragraph was directly
addressed in refs 13 and 14. The biomimetic approach
proposed in these papers includes the computer genera-
tion of a special primary sequence in two-letter copoly-
mers from some specific conformation of a homopolymer
chain (“parent” conformation) via a one-step “coloring”
procedure of the instant image of such chain. In refs 13
and 14 this conformation-dependent sequence design
was first realized for the case when the “parent”
conformation corresponds to a dense globule of a ho-
mopolymer chain: the monomer units lying in the core
of such a globule were designated as H units and called
hydrophobic, while the monomer units belonging to the
surface of the “instant image” of a globule were desig-
nated as P units and called hydrophilic. The corre-
sponding polymers having a core-shell microstructure
were called “proteinlike” copolymers. The motivation
behind this design procedure was that each protein
globule has a hydrophobic core and a hydrophilic
envelope, so when two globules meet, they only contact
with their hydrophilic peripheral parts, which are
obviously not sticky in water. Later, proteinlike copoly-
mers were synthesized in real chemical experiments15-17

where the role of “coloring” is played by the chemical
reaction of chain segments with a reagent, which
converts solvophobic groups to solvophilic ones, thereby
screening part of the solvophobic core from the aqueous
solution. Although such copolymers are not exhibiting
so high a tendency to aggregation as their random and
random-block counterparts,17 nevertheless, they are not
completely protected from aggregation,15,16 in contrast
to many real protein globules. Therefore, it is instructive

to look at other factors that can be responsible for
aggregation stability.

Real proteins are built up from both hydrophobic and
polar amino acid residues; some of the latter can be
charged. Many of the conformational and collective
properties of proteins are due to a complex interplay
between short-range (hydrophobic) effects and long-
range (Coulomb) interactions. Electrostatic effects also
can determine some of the unique solution properties
of globular proteins. Recently, we have reported the
results of molecular dynamics simulations of charged
proteinlike hydrophobic-hydrophilic copolymers with a
fixed charge distribution at poor solvent conditions.18

Indeed, for this model we have observed a solution of
nonaggregating polymer globules which form a stable
array (due to a large net charge of each chain) resem-
bling a charge-stabilized (micro)suspension or microgel
phase. A solution of globules has also been seen in the
molecular dynamics simulations of Kremer and co-
workers,19,20 who studied highly charged regular co-
polymers in a poor solvent. It should be kept in mind,
however, that many of the nonaggregating proteins are
uncharged.

Another way leading to nonaggregating copolymers
may be connected with the molecular design of their
monomer units. It is well-known that in the large
majority of real water-soluble polymers many monomer
units have a dualistic (hydrophobic/hydrophilic) char-
acter, that is, repeating polymer unit, which is usually
considered as pure hydrophobic or pure hydrophilic,
actually incorporates both hydrophilic and hydrophobic
parts concurrently. Many of amino acids also contain
both hydrophilic and hydrophobic groups simulta-
neously, and strictly speaking, the interaction between
such amino acid residues in proteins cannot be literally
reduced to pure hydrophilic or pure hydrophobic inter-
actions, as it is presupposed in the standard HP
model.3,4 In this model, an amphiphilic polymer is
considered as a chain in which H and P groups are
assumed to be pointlike interaction sites distributed
along the chain in a linear fashion. The “beads-on-a-
string” HP model is very simple and computationally
efficient, but its principal disadvantage is the represen-
tation of each monomer unit of an amphiphilic chain
as a pointlike interaction site.

To eliminate this drawback, we have recently intro-
duced an extended variant of the HP model that
explicitly takes into account the amphiphilic nature of
hydrophilic segments.21 This off-lattice model general-
izes the HP model of Lau and Dill3 by representing the
hydrophobic backbone and hydrophilic side groups of a
polyamphiphile with tangent spheres. With this repre-
sentation, each amphiphilic monomer unit (A) can be
treated as hydrophobic/hydrophilic HP “dumbbell”. In
our previous work,21 using this “side-chain” model, we
have studied homopolymers consisting of amphiphilic
monomer units (poly-A). Our simulations have shown
that such a trivial modification of the standard HP
model can lead to some nontrivial consequences when
studying the collapse of single-chain amphiphilic ho-
mopolymers and that for this model a variety of novel
structures with high complexity are possible in a poor
solvent, depending on the interaction between hydro-
phobic (H) and hydrophilic (P) sites. Specifically, the
thermodynamically stable anisometric structures have
been observed, including disklike structures, stretched-
necklace-like conformations, and cylindrical-shaped con-
formations. It is important to note that these compact
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microstructures are formed due to strong intramolecular
segregation of chemically different H and P groups
tending to minimize the number of H-P contacts
unfavorable under poor solvent conditions for H sites.
As a result, a core composed of mainly hydrophobic
groups turns out to be surrounded by a thin dense “skin”
composed of mainly hydrophilic groups. Generally speak-
ing, the same structural organization is characteristic
for globular proteins, allowing them to dissolve in water
and preventing their solution aggregation. Therefore,
it is believed that, following this line, we can construct
model copolymers leading to the formation of nonag-
gregating heteropolymer globules, with the ultimate
objective of learning how to manipulate the polymer
chemistry and system conditions in order to preclude
the aggregation processes.

In this paper we extend our previous consideration21

for the case of copolymers containing both pure hydro-
phobic (H) and amphiphilic (A) groups. We will call such
copolymers “HA copolymers”. Using this model, we will
simulate both regular HA copolymers and quasi-random
HA copolymers having proteinlike sequences.13 In par-
ticular, our aim is to study the conformation of single
chains as well as their aggregation under poor solvent
conditions for hydrophobic groups. To this end, multi-
chain systems in a selective solvent are simulated. The
solution morphologies and properties of these systems
depend on the amphiphilic primary structure, temper-
ature, and concentration and on the interactions be-
tween the system components.

In the next section, we describe the details of the
model and simulation. Then we present simulation
results for isolated model polyamphiphiles and for
systems containing 27 polymers per simulation box.
Results of these calculations provide insights into the
morphologies and energetics of interchain association.
In the final section, our findings are summarized and
directions of future work are outlined.

II. Model and Simulation Technique

A schematic representation of the model copolymer
used in our study is shown in Figure 1. In the numerical
simulations, we employ a continuum space (bead-rod)
model, as opposed to widely used lattice models, since
the latter have intrinsically discretized dynamics of a
rather arbitrary nature and have slow relaxation for a
dense globular state. Each hydrophobic monomer unit
(H) is considered as a single interaction site (bead); each
amphiphilic group (A) is modeled by a “dumbbell”
consisting of H and P beads linked by rigid bonds of a
fixed length. The hydrophobic units are connected with
each other and with H site of amphiphilic groups in a
linear fashion and form the backbone of the copolymer.
The HA composition is fixed at about 1:1. Namely, a
copolymer having the hydrophobic backbone of length
N includes also (N + 1)/2 hydrophilic beads attached to
the backbone; the total number of beads is equal to N
) (3N + 1)/2. We simulate copolymers with different
distribution of H and A monomer units along the main
chain. Namely, we study (i) regular copolymers com-
prising H and A units in alternating sequence, (HA)x,
(ii) regular multiblock copolymers composed of H and
A blocks of equal lengths, (HLAL)x, with L ) 3, and (iii)
the quasi-random proteinlike copolymers with quenched
primary structure.13

The time evolution of the system is determined by
Newton’s equations that are solved by using the method

of molecular dynamics (MD).22 In MD simulations, the
bonds within a given macromolecule are constrained to
length b ) 1.0 using the RATTLE algorithm.23

Excluded volume between any nonbonded particles
is included via a repulsive Lennard-Jones (LJ) potential.
This repulsive, or reference, interaction is defined by a
decomposition of the full LJ 6-12 potential as proposed
by Weeks, Chandler, and Andersen (WCA)24

where r is the distance between the two interacting
particles and r0 ) 21/6σ is a cutoff distance. The
parameter ε governs the strength of interaction and
controls an energy scale, whereas σ defines a length
scale. We assume that σ ) ε ) 1 for all interactions. All
of our results are therefore reported in terms of these
natural units.

