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ABSTRACT: Using Langevin dynamics simulations, we examine the effect of chain sequence on the
thermodynamics and kinetics of heteropolymer collapse. We employ a bead—spring model with two
monomer types: one for which the solvent is good and the other, poor. Steady-state results indicate that
the collapse of large block chains occurs over a wide temperature range. The collapsed state is well-
defined in the case of small block chains and consists of a string of unimolecular micelles. We follow the
kinetics of collapse by measuring the number of clusters N. and the radius of gyration Ry over time,
starting from an instant temperature quench. Our results are in agreement with the well-known model
of collapse in which cluster formation occurs rapidly and is followed by cluster aggregation. The details
of this cluster formation and coalescence mechanism differ strongly depending on block size, and this in

turn is found to affect the overall rate of collapse.

1. Introduction

A single chain homopolymer in a good solvent as-
sumes a diffuse coil state whereas in a poor solvent it
forms a dense globule.! The collapse from a coil to a
globule is a transition that has been relatively well
described for a homopolymer. Although some further
transitions have recently been described at low tem-
perature,?® the thermodynamics of the basic collapse
are relatively well understood, from both theory*® and
numerical simulation.® The kinetics of homopolymer
collapse are also now well understood and have been
studied via a number of different theoretical approa-
ches”10 as well as numerical simulations.10-12

A coil—globule transition also occurs for heteropoly-
mers with a sufficient proportion of poor solvent mono-
mer.10 This case is of special interest as a model for the
folding of biopolymers such as DNA and proteins.
Elucidating the fundamental physics of heteropolymer
collapse presents a considerable challenge compared
with the simple homopolymer case. In particular, the
composition and sequence of monomers in the backbone
chain greatly increases the complexity of the problem.
Biopolymers such as DNA and proteins represent an
extreme example of this complexity. They have se-
guences which are “designed” by the process of evolution
and which contain up to 20 different monomer types.
Much recent research has attempted to design se-
quences with desired properties (e.g., rapid folding to a
native state) in a manner that mimics biological evolu-
tion.1314 An interesting feature of these designed se-
guences is that they often display a well-defined struc-
ture in which similar monomers associate in blocks.1®
Inspired by this basic observation, our aim is to deter-
mine the fundamental effects of block size on the
thermodynamics and kinetics of polymer folding. Obvi-
ously, such work applies not only to biopolymers but
also to synthetic polymers which often polymerize in
such a way as to form associations or blocks of identical
monomers. Indeed, our work much more closely models
synthetic polymers for we ignore bond stiffness in the
system, which can play an important role in most
biopolymers.
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Given that the dominant driving force for polymer
collapse is solvent—monomer interaction, the most
obvious means of differentiating between monomers in
a sequence is through their hydrophobicity, €. Copoly-
mers where € is assigned as a Gaussian random variable
to each monomer have been studied through both
simulation!® and theory.” In the study of Timoshenko
et al.,’” it was shown that the kinetics of collapse for
random heteropolymers involves at least two, sometimes
three, distinct stages. The earliest of these stages is
thought to involve the rapid formation of clusters along
the chain, in a manner similar to homopolymer collapse.
Following this stage, the clusters coalesce at a rate that
depends on the dispersion A of .17 In polymers with
particularly large dispersion a third kinetic stage in-
volving rapid rearrangement to a more compact globule
is predicted.

Another class of polymer sequences exists where ¢ is
assigned as a binary variable 0 or 1. These sequences
represent the simplest type of heteropolymers but retain
the basic tendency for phase separation of monomer
types. Itis relatively simple to define different sequence
structures for such polymers, and they are the natural
choice for our investigation of block size. Previous work
on the Kinetics of collapse for binary polymers suggests
that it proceeds in a superficially similar manner to that
of homopolymers, i.e., an initial cluster formation phase
followed by cluster coalescence.'6:1819 Despite this simi-
larity, we show later that the heteropolymer collapse
exhibits some key differences from that of a homopoly-
mer.