In addition to the excluded-volume potential (1), the
nonbonded beads interact via a Yukawa-type potential,
for which we use the following form:

Here, f (rij,rc) ) [1 - (rij/rc)2]2 is the screening function,
h(r) is the Heaviside function, the parameter εRâ () εHH,
εPP, εHP) sets the amplitude of the nonlocal site-site
interactions, and rc is the screening length, i.e., the
cutoff distance for these interactions. In the model, this
potential describes the solvent-mediated short-range
hydrophobic-hydrophilic interactions. The character-
istic energies of H-H, H-P, and P-P interactions are
considered to be variable parameters (all the energies
are measured in units of ε). For εRâ ) 0, there is no

Figure 1. HA “side-chain” models of amphiphilic copoly-
mers: (a) regular alternating copolymer, (b) regular multiblock
copolymer, (c) proteinlike copolymer. Each hydrophobic mono-
mer unit (H) is considered as a single interaction site (bead);
each amphiphilic group (A) is modeled by a “dumbbell”
consisting of hydrophobic (H) and hydrophilic (P) beads.

uev(rij) ) 4ε[( σ
rij

)12
- ( σ

rij
)6

+ 1
4], rij e r0

) 0, rij > r0 (1)

us(rij) )
εRâσ
rij

f (rij,rc)h(rc - rij) (2)
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additional repulsion (attraction) between chain beads
except that corresponding to the excluded-volume po-
tential (1). The (negative) parameter εHH is chosen to
promote the collapse of the chains. The nonzero (posi-
tive) parameters εHP and εPP characterize the H-P and
P-P repulsion and promote the intrachain segregation
of H and P beads. For simplicity, we assume that εHP )
εPP ) -εHH ≡ ψ, where ψ denotes the strength of the
interactions between beads. With these energy param-
eters, we simulate the chains in a selective solvent,
which is a poor solvent for H sites and a good solvent
for P sites.

Explicitly, no solvent particles are included in the
simulations, as we wish to understand the properties
of the system determined solely by the polymer; that
is, the solvent is represented by a continuum. To
simulate solvation effects and the time evolution of the
solution in contact with a heat bath of temperature T,
we augment the equations of motion by the frictional
term and the Langevin uncorrelated noise term Ri
which is connected with the viscosity of the solvent Γ
through the fluctuation-dissipation theorem, 〈RRi(0)‚
RRi(t)〉 ) 2ΓikBTδ(t), where R ) x, y, z; i ) 1, 2, ..., nN;
T is the reference temperature; and n is the number of
chains in the system. This term ensures that the
temperature is kept constant.22 We take the parameter
Γ to be dependent on solvent-accessible surface areas
(SASA). To find the values of SASA for a given config-
uration, we perform an analytical computation of the
surface areas Si for each specified bead.25 Having Si,
one can define Γi as Γi ) Γ0Si/Smax, where Smax is the
maximum solvent-accessible surface area of a bead for
the model under study and the reference value of Γ0 is
taken to be equal to unity (for more details, see ref 26).

To keep close contact to the traditional treatment of
polymer solutions used in theory, it is instructive to
define the following partial bare second virial coef-
ficients as an integral measure of solvent quality

where uRâ(r) ) uev(r) + us(r) and R, â ) H, P. Using
vRâ

(2)(εRâ), we define the normalized value vRâ ) 1/4
vRâ

(2)(εRâ)/vRâ
(2)(0) and then introduce the linear combina-

tion

In principle, this parameter represents the kind of
interactions used in simple lattice systems such as in
Flory-Huggins theory.27 Unlike the standard Berthelot
rule for energy parameters εRâ,22 the combination (4)
allows for the introduction of an arbitrary extra interac-
tion between species of R and â types while keeping the
same interaction between like species. The parameter
ø̃ is similar to the Flory-Huggins interaction parameter
ø and characterizes solvent quality in an integral
manner.28 In particular, for an athermal good solvent
(ε > 0, ψ ) 0) we have vRâ ) 1/4 and ø̃ ) 0. This state
can be considered as a reference state. When ε ) ψ ) 0,
we deal with a phantom chain. At a fixed ψ > 0 and ε
> 0, the interaction parameter ø̃ increases as temper-
ature is reduced. In reality, when the temperature is
fixed, the change in ø̃ can be due to variation of the
solvent composition, e.g., concentration of some dena-
turation agent. In principle, for a given solvent and
temperature, the value of ø̃ can be obtained from

thermal effect of transfer experiments. For the model
studied here, sufficiently large values of ø̃ (ø̃ J 1)
correspond to a poor solvent (see below). Solvent quality
becomes poorer with decreasing T or with increasing ø̃.

To obtain single proteinlike HA copolymers, the
following computational strategy was employed:

(i) A self-avoiding homopolymer chain of a given
length N is randomly generated.

(ii) The collapse of the chain is performed at εHH )
-3 and T ) 1. Then this conformation is equilibrated
for 5 × 105 integration time steps, which is more than
enough for the chain to become a globule. The resulting
homopolymer globule was molten; i.e., the temperature
was not too low to cause rigid freezing.

(iii) The surface of the globule is experiencing a
chemical reaction (“polymer-analogous transformation”);
this means that the monomer units at the surface,
instead of being hydrophobic, are acquiring amphiphilic
properties: H + P f A. The process is modeled as a
step-by-step chemical reaction of the attachment of P
monomers to the hydrophobic backbone. Our algorithm
simulates a reaction in a 3d cube utilizing periodic
boundary conditions. Initially, a homopolymer hydro-
phobic globule and N free hydrophilic monomers were
placed in a cube. Beads H and P are assumed to be
monofunctional, and their orientation is not distin-
guished. If a freely diffusing P monomer approaches
within the prescribed distance Rmin (“reaction radius”)
to an H bead on the chain, a bond can be formed
between the two. The reaction radius was set to Rmin )
b ( δ, where δ ) 0.01σ; that is, a hydrophilic monomer
was allowed to be grafted to the chain when the
corresponding distance r was in the range b - δ e r e
b + δ. The reaction is considered as a sequence of the
alternating steps: grafting of a new P monomer to the
chain and the subsequent relaxation of the chain. Note
that the reaction time τR that is allowed for the anneal-
ing between successive P monomer graftings can be
used as a control parameter to produce characteristi-
cally different chain conformations. The process is
terminated when the required number of the hydropho-
bic monomer units is transformed into A type. Thus,
the composition of the resulting copolymer is con-
strained so that there are N hydrophobic and (N + 1)/2
amphiphilic monomer units, and after that the primary
structure of the copolymer is frozen. As a result, we
obtain a “parent” proteinlike amphiphilic globule having
a core-shell structure.

The primary structure of an amphiphilic proteinlike
copolymer can be characterized by its composition, by
the average lengths of the hydrophobic and amphiphilic
blocks, LH and LA, and by the specific distribution of H
and A units along the chain. For example, for the 127-
unit proteinlike copolymer generated in this work, we
find LH ≈ LA ) L ) 2.8. By definition, for alternating
and multiblock copolymers studied here, one has L ) 1
and L ) 3, respectively.

To obtain a multichain system, the parent globules
of the copolymers were replicated 27 times. The identical
images of the parent globules were initially placed on a
regular simple cubic lattice spanning a periodic MD box
without overlap between them and then were randomly
reoriented. Then, the system constructed in this way
was relaxed for a long time. At this initial stage,
velocities were rescaled at each time step to compensate
for the large amount of heat produced in the system.

vRâ
(2)(εRâ) ) 2π∫0

rc{1 - exp[-uRâ(r)/kBT]}r2 dr (3)

ø̃ ) vHP - (vHH + vPP)/2 (4)
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The equations of motion in conjunction with the
constraints of fixed bond lengths were solved iteratively
using a Newtonian iteration procedure with the time
step ∆t ) 0.01σxm/ε, where m ) 1 is the mass of chain
bead. For more details on the integration algorithm used
in this study and the bond-constraint method, we refer
to our previous publications.18,29 The nonbonded inter-
actions were computed using the method of lights to
locate neighboring particles.30 In the following, the
energy parameter εRâ is fixed and the reference tem-
perature T is varied in the range from 0.5 to 20 ε/kB.
This corresponds to the range of the interaction param-
eter ø̃ from 0.38 to 23.0. As has been mentioned above,
for the model under study, the variation in T or ø̃ is
directly connected with the variation in solvent quality.
The variation of the interaction parameter ø̃ allowed
covering the wide range of solvent quality, from a good
solvent, with dominating excluded-volume effects at
small ø̃, to a poor solvent, with collapsed chains at large
ø̃. It should be stressed that a variation of ø̃ in our
simulations changes simultaneously both the strength
of repulsive hydrophilic interactions and the intensity
of short-range attractive hydrophobic interactions. This
means that, similar to real experiments, a change of ø̃
influences all relevant quantities of the system in a
rather complex manner.

In the case of single-chain systems, we simulated a
range of chain lengths up to N ) 255 for proteinlike
copolymers and up to N ) 1023 for regular copolymers.
For the mutichain simulations, chains with relatively
short backbone length, N ) 127, were used. The cubic
computational box with periodic boundary conditions
contained n ) 27 copolymers (the total number of beads
nN ) 5157). For more accurate results, it may be
necessary to model a larger number of chains; however,
because of the computational difficulties this would
involve, we currently restricted ourselves to 27 chains.
The entire system of n chains was enclosed in a periodic
cubic box with side length Lbox (Lbox ) 25σ; volume V )
Lbox

3). The number density of the chain beads is F )
nN/V ) 0.33σ-3. (Here, “density” is a synonym of
“concentration”.) The value of F is much higher than the
overlap concentration of the coils. Note that the classical
chain overlap concentration, F* ∝ N/(4/3πRg

3), where Rg
is the average radius of gyration of the chain in a good
solvent, is found to be 6 × 10-2σ-3 for the model under
study. The initial systems were equilibrated for about
2 × 106 time steps, and then the production runs were
performed. Equilibration was checked via the observa-
tion that the same results can be obtained by starting
from different initial configurations and by running the
simulations for more time steps. Typically, each produc-
tion run was from 2 × 106 to 5 × 107 time steps,
depending on the chain length and temperature.

III. Results and Discussion

Although we are primarily interested in the intermo-
lecular effects, we first characterize the behavior of
single amphiphilic copolymers that we use as a refer-
ence for comparison with multichain systems. In par-
ticular, we start our discussion by estimating the
reference temperature at which the collapse transition
takes place in the copolymers for the low-concentration
limit. This problem is a first step toward a more precise
understanding of collective properties. Also, we analyze
in details the equilibrium size and shape of compact
conformations.

1. Single-Chain Conformation and Collapse Tran-
sition. a. Gyration Radii. To obtain a quantitative
estimate of the polymer size, we calculated the mean-
square radius of gyration Rg

2 of individual chains. The
simulations at low temperature, or equivalently at large
interaction parameter ø̃, were repeated several times,
starting from different initial states. For each polymer
chain, we also found mean-square radius of gyration,
R0g

2, for a phantom (unperturbed) chain of the same
length.31 Having the values of R0g

2, one can define the
following expansion factor RR ) Rg

2/R0g
2. This quantity

is shown in Figure 2a as a function of the interaction
parameter ø̃ for 127-unit amphiphilic copolymers with
different primary structure. It is seen that the chain
size decreases with increasing ø̃, as expected. At small
values of ø̃ (or at high temperature), chain contraction
driven by attractive H-H interactions is mainly resisted
by the configurational entropy, whereas in the collapsed
state repulsive interactions are of paramount impor-
tance.

At sufficiently large values of ø̃ ) ø̃0, depending on
primary structure, the state where Rg

2 ) R0g
2 (i.e., RR

) 1) is reached. We see that for proteinlike copolymer
this occurs at smaller ø̃ than for alternating and
multiblock copolymers with the same HA composition.
This tendency holds for all the chain lengths studied
here. The alternating polyamphiphile demonstrates the
highest value of ø̃0. For relatively short chains studied
in this work, the value ø̃0 was found to be dependent
upon chain length N. In the case of proteinlike copoly-
mers, we found that the ø̃0 value decreases from 1.58 to
1.09 when N is increased from 31 to 255. Alternating
copolymers behave otherwise: the ø̃0 value increases
from 1.61 to 2.71 when N varies from 31 to 255.

Note that the average block length of 127-unit pro-
teinlike sequence is almost the same as for the multi-
block sequence, L ≈ 3. However, the values of ø̃0 found
for these two copolymers are noticeably different: ø̃0 )
1.11 and ø̃0 ) 1.29 for proteinlike and multiblock
copolymers, respectively (see Figure 2a). Therefore, one

Figure 2. (a) Expansion factor, RR ) Rg
2/R0g

2, as a function
of the quality of the solvent, ø̃, in a log-log scale for (9)
alternating, (b) multiblock, and (2) proteinlike copolymers
with hydrophobic chain length N ) 127. Dashed line shows
the value of RR for a phantom chain. (b) Derivatives ∂RR(T)/∂T
calculated after smoothing of the simulation data and subse-
quent numerical differentiation plotted vs ø̃ in a semilogarith-
mic scale.
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can conclude that the properties of proteinlike copoly-
mers are determined mainly by the specific design of
their sequence rather than by the average blockiness
of the sequence. This can be explained by the presence
of the long-range correlations in the primary sequences
of proteinlike copolymers. As has been shown, these
correlations obey the so-called Levy flight statistics with
a high dispersion and a slow (exponential) decrease in
the block length probability.32 There are two physical
factors that influence the chain contraction of random
(quasi-random) copolymers: the average block length,
L, and the dispersion of L. It is known that an increase
in L promotes the transition from swollen to contracted
state while a larger dispersion leads to an opposite
effect.33 For a sufficiently long proteinlike sequence, very
long blocks can be found in it, and it is this factor that
plays a dominant role. As the total chain length
increases, the difference in the behavior of regular
copolymers, having a fixed L, and proteinlike copoly-
mers, for which L gets larger, becomes more and more
pronounced. Even for relatively low fraction of long
blocks in the chain, their effect can be decisive. This is
precisely the major reason behind the specific behavior
of proteinlike copolymers, including the way of self-
organization.

At a larger undercooling, after reaching the RR ) 1
state, chains may achieve some partially ordered con-
formations. We stress here that in our simulation an
ordered conformation should not be viewed as a unique
state, but as an average over (closely related) conforma-
tions whose number is still very large, though strongly
reduced in comparison with a coillike state.

Figure 2a shows that the chains undergo a transition
to a compact (folded) state from an ensemble of unfolded
configurations. For alternating and proteinlike copoly-
mers with N ) 127 the chain contraction is a two-stage
process, while a multiblock amphiphilic chain of the
same length undergoes a single continuous transition.
The reason for a two-stage transition for alternating and
proteinlike copolymers observed in Figure 2a will be
explained later. Here we would like to emphasize the
following two points connected with this result. (i) The
number of steps (stages) in the collapse transition
depends on the chain length N. The shorter is the chain,
the smaller is this number. Our data (not presented
here) show that short enough chains always exhibit a
single-stage collapse transition and that the number of
steps is increasing with the increase of N. (ii) For a
multistage process, only the transition related to the
highest value of ø̃ leads to the formation of the final
globule. The corresponding transition temperature T*,
or interaction parameter ø̃*, can be estimated from the
inflection point on the RR(T) curve.

The derivatives ∂RR(T)/∂T calculated after smoothing
of the simulation data and subsequent numerical dif-
ferentiation are plotted versus ø̃ in Figure 2b. They
exhibit pronounced peaks, which signal a transition. We
see that for alternating and proteinlike copolymers there
are two peaks reflecting a two-stage scenario of the
chain contraction, while one peak is observed for multi-
block copolymer. The wider peaks in the region of small
ø̃ can be attributed to the initial contraction of the
swollen chain while the final transition to a collapsed
state with RR < 1 is associated with the more narrow
peaks at larger ø̃. It is natural to consider the ø̃* value,
corresponding to these low-temperature peaks, as a
critical parameter at which the final contraction of the

chain takes place. Note that in order to estimate ø̃* or
T*, it is easier to use the radius of gyration (or RR) than
the specific heat. At ø̃ < ø̃*, the polymer is in somewhat
expanded conformation and collapses when ø̃ becomes
larger than ø̃*, indicating a final contraction of the
chain. In the range ø̃ > ø̃*, an increase in ø̃ results in a
consistent decrease in RR, suggesting that the size of
the polymer decreases progressively toward more com-
pact and organized structures. We can refer to this
regime as the molten globule state.34,35

The reason for multistage coil-globule transition
which we observed for some of the sequences and chain
lengths can be explained by specific contraction mech-
anism first described for amphiphilic homopolymers in
our previous article.21 The conformational transitions
characteristic of such polymers resemble in some as-
pects the coil-to-helix transition36 or the so-called zip-
ping transition.37 Both these mechanisms arise mainly
from strong attractive interactions among near neigh-
bors along the chain, resulting in the local chain
crumpling. In other words, chain contraction arises from
elementary structures that are controlled by local
contacts, which eventually build the hydrophobic nucleus,
while contacts between the sections distant along the
chain are practically not possible. As a result, the
collapse of sufficiently long chains first occurs as intra-
chain self-organization on a local scale. Therefore, this
is not a true coil-to-globule transition1 and actually not
a phase transition at all. It is clear that this specific
behavior is due to strong H-P repulsion that leads to
the resulting microstructures with strongly segregated
hydrophilic and hydrophobic regions. Generally speak-
ing, the multistage contraction observed in Figure 2 can
be explained as the formation of initial compact micro-
domains, which gradually increase in size and merge
with each other before reaching a point ø̃* corresponding
to transition into final globular structure.

b. Hydrophobic Clusters. To analyze in more
details the process of intrachain self-organization ob-
served for HA copolymers, we calculated the ø̃ depen-
dence of the average size of hydrophobic clusters.

To determine whether a particle in our system is free
or clustered, we need to define what is a cluster. In the
present study, this is a geometric notion. We identify
two hydrophobic beads belonging to a cluster when they
are not connected by “chemical bond” and the distance
separating them is r e r0 (see eq 1). Any bead not
belonging to a cluster is defined as “free” bead. With
this definition, we found the average hydrophobic
cluster size 〈m〉.