In this work we find that microphase separation plays
an important role in both the thermodynamics and
kinetics of collapse for heteropolymers with various
block sizes. This point is emphasized throughout. As a
matter of interest, it is also notable that this microphase
separation often gives rise to compact states in the form
of connected strings of intrachain micelles. The exist-
ence of strings of such micelles was predicted in the
thermodynamic limit by Halperin?® and has been ob-
served in simulations and experiments on branched,
comblike heteropolymers?t22 and straight-chain het-
eropolymers.19:23 Intramolecular polymeric micelles are
believed to have promise as agents for drug delivery.?
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2. Details of Model and Simulations

2.1. General. Our heteropolymer model is of the
bead—spring type.?> In this model, the bead size pro-
vides a simple means of accounting for excluded-volume
interactions while the springs provide chain connectivity
and represent a statistical segment of identical mono-
mers. The excluded-volume interaction is modeled as a
repulsion of the form

Vali) = ae{ 75 ) )

Here o is a constant that sets the length scale over
which excluded-volume interactions are dominant, and
r(i,j) is the distance between beads i and j. Adjacent
beads in the chain also interact via an entropic spring
potential

3k T ,
752 (ri = riya) (2)

V(i i+1) =

Here r; is the position vector of the ith bead, kg is
Boltzmann’s constant, and T is the temperature. The
average value of the distance squared between adjacent
beads, [r; — ri+1)%Cis represented by a2.

Two types of beads are used, hydrophobic H and polar
P. The polymer is assumed to be in aqueous solvent so
that HP and PP interactions are purely repulsive, while
HH interactions are attractive. This attractive force is
modeled by Va(i,j) and is given by

Vali) = —4e[-Z)’ @3)
1)) = —4e{——
attrlls] rij)
The constant ¢ determines the strength of HH attrac-
tions. The combination of eqs 1 and 3 results in a
potential well located at ~o with a depth of ¢, i.e., a
Lennard-Jones potential.

Both steady-state and kinetic results in this work
were obtained from solutions of the Langevin equation,
which may be written in finite difference form as?®

r (HHAD = 1, () — %z—z_‘m +90VD  (4)

Here ry, is a Cartesian component of the position vector
ri(i.e.,, a =X, Y, z). The potential V; is the total potential
for bead i, obtained as a combination of eqs 1-3. D is
the diffusion constant, D = kgT/{, At is the simulation
time step, and ¢ is a quantity called the friction. ¢ is
related to the solution viscosity 5s and the radius of the
hydrodynamic particles h according to the relation ¢ =
6ansh (note that h ~ ¢/2). The random fluctuations
caused by the motion of solvent particles are accounted

for through the term n(t)\/ﬁ, where 7(t) is a stochas-
tic variable that is given by a Gaussian distribution with
mean 0 and variance 2At. It should be remembered that
hydrodynamic interactions between monomers are ne-
glected in this model the system is assumed to be free-
draining.

Throughout this work we will make use of dimension-
less variables which we define as follows. Denoting
dimensionless quantities with an asterisk, we have T*
= 2kgT/e and t* = (2/0.79)te/Co?, where T is the temper-
ature and t is time. Later, we encounter the radius of
gyration Ry and the internal energy U, which have
reduced quantities defined by Rg* = 0.7R¢/o and U* =
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2U/e. We choose the numerical values of ¢ = 2, £ = 1,
and o = 0.7 such that all dimensionless quantities have
the same numerical value as the corresponding real
guantity. Because of the numerical equality between
dimensionless and real quantities, we refer to dimen-
sionless quantities without the asterisk. The units of
the corresponding real quantity can be found from the
relationships mentioned above.

To speed up calculation of 9Vi/dx; at each time step,
the potentials Vawr and Viep Were cut off at r(i,j) = 2.50,
and a Verlet nesting list was used to keep track of near
neighbors. We found it necessary to use a relatively
small time step, At = 0.0001.