Figure 3 presents the ratio 〈m〉/N as a function of ø̃
for 127-unit HA copolymers. For all the copolymers, we
have 〈m〉 ≈ 1 in the high-temperature region (at ø̃ j
1/2). At sufficiently large ø̃, practically all H beads are
assembled into a single cluster with 〈m〉/N ≈ 1. Heating
leads to the destruction of this cluster. In the case of
alternating and proteinlike chains, the cluster disinte-
grates in a jump-wise manner slightly below the transi-
tion value ø̃*. This results in the formation of hydro-
phobic “splinters” of smaller size. It is interesting to note
that for 127-unit alternating copolymer these “splinters”
have practically equal size, i.e., 〈m〉/N ≈ 1/2. For pro-
teinlike copolymer, however, the hydrophobic beads are
distributed between hydrophobic domains in a some-
what different way. From the analysis of the cluster size
distribution function (not shown) we found that in this
case there is a single large “splinter” and many small
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clusters as well as free H beads. For a regular multi-
block copolymer, the single-cluster state becomes de-
stabilized at ø̃ < ø̃* and then smoothly disintegrates
with heating; the behavior similar to that seen in Figure
2a.

c. Visual Analysis. The most direct approach to
investigate the spatial organization of the microstruc-
tures observed in the simulation is to look at their
snapshots. For the case N ) 127, typical snapshots are
shown in Figure 4a-d. At ø̃ j ø̃* we see that the
copolymer with alternating HA pattern forms two
approximately equal clusters connected by a short
stretched chain section (Figure 4a). Generally, we
observed the same conformations for multiblock copoly-
mers in the pretransition region, but for longer chains.
With worsening solvent quality, both terminal clusters
move toward the common center of mass by “eating” the

stretched section. This leads to the formation of an
elongated compact object (Figure 4b). It is the transition
between the conformations of Figures 4a and 4b that
corresponds to jumps in Figures 2 and 3.

On the other hand, proteinlike copolymer of a given
length forms at ø̃ j ø̃* an intermediate conformation
with bulky head and long tail (Figure 4c); at larger
values of N, two tails or long loop sections can be
observed. When the solvent is made poorer, the globular
core “swallows” the tail section, and the resulting
microstructure has nearly spherical geometry (Figure
4d). The transition between the conformations shown
in Figure 4c,d is also occurring with pronounced coop-
erativity, which is the reason for the inflection point in
Figure 2a at high values of ø̃.

It should be emphasized that the morphology of the
final compact globule dramatically depends on copoly-
mer sequence, especially for large N. As an example,
we present in Figure 4e a snapshot picture illustrating
the compact conformation of alternating copolymer with
255-unit hydrophobic chain at ø̃ ) 5.9. It is seen that
at very poor solvent quality for hydrophobic groups the
polymer forms a cylindrical-shaped object. An analogous
conformation is observed for long multiblock copolymers.
Upon further visual inspection of these conformations,
we find that the hydrophobic chain is in an irregularly
folded (crumpled) state, forming the heart of the cylin-
der.

For intermediate values of ø̃, the contraction of long
alternating copolymers causes the formation of neck-
lacelike structures, which are similar to that shown in
Figure 4a, but these structures consist of the larger
number of “pearls” of hydrophobic groups surrounded
by hydrophilic groups. Generally, similar microstruc-
tures have been predicted under poor solvent conditions

Figure 3. Ratio 〈m〉/N (〈m〉 being the average hydrophobic
cluster size) as a function of the quality of the solvent, ø̃, in a
semilogarithmic scale for (9) alternating, (b) multiblock, and
(2) proteinlike copolymers with hydrophobic chain length N
) 127.

Figure 4. Snapshot pictures illustrating typical conformations of the amphiphilic copolymers: (a, b) alternating copolymer with
hydrophobic chain length N ) 127 at (a) ø̃ ) 2.71 and (b) ø̃ ) 5.90; (c, d) proteinlike copolymer with N ) 127 at (c) ø̃ ) 1.10 and
(d) ø̃ ) 5.90; (e) alternating copolymer with N ) 255 at ø̃ ) 5.90. Hydrophobic beads are shown as small red spheres, and hydrophilic
beads are presented as larger green spheres. The sizes of all the spheres are schematic rather than space filling.
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for amphiphilic homopolymers (poly-A) in our previous
simulation.21 They were observed in the present study
also for sufficiently long multiblock copolymers. All
these nonspherical microstructures, whose state is
liquidlike, are thermodynamically stable.

For copolymers with proteinlike sequence we always
observe the formation of dense spherical globules with
well-separated hydrophobic and hydrophilic domains,
similar to that shown in Figure 4d. Such behavior can
be explained as follows. If we assume that the main
driving force to form dense globules is a reduction of
the exposed hydrophobic area, then one would expect
spherically shaped aggregates to be energetically more
favorable as they have the smallest area compared to
volume. In fact, the sequence of proteinlike copolymers
is specially tuned to form a spherical aggregate with a
dense hydrophobic core and a hydrophilic shell. Nearly
spherical aggregates are also possible for short regular
multiblock copolymers.

On the other hand, large spherical aggregates from
regular long-chain amphiphilic copolymers of the same
HA composition are geometrically impossible without
“structural defects”, i.e., the inclusions of hydrophilic
groups inside the hydrophobic core. In other words,
small blocks along the chain cannot avoid unfavorable
internal H-P contacts. In this case, the minimum of
free energy can be attained only for nonspherical core
geometries, when each hydrophobic group is close to core
surface while all the hydrophilic side groups are posi-
tioned outside the hydrophobic core.38,39 In other words,
in an aggregate of elongated geometry, the energetically
unfavorable inclusions of hydrophilic groups can be
avoided, albeit at the cost of an increase in the surface
free energy (for more details, see refs 21, 38, and 39).
We will see below that these features are very important
for understanding the aggregation processes in a mul-
tichain system.

d. Polymer Shape. To get a better feeling about the
shape of the whole macromolecule, we also computed
the gyration tensor describing the mass distribution
given by

where δ is the Kronecker delta, xRi (i ) 1, 2, 3) are the
components of the position vector rR of the Rth chain
bead, and x0i (i ) 1, 2, 3) are the components of the
center-of-mass (COM) vector r0 ) N-1∑RrR, N being the
total number of beads in the chain. The three eigenval-
ues of R are denoted by R1

2, R2
2, and R3

2 (in ascending
order); Rg

2 is the sum of these three eigenvalues. The
ratios of these three eigenvalues, f1 ) R1

2/Rg
2, f2 ) R2

2/
Rg

2, f3 ) R3
2/Rg

2 (f1 e f2 e f3), k1 ) f1/f3, and k2 ) f1/f2,
determine the shape of the macromolecule. For a perfect
sphere, the three eigenvalues are equal and k1 ) k2 )
1. For an infinite cylinder, two of them are equal while
the third is infinite, i.e., k1 f 0 and k2 ) 1. For a sheet
(disklike object), one is finite and two are infinite so that
k1 ) k2 f 0.

Figure 5 presents the ratios k1 and k2 as a function
of ø̃ for alternating and proteinlike copolymers with
hydrophobic chain length N ) 31 and 255. It is seen
that in a thermodynamically good solvent (ø̃ j 1) the
average shape of the swollen chains weakly depends on
ø̃ and corresponds to a three-axis ellipsoid, a result well-

known for coillike chains.40 An increase in ø̃ is ac-
companied by well-pronounced variations in the polymer
shape. For short chains, N ) 31, as the solvent quality
gets worse and the chain size decreases, we observe a
structural transition from the initial coillike state to
nearly spherical conformations with k1 ≈ k2 f 1,
regardless of sequence. The proteinlike copolymer with
relatively long backbone (N ) 255) undergoes a smooth
transition from elongated ellipsoid to a spherical object,
while the alternating copolymer of the same length
transforms into a stretched cylindrical-shaped confor-
mation (k1 f 1 and k2 , 1), which becomes more
asymmetric as the effective solvent quality worsens. Of
course, proteinlike globules are not perfect spheres due
to thermal fluctuations, but their shape does not deviate
strongly from a spherical form. By definition, the
proteinlike copolymer itself is a prefabricated spherical
aggregate. It should be also kept in mind that the shape
of intermediate necklacelike structures predicted for
regular block copolymers is quite close to cylindrical.
This picture is clearly captured also in snapshots from
simulations.

Using the shape factors fi, one can define the asphe-
ricity parameter, Rs, which is another useful quantifica-
tion of the average shape

This value has a minimum, Rs ) 0, which occurs for a
perfect sphere. It is nonzero for an ellipsoid, with a
maximum, Rs ) 1, in the limit of a long thin cylinder.
In cases where a cylinder begins to broaden, the
asphericity parameter decreases. An aggregate can be
considered spherical if Rs < 0.1. Figure 6 presents the
asphericity parameter for strongly collapsed alternating,
multiblock and proteinlike copolymers with different
hydrophobic chain length. We see that proteinlike
copolymers in the collapsed state have a nearly spherical
shape for all the chain lengths considered. The shape
of regular copolymers begins to distinctly deviate from
spherical at N > 127, and then it approaches a cylindri-
cal shape with increasing chain length.

Figure 5. Ratios k1 and k2 as a function of the quality of the
solvent, ø̃, in a semilogarithmic scale for (9) alternating and
(b) proteinlike copolymers with hydrophobic chain length (a)
N ) 31 and (b) N ) 255.

Rs )
1

2
∑

i>j)1

3

(fi - fj)
2 (6)

Rij ) (δijδkl - δikδjl)∑
R)1

N

(xRi - x0i)(xRj - x0j);

i, j, k, l ) 1, 2, 3; i * l, j * k (5)
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e. N Dependence. For a homopolymer chain in the
scaling regime (at N . 1), it is known that Rg ∝ Nν,
where ν depends on the solvent conditions: ν ≈ 0.59
for a swollen chain and ν ) 1/3 for a collapsed chain.1,2,41

However, taking into account the results discussed
above, one can expect that the behavior of elongated
cylindrical-shaped aggregates observed for regular am-
phiphilic copolymers in a poor solvent should be differ-
ent. Indeed, as has been found in ref 21 for long-chain
homopolymer amphiphiles, the formation of highly
anisotropic conformations can lead to the Rg ∝ N0.9

scaling.
Figure 7 shows the mean-square radius of gyration

Rg
2 as a function of the hydrophobic chain length N for

the strongly collapsed alternating, multiblock and pro-
teinlike copolymers at ø̃ ) 23.0 in a log-log scale. For
proteinlike copolymers with strong intrachain hydro-
phobic attraction, a fit to the simulation data yields a
scaling exponent of ν ≈ 0.28, fairly close to the value of
ν ) 1/3 expected for strongly collapsed chains with a
spherical geometry. On the other hand, for alternating
and multiblock copolymers at N > 255, we find ν ) 0.895
and ν ) 0.86, respectively, somewhat less than the value
corresponding to a rigid-rod-like object with ν ) 1.

It is clear that the cross section of a cylindrical-shaped
aggregate is determined by the length of hydrophobic
chain section separating amphiphilic sections. Because
the dense cylindrical core exists as essentially a polymer
melt, the hydrophobic sections of length L should obey
the Flory theorem,27 i.e., have a Gaussian size of the
order of L1/2 at L . 1. Therefore, the cylindrical cross

section can be estimated as σL1/2, and the N-unit chain
filling the hydrophobic core can be represented as an
effective chain consisting of N/L renormalized monomer
units of size σL1/2. Because of large stiffness of this
renormalized “superchain”, we expect that its size
should behave as Rg ∝ σN/L1/2 even at N . 1. The fact
that the scaling exponents found here are smaller than
this prediction is likely due to the fact that the values
of N studied in our simulation are close to, though not
yet in, this scaling regime. From the data of Figure 7,
we see that the behavior observed for Rg tends to be
closer to the Rg ∝ N scaling with increasing chain
length.42 It is easy to understand that for larger L the
discussed asymptotic regime should be reached for
larger N. That is why, almost for all the chain lengths
considered in this paper for multiblock copolymers, we
in fact deal with a crossover region.

2. Multichain System. In this section, we describe
and compare the results of simulations for two multi-
chain systems corresponding to alternating and pro-
teinlike copolymers. Therefore, multiblock sequences are
not considered here.

The multichain systems consisting of 127-unit alter-
nating and proteinlike copolymers were simulated for
the range of the ø̃ parameter up to 4.06. As we have
seen, under these conditions, single chains can form
strongly collapsed conformations. For large values of ø̃
distinctly larger than the critical value ø̃* for globule
formation, the multichain simulation can be trapped in
metastable states. This is the reason why we have
performed simulations only in the vicinity of the coil-
to-globule transition temperature and not at tempera-
tures far below this transition temperature.

To avoid metastable states, especially for large values
of ø̃ (or at low temperatures, T e 1.0 ε/kB), most of the
runs were started in different initial states. In some
runs, the systems were started in a state with a random
distribution of coillike chains inside the simulation box
and ø̃ ) 0. This system can be thought of as a reference
system that is not “colored” yet, i.e., having the extra
interaction (eq 2) between H and P sites set to zero, ψ
) 0. Then, after a long equilibration, the interaction
parameter ø̃ was increased very slowly toward a desired
level. In other runs the reverse procedure was employed.
In this case, the system was started from an ordered
configuration with collapsed chains and a strong inter-
action parameter ø̃. A required thermodynamic state
was then generated by decreasing ø̃. Quantities relevant
to the present study are the site-site pair correlation
functions and static structure factors, providing infor-
mation on density distribution and order in the system
as well as the internal energy, the radius of gyration,
etc.

a. Thermoreversibility. We found that for the
simulated multichain systems the transitions between
different temperature states corresponding to expanded
and collapsed polymer conformations are thermody-
namically reversible. As an example, let us consider the
transitions from the low-temperature regime (the globu-
lar state, T ) 1.0 ε/kB) to the high-temperature regime
(the coillike state, T ) 4.0 ε/kB) and then back to the
low-temperature regime (T ) 1.0 ε/kB). After each of
these runs, the temperature was monotonically raised
(dropped) and again held constant for another (higher/
lower) temperature for equilibration. Figure 8 shows the
time evolutions of the reduced potential energy per
particle, v ) U/εnN (where U is the total potential

Figure 6. Asphericity parameter as a function of hydrophobic
chain length, N, in a semilogarithmic scale for strongly
collapsed (9) alternating, (b) multiblock, and (2) proteinlike
copolymers at ø̃ ) 23.0.

Figure 7. Mean-square radius of gyration Rg
2 as a function

of the hydrophobic chain length N in a log-log scale for (9)
alternating, (b) multiblock, and (2) proteinlike copolymers at
ø̃ ) 23.0. The limiting slopes are shown near the corresponding
curves.
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energy calculated at each time-step), and the squared
radius of gyration for the multichain system composed
of 127-unit amphiphilic copolymers with alternating
distribution of H and A groups. As can be seen, the
temperature transitions between the globular state and
the coillike state are thermodynamically reversible,
thereby indicating that the system under study does not
get trapped in metastable states. The same is true for
proteinlike copolymers. Below, we focus on the system
morphology, which is characteristic of these tempera-
ture regimes.

b. Connolly Surfaces. For visual analysis of the
simulated configurations, we employ the technique
based on the construction of three-dimensional Connolly
surfaces.43,44 In this way, the global system morphology
can be studied. The snapshots of the low-temperature
configurations (ø̃ ) 4.06) show that in this regime no
large-scale aggregation of individual globules is ob-
served for the multichain systems, implying that in this

case the system lies in the stable one-phase region
(Figure 9). This conclusion follows from very long MD
simulations carried out at equilibrium. The same quali-
tative picture emerged when we repeated the simulation
starting from different initial states: again, a stable
array of globules was formed. In this respect, the
behavior observed for the model amphiphilic copolymers
is similar to that found for charged hydrophobic-
hydrophilic proteinlike chains.18 The simulation predicts
the formation of specific microphase-separated mor-
phologies in which strongly attracting hydrophobic
chain sections form a distinct population of globules
which are stabilized by a dense layer of hydrophilic
beads. It is clear that the driving force for the mi-
crophase separation is competing interactions, that is,
the strong attraction between the hydrophobic groups
and repulsive interactions associated with the hydro-
philic species. One may say that the intramolecular
microphase separation prevents intermolecular ag-
gregation, thus stabilizing the solution of globules.

Thus, under poor solvent conditions, we observe a
stable solution of nonaggregating polymer globules
which are well-separated from each other and form an
array of colloidlike particles. Because of the fact that
the amphiphilic globules are size- and shape-persistent
objects, this allows them to maintain their morphologi-
cal integrity even in concentrated enough solution.

c. Gyration Radii. From the partial mean-square
radii of gyration calculated separately for hydrophobic
and hydrophilic beads, RgH

2 and RgP
2, one can define

the following characteristic ratio: ú ) RgP
2/RgH

2 which
takes into account both the properties of compactness
and solubility for a heteropolymer globule.5 (Compact-
ness is directly related to the mean size of hydrophobic
core, whereas solubility should dependent on the size
of the hydrophilic shell preventing the aggregation.) In
Figure 10, we show the ratio ú as a function of the
interaction parameter ø̃. We find that this quantity is
an increasing function of ø̃. Qualitatively the same
picture is observed for isolated chains. Such behavior
is due to the fact that, as the attraction between H
segments increases, the value of RgP

2 decreases more
slowly than RgH

2, thus leading to demixing of H and P
segments and facilitating their intramolecular mi-
crophase separation. This trend is more pronounced for

Figure 8. Time evolutions of (a) the reduced potential energy
per particle, v ) U/εnN (where U is the total potential energy
calculated at each time step) and (b) the squared radius of
gyration for the multichain system composed of 127-unit
amphiphilic copolymers with alternating distribution of H and
A groups.