All simulations were initialized by taking a random
walk as the starting configuration and equilibrating at
the starting temperature for 2 x 107 time steps.
Ensemble averaging was performed by making 50
individual simulation runs from different starting con-
figurations.

2.2. Chain Sequence Construction. Since our aim
was purely to study the effect of block size, we conducted
all simulations with a fixed overall chain length of N =
180 monomers and fixed H:P ratio of 1:1. We examined
families of polymer chains with sequence types that
were either regular or probabilistic. The regular chain
sequences were of the form (90/n)(nHNP), where n is the
size of contiguous H or P blocks. Probabilistic sequences
were defined according to the tendency for H or P type
monomers to associate in blocks. This tendency is
expressed by the probability ¢ that a monomer of a given
type will polymerize adjacent to a monomer of the same
type. Larger values of ¢ result in larger block sizes, such
that ¢ = 0.5 generates random sequences, ¢ < 0.5
represents sequences with a tendency toward alternat-
ing bead type, and ¢ > 0.5 gives rise to sequences with
large blocks. Under this definition, ¢ is closely linked
to the chemical process of polymer synthesis; however,
it is also incompatible with the constraints of fixed H:P
ratio and fixed chain length. This problem becomes
apparent when one considers the sequence production
process, in which beads are added one at a time
according to the probability ¢. Toward the end of this
process, the number of H or P type beads inevitably
reaches its maximum value (in this case 90), and the
remaining beads are then automatically assigned the
opposite type, so as to maintain an H:P ratio of 1:1. The
obvious consequence of this is that the size of end blocks
will be slightly larger than blocks in the rest of the
chain. In principle, one might expect that these end
blocks could modify the collapse kinetics. This possibility
is discussed in the context of our kinetics results,
presented in section 4.

3. Steady-State Properties

We studied the steady-state properties of HP chain
sequences as a function of temperature. To obtain
steady-state conditions, the chains were cooled at suc-
cessively slower rates from T =4 to T = 0.1 until further
slowing did not result in any change in the appearance
of plots of observable vs T.

The main qualitative results are shown in Figure 1.
It is clear that we get a series of micelles along the
chain. Such multiple micelle states have been observed
previously using Monte Carlo simulations® and as
metastable states in free energy minimization stud-
ies_19,23

As indicators of the state of polymer collapse, we
tracked two observables, the radius of gyration Ry and
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Figure 1. Snapshots of the final collapsed state for polymers with chain sequences correspondingto ¢ =0orn =1 (A), ¢ =0.5

(B), ¢ = 0.9 (C), and ¢ = 0.98 (D).

internal energy U, which are given by eqs 5 and 6,
respectively.

R2=£N(R -y (5)
g NZ cm i

1 i = . ..
v= NZ(Vev("J) + C(1.J)Vare (i) (6)

Here R is the center of mass of the polymer, and the
function C(i,j) takes a value of 1 when i and j are both
H type monomers and O otherwise. Note that the
internal energy does not include the spring energy Vs,
which is of a purely entropic origin. Although it is clear
that collapse from a coil to a globule should be detectable
as a decrease in either Rq or U, we have found that U
is also sensitive to more subtle changes in the polymer
structure. To avoid repetition, we focus primarily on
measurements of U and present results for Ry only
where they differ qualitatively from those of U.

Both regular block size and probabilistic chains show
a strong decrease in U as T is lowered from 4 to 0.5
(Figure 2). Since this decrease is accompanied by a
corresponding change in the radius of gyration Ry
(Figure 4), it is interpreted as a collapse transition. The
collapse becomes more gradual (ATcoliapse iNCreases) as
the chain sequence block size is increased.
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Figure 2. Internal energy per monomer, U vs T, for regular
block (top plot) and probabilistic (lower plot) type chains. In
the top figure the chain typesaren =1 (v), n =10 (x), n =
18 (0), and n =90 (O). In the lower figure the chain types are
¢ = 0.5 (x), » = 0.9 (0), and ¢ = 0.98 (O).