Figure 9. Snapshot pictures representing the three-dimensional Connolly surfaces generated for the low-temperature
configurations (ø̃ ) 4.06) of the multichain systems composed of the 127-unit amphiphilic copolymers with (a) alternating and (b)
proteinlike distribution of H and A groups along the chain. The surfaces were generated only for the subsystem of hydrophobic
chain beads, using a probe particle radius of σ/2. For visual clarity, hydrophilic side groups are intentionally not shown.
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the proteinlike copolymers than for the alternating
copolymers, suggesting an idea that the former should
be more protected against intermolecular aggregation.

d. Pair Correlation Functions. The local structure
of the simulated systems was examined via different
pair correlation functions g(r) (PCF). They include the
H-H, P-P, and chain-chain (CC) correlation functions.
The latter describes the spatial distribution of centers-
of-mass of copolymer chains. It helps us to understand
the structural difference between two systems built up
from cylindrical and spherical globules. Using the gcc-
(r) function, we can also estimate how close two globules
may come to each other in a typical collision. Below, we
will focus mainly on the features of this PCF.

Figure 11 shows the gcc(r) function for a few different
values of ø̃. Although the averaging was performed over
very long runs, there is still substantial statistical noise
in the simulation results, especially at short distances.
For interpenetrating chains, gcc(r) is expected to be
constant and equal to unity for all distances. However,
we see that it exhibits nonrandom structure. In par-

ticular, when macromolecules are in coillike state (ø̃ e
1.0), there is a wide region at short distances where gcc-
(r) is smaller but comparable with unity. This means
that the chains can interpenetrate, although not freely.
Such behavior is well-known for interacting polymer
coils in a good solvent (see, e.g., ref 45). At larger values
of ø̃ corresponding to globular state, we observe the
development of a correlation hole with gcc(r) ) 0 for
chain-chain distances r smaller than roughly 5σ and
7σ for the systems of alternating and proteinlike co-
polymers, respectively. The correlation hole becomes
wider and moves to longer distances with increasing ø̃.
This fact indicates that polymers, being in globular
state, cannot come closer together than this distance.
Indeed, in this case the potential of mean force defined
as vcc(r) ) -kBT ln[gcc(r)] becomes practically infinite.
Thus, we can draw the following conclusion: under
conditions corresponding to a poor solvent, when the
chains are in a globular state, there is a very strong
repulsive interaction pushing globules away from each
other and thus preventing their merging into a single
large cluster. This conclusion is supported by a visual
inspection of a large number of snapshots similar to
those shown in Figure 9.

Also, from Figure 11 it is seen that the behavior of
the two systems under study is different. In particular,
the gcc(r) function calculated for the system of alternat-
ing copolymers at ø̃ > 1.6 shows two peaks at short and
larger interchain separations, while we find a single
pronounced peak for the solution of proteinlike copoly-
mers. Clearly, these features of the intermolecular pair
correlation function are connected with the different
three-dimensional packing of the collapsed chains hav-
ing different conformation (spheres vs cylinders).

For the system of proteinlike copolymers, the follow-
ing question arises: whether the packing of spherical
globules leads to a liquidlike arrangement with signifi-
cant structural fluctuation or an ordered body-centered-
cubic (bcc) array of distinct spheres exists. Some aspects
of this problem can be examined by comparing the
simulation results with the predictions of simplified
models. To this end, we considered the model of “inflated
balls” that is a system of large soft spheres interacting
via a shifted (repulsive) LJ potential (1) in which the
parameter σ is set to a large value. We have simulated
the system composed of n ) 27 balls enclosed into a
periodic box of the same size as in the calculations
discussed above. During the initial phase of the simula-
tion, the size of the balls was progressively increased
from σ ) 1 to σ ) 10 so that after equilibration the
system had nearly bcc structure. Note that in this
simulation the strongly repulsive large balls can only
fluctuate around its average positions but cannot dif-
fuse. The results are shown in Figure 11b where we
present the pair correlation function g(r). One sees that
the PCF obtained for this oversimplified model is close
to the center-of-mass PCF found for the system of
proteinlike copolymers at poor solvent quality. In par-
ticular, the positions of the main peaks, r1, are practi-
cally coinciding, r1 ) 8.9σ. Therefore, the structural
organization of the polymer system under these condi-
tions is close to a slightly eroded bcc array formed by
soft “inflated balls”. Similar morphologies are charac-
teristic of strongly charged particles (e.g., they have
been observed for dense one-component plasma at very
strong electrostatic repulsion46).

Figure 10. Ratio ú ) RgP
2/RgH

2 as a function of the interaction
parameter ø̃ in a semilogarithmic scale for the 127-unit (9)
alternating and (b) proteinlike chains in the corresponding
multichain systems.

Figure 11. Center-of-mass pair correlation function gcc(r) for
the multichain systems composed from (a) alternating and (b)
proteinlike amphiphilic copolymers for three different values
of the interaction parameter ø̃. (b) The results obtained for
the system of 27 “inflated balls” (see the text) are shown by
the dash-dotted line.
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e. Structure Factors. Further evidence for the
formation of the stable nonaggregated structure of
globules similar to strongly interacting charge-stabilized
suspensions or charged microgels19,20 can be gained from
the analysis of structure factors, S(q), which character-
ize the spatial organization of the system as a whole.
We have calculated the partial static structure factor,
SH(q), that reflects the arrangement of the hydrophobic
component in space and is defined as a decomposition
of the total structure factor in the following way:

where i ) x-1, q is the wavenumber, and NH ) nN is
the number of hydrophilic sites in the system. The
normalization for SH(q) is SH(0) ) kBTFHøT, where FH )
NH/V is the partial number density and øT denotes the
compressibility.

The function SH(q) is presented in Figure 12 for three
different values of ø̃. Although there are technical
problems connected with the calculation of SH(q), due
to the fact that it is strongly influenced by finite size
effects (especially at small q), from Figure 12 we can
definitely see that for both systems the function SH(q)
has an intensive “small-angle” peak for the regime
corresponding to a poor solvent. At ø̃ < 1, the magnitude
of H-H correlations appears to be relatively insensitive
to ø̃ and negligibly small as compared to that observed
for poor solvent conditions. The main maximum of SH-
(q) implies that the systems are spatially inhomoge-
neous at the intermediate scale related to the average
interchain distance. The scattering intensity increases
as the solvent becomes poorer. The position of the main
peak, q*, is determined by the interchain correlations
at relatively long distances and connected with the
correlation holes seen in Figure 11 for the chain-chain
PCF. Indeed, the characteristic wavenumber q* deter-
mines the average distance r*, given by the Bragg
condition r* ) 2π/q*, between scattering objects; e.g.,
at ø̃ ) 4.06 we find r* ) 6.9σ and r* ) 7.2σ for the
alternating and proteinlike copolymer systems, respec-

tively, the values which are close to the size of the
corresponding correlation holes (see Figure 11). If we
assume a uniform distribution of nonaggregated spheri-
cal globules in the simulation box, we obtain the
following estimation: r* ) Lboxx3n ) 8.33σ. This value
is close to the results presented above. On the other
hand, for uniformly distributed dimers formed by the
aggregated globules this distance would distinctly in-
crease (r* ) Lbox/x3n/2 ≈ 11σ) and would become even
longer for trimers and larger aggregates. All these
findings indicate that in this temperature regime we
indeed deal with a system of single-chain nonaggregated
(or weakly aggregated) globules, which repel each other
because they are covered with a dense hydrophilic
“skin”, as it has been shown in the previous subsection.

Therefore, we observe no large-scale aggregation or
phase separation for a system containing amphiphilic
globules simulated with our side-chain HA model. This
is in noticeable contrast with the predictions for am-
phiphilic linear HP models6-9,47 which do not treat
hydrophilic side groups explicitly.

f. Aggregation Numbers. Although the existence of
separated single-chain globules is a prevalent structural
motif for both systems in a poor solvent, nevertheless,
we observed the episodical formation of intermolecular
aggregates: when the temperature becomes progres-
sively lower, the amphiphilic globules (“unimers”) can
stick together, forming pairs, trimers, and (very seldom)
multimers.48 Association and dissociation is an equilib-
rium process leading to a size distribution of the
intermolecular aggregates. To describe this process, we
analyze the average aggregation numbers.

In the simulation, an amphiphilic chain is considered
to belong to an intermolecular aggregate if any of its
hydrophobic part touches a neighboring hydrophobic
part from another chain. If there are no such intermo-
lecular contacts present, the chain is considered as a
unimer. The size of an aggregate defined in this way is
described by the aggregation number 〈M〉, which is the
average number of macromolecules in the aggregate.
This quantity can be calculated as 〈M〉 ) ∑MMW(M) or
as 〈M〉 ) 〈m〉/N, where W(M) is the cluster size distribu-
tion function, 〈m〉 is the total average size of the
hydrophobic cluster present in the simulation box, n is
the number of the chains, and N is the length of
hydrophobic chain. Obviously, without any attraction
between hydrophobic sites (i.e., at ø̃ ) 0) the time-
averaged cluster size distribution function and the
corresponding mean aggregation number are deter-
mined by random contacts between these sites and
depend primarily on their number density. In this case,
one can expect that 〈M〉 , 1. For an infinitely dilute
solution of nonaggregated globules (at ø̃ . 1) we
anticipate that 〈M〉 ≈ 1. The formation of intermolecular
aggregates would result in 〈M〉 > 1.