Superimposed on the large scale collapse transition,
it is possible to observe a small but sudden decrease in
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Figure 3. Plots of the quantity —dU/dT vs T for regular block
(top plot) and probabilistic (lower plot) type chains. Chain types
and corresponding symbols are identical to those of Figure 2.
In the top figure,n =1 (v),n =10 (x), n =18 (0),and n =90
(d). In the lower figure, ¢ = 0.5 (x), » = 0.9 (O), and ¢ = 0.98
(d). An inset in each plot shows details of the region surround-
ing the “freezing” peak mentioned in the text.
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Figure 4. Radius of gyration Ry vs T for regular block (top
plot) and probabilistic (lower plot) type chains. Chain types
and corresponding symbols are identical to those of Figure 2.
In the top figure,n =1 (v),n =10 (x),n =18 (0),and n =90
(3). In the lower figure, ¢ = 0.5 (x), » = 0.9 (O), and ¢ = 0.98
).

U at T ~ 0.6. This low-temperature decrease in U is
more clearly evident as a small sharp peak in plots of
—dU/dT vs T (Figure 3). Although this low-temperature
peak is small, it appears to be universal since it occurs
for all chain sequence types except those with very small
block size, where it is replaced by a low-temperature
collapse peak. Our view is that this low-temperature
peak might correspond to a globule-to-globule transition
such as, for example, from fluidlike to solidlike phases.
Since this work is primarily concerned with the coil-to-
globule transition, we did not study this second transi-
tion in detail, and we cannot be sure of its precise
nature. It is convenient to refer to this low-temperature
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transition as “freezing” although in using that term we
do not necessarily claim that it involves a fluid-to-solid
transition. Although our study of the “freezing” transi-
tion is far from complete, we present our observations
here in the context of recent homopolymer studies where
similar transitions have been observed. For example,
multiple distinct peaks in the heat capacity have been
observed for beads attracted by square well potentials,?3
and more recently, a similar result was observed for
Lennard-Jones homopolymers.2627 |In the square well
study three distinct peaks were observed in the heat
capacity. On the basis of bead fluctuations, these were
interpreted as being analogous to gas—liquid, liquid—
solid, and solid—solid transitions. Experimental evi-
dence also exists?® to indicate that initial polymer
collapse leads to a molten globule, which can then
undergo a further transition to a solid as T is lowered.
As a final point, it is worth noting that the indistinct
nature of the low-temperature peaks in our study is
probably due to finite size effects and for real polymers
the “freezing” transition should be much more promi-
nent.

Although the internal energy U is the parameter that
is most sensitive to structural changes, it is also possible
to observe the collapse transition as a change in the
radius of gyration Ry (Figure 4). The change in Ry across
the collapse transition is most dramatic for small block
size, since in this case, chain connectivity requires that
the collapse of H type beads must be accompanied by a
corresponding collapse of the P. This is illustrated by
Figure 1, which shows the collapsed configurations for
polymers with ¢ = 0, 0.5, 0.9, and 0.98 (regular block
chains are similar in appearance). In the cases where ¢
= 0 and ¢ = 0.5 the collapsed state consists of clusters
of H type beads surrounded by short loops of P, in
structures that resemble intrachain micelles. This
contrasts with the case of large blocks, for which the H
regions collapse independent of the P, leaving the P type
monomers to form long diffuse loops between the H
regions. These diffuse loops allow Ry to remain large.

We now turn our attention to the final compact state
formed for chains with small block size. This state
resembles a chain of micelles (Figure 1), where each
micelle consists of a dense core of H type beads sur-
rounded by P. Since our simulations calculate internal
energy rather than free energy, it is difficult to assess
whether this chain of micelles represents a global free
energy minimum or a Kinetically trapped, local mini-
mum. Plausible theories exist for either of these sce-
narios. At the extreme of large block size and chain
length, HalperinZ° provides scaling arguments based on
deformation of P type loops, which predict a chain of
micelles as the free energy minimum. In our simulations
we cannot expect Halperin's arguments to hold because
the block size is never large enough to form a true brush.
More relevant to this study is the case of small block
size for which it is also possible to see why a chain of
micelles might be favored over a single large one.
Consider, for example, an alternating HP copolymer in
which the globule core radius r is larger than the
equilibrium HP bond length a. In that case, an H type
bead at the center of the core must stretch to connect
with its corresponding P bead outside the core, or else
the P bead must become incorporated into the core. Both
options involve a strong free energy penalty. This
suggests that the upper limit for micelle size occurs
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when r ~ a. If f is the number of blocks per micelle and
ry is the bead radius, then a ~ f 13ry,. Since the average
number of micelles per chain m is given by m = N/(2nf),
we have m ~ Nry3/(2nad). For the parameters used in
our simulation this should give m ~ 3 forn =1 and m
~ 1 for n > 1, which suggests that chain connectivity
could be driving the micelle separation in the alternat-
ing n = 1 case but that it is probably not important for
larger n.

The alternative possibility, that the multiple micelle
state is a kinetically trapped state, is consistent with
the collapse kinetics of heteropolymers. As we verify in
a later section, the heteropolymer chain collapses via
the initial formation of small globules which gradually
coalesce. In such a regime it is not difficult to envisage
a point at which the micellar coronas of globules become
sufficiently large that they effectively shield the attrac-
tive forces between the cores of H type beads. In
principle, this shielding could result in a kinetically
stabilized chain of micelles. Similar metastable states
have been observed using the GSC method?® and also
by direct free energy minimization.232° In all these
studies the number of monomers was relatively small
(N < 60) as in the present work, and it was found that
the multiple micelle state represents a local free energy
minimum with the global minimum being a single phase
separated globule. With the possible exception of the
alternating HP chain (see above), it therefore seems
likely that this is also true of the multiple micelle states
observed in our study.

4. Kinetics

In this section we investigate the dynamics of collapse
following an instantaneous quench from high temper-
ature T+ to low temperature T~. T* is chosen to be well
above transition temperature, and T~ is chosen to be
well below but not so low as to result in impracticably
slow dynamics. All simulations involved an initial
equilibration period of 2 x 107 time steps at TT = 20
followed by an instantaneous quench to T~ = 0.3. We
measured time from the moment of the quench, and at
successive time steps the state of the polymer chain was
characterized by various observables, including the
internal energy U, the radius of gyration Ry, and the
number of clusters N; and by visualization. N; was
calculated by defining a cluster radius r, = 30/2 such
that two beads whose separation is less than r. are
defined as belonging to the same cluster. A cluster only
counted toward N if it contained more than a single
bead. In addition, only H type beads that were not
adjacent along the chain were used to define a cluster.
The algorithm used for computation of N is described
in detail by Sevick et al.3°

4.1. Cluster Formation and Coalescence. In Fig-
ure 5 we plot N against In(t) for regular block and
probabilistic chains. The main feature of all the curves
in these plots is a single peak in N, the presence of
which is consistent with a two-phase collapse process
involving cluster formation followed by cluster coales-
cence. This mechanism is also evident in Figure 6, which
shows snapshots of three different chain types at
various stages of collapse. For each of the chain types
the initial state is that of a random coil. At the location
of the peak in N¢ this coil has collapsed into a number
of smaller clusters, and at still later times these clusters
have coalesced.
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Figure 5. Number of clusters N vs In(t) for both regular block
(top plot) and probabilistic (lower plot) type chains. In the top
figure, the chain types are n =1 (v), n = 10 (x), n = 18 (O),
and n = 90 (O). In the lower figure, the chain types are ¢ =
0.5 (x), ¢ = 0.9 (O), and ¢ = 0.98 (O).