Taking into account the estimates given above for 〈M〉,
let us look at the simulation data presented in Figure
13 for the two systems simulated at different values of
ø̃. We see that with the “strict” definition of hydrophobic
cluster used in our calculation (r e r0, cf. eq 1) the
proteinlike globules practically show no intermolecular
aggregation: for the whole range of values of ø̃ consid-
ered, we find that 〈M〉 e 1. Of course, the value of 〈M〉
is strongly affected by the particular choice for the
contact distance r0 (it increases with r0). In contrast to
the proteinlike chains, we observe that the alternating
copolymers tend to form small aggregates with 〈M〉 g 2

Figure 12. Partial static structure factors, SH(q), calculated
for hydrophobic chains of the multichain systems composed
from (a) alternating and (b) proteinlike amphiphilic copolymers
for three different values of the interaction parameter ø̃.

SH(q) )
1

NH
∑
R)1

NH

∑
â)1

NH

〈exp(iq‚rRâ)〉 (7)
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when the hydrophobic attraction becomes sufficiently
strong. Thorough inspection of the snapshot pictures
corroborates this observation. From the snapshots it is
also seen that the cylindrical globules can stick together
by their ends, forming elongated multiglobular struc-
tures composed from stable individual globules con-
nected between each other in a linear fashion.

g. Aggregation Free Energy. An alternative way
to study the process of cluster formation is to monitor
the change in the corresponding free energy, ∆G. To this
end, following the standard quasi-chemical approach,49

we can treat the polymer solution as a multicomponent
system, where intermolecular aggregates of different
size (AM, M > 1) are present in equilibrium with
unimers (A1), A1 a AM. These species are treated as
distinct chemical components, each characterized by its
own solution concentration and chemical potential. The
concentrations [A1] and [AM] of the species (or their mole
fractions) can be found via the integration of the center-
of-mass PCF; this gives an estimate for the overall
association equilibrium constant K and ∆G, which is the
difference in the standard Gibbs free energy between
chains belonging to intermolecular aggregates and
unimers (for more computational details, see the Ap-
pendix). When ∆G < 0, it is energetically favorable for
the chains to merge. If ∆G > 0, the unimers are
favorable.

The calculated values of ∆G are presented in Figure
14 as a function of the interaction parameter ø̃. As seen,
lowering the temperature, or equivalently, increasing
the interaction parameter ø̃, shifts the equilibrium A1
a AM (M g 2) in the system of proteinlike copolymers
toward the nonaggregated state, and this is reflected
in Figure 14 as an increase in ∆G. At first sight, such
behavior is somewhat counterintuitive. Actually, from
a general consideration it would be possible to expect
an opposite behavior, when worsening in the solvent
quality facilitates the aggregation and thus reduces the
aggregation free energy. However, the observed behav-
ior becomes quite clear if one takes into account the
results discussed above. An increase in the free energy
is explained by the appearance of dense hydrophilic
shell around the formed spherical globules, which serves
as a practically insurmountable energy barrier prevent-
ing the aggregation. When the solvent becomes poorer,
chains are compressed, and this is accompanied by
strengthening this hydrophilic “protective barrier”. On

the other hand, the free energy of aggregation estimated
for the system of alternating copolymers weakly de-
pends on the solvent quality and remains close to zero
for all values of the energy parameter ø̃ examined here
(see Figure 14). This behavior also can be understood
on the basis of the data about the conformational
structure of this copolymer. Since at the same HA
composition the cylindrical globules have the larger
surface-to-volume ratio, the hydrophilic shell is not so
dense, and therefore, it does not ensure a sufficient
protection, while for the proteinlike copolymers rather
high densities of the hydrophilic shell are reached. Such
a behavior can be also expected from the data presented
in Figure 10. Moreover, the thorough analysis of globu-
lar conformations shows that this layer is almost absent
near the faces of the cylinder. These facts explain the
more expressed tendency of regular copolymers toward
the aggregation in solution. Nevertheless, we emphasize
that, similar to proteinlike copolymers, in this case the
large-scale aggregation of macromolecules is not ob-
served, at least for the range of the parameters and the
time scales studied here.

IV. Concluding Remarks
In this paper we have developed a minimal (“black-

and-white” or, more precisely, “black-and-gray”) model
of hydrophobic/amphiphilic (HA) copolymers, with the
understanding that many features not present in it can
later be easily incorporated. In contrast to the standard
two-letter “beads-on-a-string” HP model,3,4 our “side-
chain” HA model incorporates the dualistic nature of
amphiphilic monomer units, each consisting of hydro-
phobic and hydrophilic interaction sites. With this
model, we have reported on the results of molecular
dynamics simulations of the hydrophobically driven
conformational transitions under the variation of sol-
vent conditions, both for single-chain and for multichain
systems. A principal conclusion from the model is that
many of the general features of amphiphilic copolymers
can be predicted from simple and nonspecific interaction
potentials.

We have simulated single HA copolymers with the
same HA composition but with different distributions
of H and A monomer units along the main hydrophobic
chain, viz., regular copolymers comprising H and A units
in alternating sequence, regular multiblock copolymers
composed of H and A blocks of equal lengths, and the
quasi-random proteinlike copolymers13 having quenched
primary structure. Under poor solvent conditions for

Figure 13. Average aggregation number as a function of the
quality of the solvent, ø̃, in a semilogarithmic scale for the
multichain systems of (9) alternating and (b) proteinlike
copolymers.

Figure 14. Aggregation free energy ∆G as a function of the
interaction parameter ø̃ in a semilogarithmic scale for the
multichain systems of (9) alternating and (b) proteinlike
copolymers.
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hydrophobic segments, all the copolymers form compact
conformations, irrespective of the primary structure.
However, the morphology of these conformations dra-
matically depends on copolymer sequence, especially for
long chains. We have shown that single proteinlike
polyamphiphiles can readily adopt conformations of
compact spherical globules with the hydrophobic chain
sections clustered at the globular core and the hydro-
philic side groups forming the envelope of this core and
buffering it from polar solvent. This morphology closely
resembles that of micelles50 or globular proteins. For
all the chain lengths studied, these structures are nearly
spherical with small fluctuations. For the range of the
hydrophobic chain lengths N simulated in this study (N
e 255), we have demonstrated that the chain size Rg
as a function of N behaves as Rg ∝ Nν with ν ≈ 0.28,
the exponent expected for collapsed chains.1,2,41

The globules of relatively short regular multiblock
copolymers (with a fixed block length of L ) 3 and N j
127) are also spherical or nearly so. On the other hand,
at poor solvent conditions, the compact conformations
of long regular copolymers tend to be elongated in one
direction, especially for alternating HA sequence. The
hydrophobic core formed by these copolymers increases
with chain length, in a manner that can be understood
on the basis of a uniform core which expands with chain
length in one direction, and a sharp hydrophobic/
hydrophilic interface whose width is essentially con-
stant. We have found that for sufficiently long chains
the formation of such conformations can lead to the Rg
∝ Nν scaling with 0.86 e ν e 0.89, although the range
of N that we could study was too small to draw definite
quantitative conclusions about this dependence. In our
previous simulations we have predicted the Rg ∝ N0.9

scaling for homopolymer amphiphiles with N e 1024.21

This behavior is connected with the formation of strongly
elongated core-shell conformations having a locally
cylindrical symmetry. This is due to strong intramo-
lecular segregation that reduces the number of ener-
getically unfavorable H-P contacts. Certainly, the steric
(excluded volume) interactions between hydrophilic side
groups also play an important role. In this connection
we would like to note that the side chains (groups)
incorporated in the minimalist linear models of proteins
can introduce more topological frustration but also serve
to steer model proteins into the proper configuration and
thus enhance the cooperativity of folding.51-53

We may add a few words about experimental evi-
dences of some facts predicted in the present simulation.
Kikuchi and Nose54 have reported on a systematic
experimental studies of poly(methyl methacrylate)-
graft-polystyrene (PMMA-g-PS) with short branches in
a selective solvent (isoamyl acetate) which is a good
solvent for PS. Under given solvent conditions, this
copolymer behaves as an amphiphilic copolymer, bear-
ing a resemblance to the model considered in our
simulation. At high branch density, the authors54 have
observed the formation of thermodynamically stable
unimolecular rodlike micelles formed via intramolecular
segregation of the PMMA backbone and PS branches,
with the shrunken PMMA backbone making the rodlike
core covered with PS chains. Also, it has been found that
the rod is not necessarily rigid, but may be flexible in
the weakly segregated state, and becomes more rigid
with stronger segregation upon decreasing temperature,
i.e., upon the progressive worsening of solvent quality
for the PMMA backbone. Selb and Gallot55 have dem-

onstrated that poly(styrene)-graft-poly(4-vinyl-N-eth-
ylpyridium bromide) forms unimolecular micelles in
water/methanol mixtures. These experimental results
can be treated as an indirect confirmation of our
conclusion that sufficiently long regular copolymers with
amphiphilic monomer units do form intramolecular
anisometric micellar structures in a poor solvent. The
presence of stable single-chain core-shell nanostruc-
tures in solution of amphiphilic copolymers has also
been observed by Wu and Qiu.56 Using a combination
of static and dynamic laser light scattering, they have
found that a linear poly(N-isopropylacrylamide) chain
grafted with poly(ethylene oxide) (PNIPAM-g-PEO) in
water can undergo a coil-to-globule transition to form
spherical single-chain aggregates with collapsed PNIPAM
chain backbone as the hydrophobic core and the grafted
short PEO chains as the hydrophilic shell. In general,
these colloidlike nanostructures are similar to those
observed in our simulation for proteinlike amphiphilic
copolymers.