Although all backbone chain types seem to follow a
basic cluster formation and coalescence mechanism,
there is substantial variability within this basic frame-
work. For example, chains with small blocks exhibit a
much greater maximum number of clusters, N;™®, than
those with larger blocks, and this N;™® occurs at a much
later time. Examination of snapshots of different poly-
mer chains during collapse indicates several structural
differences. Although we speculate on the manner in
which these structural differences affect the kinetics,
it is beyond the scope of this work to establish which of
the possible mechanisms is dominant. Initially, we
consider chains at the extremes of small and large block
size n =1 and n = 90. In the n = 1 case the clusters
resemble miniature micelles with a core of H and a
corona of P (Figure 6), whereas in the large block chain
the clusters are comprised purely of H type monomers.
In principle, these two cluster types should differ in both
their mode of formation and mode of coalescence. The
formation of clusters in the n = 90 case involves
clustering of like monomers within a single block of H;
however, for the n = 1 chain, the micelle-like clusters
can only form via the union of blocks which were
initially separate along the chain. Coalescence of these
micelle-like clusters is clearly different from that of pure
H clusters due to the presence of a shielding corona of
P type monomers.

So far we have only looked at two extremes of block
size. Between these extremes, the behavior of N vs In-
(t) exhibits some further features of interest. In par-
ticular, it is here that we see some differences between
the regular block type chains and the probabilistic
chains. For regular block type chains with n = 18 and
n = 10 there is an initial rapid increase in N followed
by a slight decrease and then a plateau which termi-
nates in a final sharp decrease. In both cases the value
of N¢ in the plateau region is close to the total number
of H type blocks in the original chain, i.e., 9 for n = 10
and 5 for n = 18. This fact, combined with snapshots of
the n = 10 polymer shown in Figure 6, leads us to the
following picture for the collapse of intermediate block
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t = 4000

t =400

Figure 6. Snapshots of three different polymer chain types at representative stages of collapse.

size type chains. Initially, collapse occurs within blocks
with some blocks producing more than one cluster. After
a short time, all intrablock clusters have coalesced,
leaving a number of clusters roughly equal to the
number of blocks. As a consequence of the regular block
sequence, each cluster of H monomers should be sepa-
rated along the chain by an equal length of P. Since
solvent-mediated attractions between the H type clus-
ters are relatively short range, it is necessary for the
clusters of H to diffuse within a certain capture radius
b before they coalesce to a larger cluster. Below, we
provide a rough estimate of the time scale for this
diffusion and shall see that it is consistent with the
length of plateau regions in Figure 5. In making this
estimate, we assume that the H clusters are not shielded
by the P and are free to diffuse within the volume
occupied by the polymer. Snapshots of an intermediate
block size polymer indicate that the conformation im-
mediately after the initial intrablock collapse is made
up of relatively unshielded clusters of H. After a certain
number of these clusters have coalesced, it is clear that
a shielding corona of P should form. In our estimate
below we assume that the unshielded state persists at
least until the original cluster number is reduced to half.
This seems reasonable since it means that, on average,
each original cluster has coalesced with just one other
cluster.

To calculate the rate of cluster coalescence in a
polymer of intermediate and regular block size, we
assume that the process is analogous to a diffusion-

controlled chemical reaction, for which the appropriate
dynamical equation is3!

de(t) _ —87p(t')’Db (7)
dt
where the reaction involves only one reactant, in this
case clusters of H type monomer. The number density
of these clusters is p(t'), and their diffusion coefficient
is D. t' represents time that is measured from the point
at which clusters form but have not yet coalesced. This
definition for t' is quite ambiguous; however, the time
scale for diffusion is so long compared with the time
required for initial cluster formation that there is
negligible difference between t' and t. The capture
radius b represents the distance from the center of a
cluster, within which coalescence becomes highly likely.
A logical choice for b in our case is the Lennard-Jones
cutoff distance 2.5¢ plus the cluster radius n3¢/2. Since
the clusters are part of a polymer chain, they are
initially confined to a volume that is a function of the
overall radius of gyration for the entire chain R.
Assuming that each block forms a single cluster at time
t' = 0, the initial value of p is

my

p(0) =7 ©)

§.7T R 903

where mg is the number of clusters at t' = 0 and is given
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by mo = N/2n, and Ry is the radius of gyration at t' =
0. Solving eq 7 for p(t") with this initial condition, we
obtain eq 9.