We would like to emphasize that the physical picture
observed in the present simulation for coil-to-globule
transition, at least for regular copolymers, is generally
very close to that known for processes of micellization
in dilute solutions of surfactants.50,57 In fact, our HA
model displays a behavior that is rather common for
usual polysoaps that, due to their amphiphilic character,
are able to build up a variety of self-assembled struc-
tures in solution.58-60 In particular, the intermediate
necklacelike structure predicted for long regular am-
phiphilic copolymers may be considered as a string of
intramolecular micelles.61 Because of strong repulsive
interaction between their outer hydrophilic regions,
there is an energy barrier associated in bringing two
separated micelles together. It is clear that such a
situation is very similar to that characteristic of usual
low-molecular-weight surfactants, which form micelles
in a dilute solution.50 Unlike ordinary micelles, however,
intramolecular micelles need no critical concentration
of polysurfactants for their formation because under the
connectivity constraints there is no loss of translational
entropy. In other words, the configurational freedom of
a collection of amphiphilic groups is much more limited
when they are linked monomer units along a chain than
when they are detached independent surfactants. One
can say that the connectivity of the chain, on which the
amphiphilic groups are attached, forces the concentra-
tion of these groups to be locally very high even at bulk
polymer concentrations tending to zero. Chain con-
nectivity also imposes constraints on the packing of the
amphiphilic groups in compact conformations.

Also, we simulated the solution of short-chain alter-
nating and proteinlike copolymers. Because of compu-
tational difficulties, we have examined solutions only
with one concentration but at different temperatures
(solvent qualities). We intentionally assumed that the
solution concentration is sufficiently high so that the
chains in the globular state had a nonzero probability
of coming in contact. A study of the aggregation tenden-
cies of copolymers in a poor solvent was the main
purpose of this simulation. The transitions between
different temperature regimes have been found to be
thermodynamically reversible. This means that the
structural morphologies, corresponding to coillike and
globular conformations observed in the system, are
reversibly restored with a sequential change in the
temperature.
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Our main conclusion is that amphiphilic proteinlike
macromolecules do not manifest a visible tendency
toward the aggregation for the investigated conditions
when single chains form compact globules. In other
words, we have observed the thermodynamically stable
solution of nonaggregated globules even at relatively
high polymer concentration. Generally speaking, the
reason for this behavior is simple. It is known that low-
molecular-weight surfactants dramatically increase the
stability of polymers and are widely used to prevent
aggregation in polymer solutions.50 In our model, “sur-
factants”, i.e., amphiphilic A groups, are incorporated
into polymer chain, thus ensuring the stabilizing effect.
From the temperature dependencies of chain size and
aggregation free energy we can conclude that below the
collapse transition temperature there is free energy
barrier preventing the aggregation of copolymer glob-
ules. Therefore, in a macroscopic system, precipitation
of a macroscopic polymer-rich phase should be sup-
pressed. This is quite different from the solution of usual
linear polymers (both homo- and heteropolymers), where
the aggregation process in a poor solvent is not associ-
ated with a free energy cost and the aggregation is
taking place together with the single-chain collapse
transition.41 The situation with the alternating copoly-
mers is not so clear. Although in this case we also did
not observe the large-scale aggregation, which in a
macroscopic system has to be accompanied by polymer
precipitation, such copolymers were found to be capable
of forming sufficiently large intermolecular aggregates.
We explain these differences by the fact that the
spherical and cylindrical globules, formed by these two
types of copolymers, have hydrophilic shells with notice-
ably different density. Obviously, aggregation should be
less likely in a more dilute solution.

As has already been mentioned in the Introduction,
in recent years different groups tried to design nonag-
gregating heteropolymers.5-12 However, until now such
studies did not give a single valued positive result. In
our opinion, the basic reason for such failures lies in
the fact that in these works a study was limited only to
ordinary linear heteropolymer chains. Meanwhile, it is
far from clear that the desired result can be in principle
accessible on the basis of simple linear models in the
case of electroneutral heteropolymers, since in this case
there are no real ways of creating the insurmountable
(or very high) energy barriers, preventing large-scale
aggregation. It is interesting that this conclusion is in
general agreement with the recent study62 where it was
shown (both experimentally and theoretically) that
branched polymer amphiphiles are normally much
better surfactants than traditional linear analogues.

There are many further issues that can be addressed
by a computer technique and the model of the kind
presented here. It will be worthwhile to examine the
behavior of significantly longer amphiphilic chains as
well as the chains with rigid (semirigid) hydrophobic
backbone. The corresponding calculations are currently
being performed. An interesting issue is phase behavior
and transitions between different morphologies in dilute
and semidilute solutions. Of course, to compute phase
diagrams, a grand canonical ensemble is better than the
canonical ensemble used in this simulation, although
this step would entail vastly more computational effort.
One can also introduce dipole moments for side H-P
bonds and specific interactions (like hydrogen bonds)
for some of the chain units. It is expected that these

additional factors can result in the formation of in-
tramolecular secondary structures and lead to further
increase in globule stability.

Appendix
The aggregation of amphiphilic molecules into inter-

molecular clusters can be described, to first order, using
the general framework of reversible coagulation pro-
cess.63 We consider a volume V, which contains n
amphiphilic molecules. At any time, some fraction of the
n copolymer chains can be self-assembled into inter-
chain aggregates of different sizes so that in the system
there are n1 free chains with concentration [A1], n2
dimers with concentration [A2], and so on. They must
satisfy the condition ∑ini ) n. The aggregation in a
solution can be represented by the multiple-equilibrium
model49,64-66 described by

with the following kinetic equations

where [A1] is the time-dependent concentration of single
chains (unimers), [Ai] is the time-dependent concentra-
tion of aggregates containing i chains, and k1 and k2 are
the rate constants of aggregation and dissociation,
respectively. At equilibrium, we have

Here and below, [Ai] denote the corresponding equilib-
rium concentrations of species present in the system.
Using the definition for the overall association equilib-
rium constant, K ) k1/k2, from eq A3 one can obtain

where φ ) CA/C is the fraction of the chains entering
aggregates, CA is the concentration of the chains in all
the aggregates that can be found in the system, and C
is the total chain concentration. Finally, for the ag-
gregation free energy, we have

This free energy characterizes the aggregates as a
“pseudophase” in thermal equilibrium with unimers.

The fraction of the chains entering intermolecular
aggregates, φ, can be estimated from the center-of-mass

A1 {\}
+A1

A2 {\}
+A1

... {\}
+A1

AM {\}
+A1

... (A1)

∂[A1]/∂t ) -k1[A1]
2 + k2[A2]

∂[A2]/∂t ) -k1[A2][A1] + k2[A3] + k1[A1]
2 - k2[A2]

...

∂[AM]/∂t ) -k1[AM][A1] + k2[AM+1] + k1[AM-1][A1] -
k2[AM] (A2)

-k1[A1]
2 + k2[A2] ) 0

-k1[A2][A1] + k2[A3] + k1[A1]
2 - k2[A2] ) 0

...

-k1[AM][A1] + k2[AM+1] + k1[AM-1][A1] - k2[AM] ) 0
(A3)

K ) 1 - x1 - φ

[A1]
) 1 - x1 - φ

C(1 - φ)
(A4)

∆G/kBT ) -ln(1 - x1 - φ

C(1 - φ) ) (A5)
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pair correlation function, gcc(r). Having gcc(r), the cor-
responding running integration numbers, n(r), can be
found. They are defined as

where Fc is the total number density of the chains, n/V.
The value of n(r) is the average number of the chains
around a given chain at a distance r. We assume that
two chains belong to an interchain aggregate if their
center-of-masses are located close to each other than
some characteristic aggregation distance Ra. In other
words, the n(Ra) chains form a connected cluster. The
volume fraction of intermolecular aggregates larger than
unimers, φ(M>1) ) ∑i)2

M
φi, can be calculated from the

relation

where Ra e Lbox/2 and Lbox is the size of the simulation
box with periodic boundary conditions. Certainly, the
choice of Ra for a dense multichain system is rather
arbitrary. For simplicity, we have chosen the parameter
Ra to be equal to the characteristic distance between
noninteracting particles uniformly distributed at the
number density of n/Lbox

3 that, in our case, gives Ra )
Lbox/x3n ) 8.33σ. This “mean-field-like” state, which
corresponds to gcc(r) ) 1, is considered as a reference
state.
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