N 1
p(t) = AnR2 )

R
8bDat — ——2
3m,

Now we assign the characteristic time t'; to the time
required for half the clusters to disappear on average.
Solving for t'c, we obtain

R 3 3n4/5,2/3
v, = 9 o N™n™°¢ (10)
2bDmj kgT
Now since t'¢ is roughly proportional to n%3, we expect
that larger block sizes should give longer diffusion

times. The plateau regions in Figure 5 for n = 10 and n
= 18 follow this pattern.

Probabilistic chains with intermediate block size
exhibit N¢ vs In(t) curves that contain much less obvious
plateau type features than those of fixed block chains.
As an example, we consider the ¢ = 0.9 type chain which
has a mean block size of ~10 and in that sense is
equivalent to an n = 10 regular block chain. Although
the ¢ = 0.9 chain does show a distinct decrease in the
slope of N¢ vs In(t) at In(t) ~ 3.5, this is not nearly as
pronounced as the plateau exhibited by the n = 10
chain. Our reasoning for this is that the range of block
sizes present in probabilistic chains acts to smooth the
N¢ vs In(t) curves. In this sense one envisages some
clusters separated by relatively short lengths of P type
monomers and some separated by larger sections of P.
Since the average coalescence time depends on the size
of the intervening P block, this situation should produce
a range of coalescence times and hence a smoothed N,
vs In(t) curve. It is also possible that the presence of a
range of block sizes could speed up the overall rate of
coalescence. This could occur simply because early
coalescence of some clusters leads to a decrease in the
system volume and hence an increased capture rate for
the remaining clusters.

4.2. Kinetics of the Radius of Gyration. In Figure
7 we present plots of Ry against t for fixed block and
probabilistic chains. First, it is quite clear that the block
size has a strong effect on the final value of Ry to which
the chain collapses. This makes it difficult to compare
absolute rates of collapse; however, the general trend
is fairly clear. For the very large blocks (n = 90, ¢ =
0.98) the collapse is rapid, occurring completely by t <
100. The collapse of very small blocks (n = 1, ¢ = 0.5)
is not as rapid as for large blocks, but it does appear to
be complete by the end of the simulation t < 4000. In
contrast, the intermediate block size chains undergo
extremely gradual collapse that is clearly not complete
by the end of the simulation t > 4000. Thus, we can
summarize the effect of block size on collapse rate by
saying that very large blocks are fastest, very small
blocks are the next fastest, and intermediate blocks are
slowest. These rates of collapse reflect the distinct
collapse mechanisms for large, small, and intermediate
blocks. Also of interest in this regard are the general
shapes of the collapse curves, which for intermediate
block size chains are close to linear while for small and
large block size they resemble exponential decay.
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Figure 7. Radius of gyration Ry vs time t. Both regular block
(top plot) and probabilistic (lower plot) type chains are shown.
Chain types and corresponding symbols are identical to those
of Figure 5. In the top figure, n =1 (v), n =10 (x), n = 18
(©), and n = 90 (O). In the lower figure, » = 0.5 (x), » = 0.9
(©), and ¢ = 0.98 (O).

The patterns noted above may be interpreted in the
context of the pictures of collapse shown in Figure 6. In
the case of very large block size polymers the collapse
is entirely homopolymer-like and occurs freely without
the interference of P type monomers. Not surprisingly,
this results in relatively rapid collapse. At the opposite
extreme of block size, the very small block chains can
only collapse through the joining of monomers that were
initially separate along the chain sequence. This joining
results in the formation of clusters, which in turn
coalesce. Since these clusters are surrounded by a
corona of P, they must overcome a free energy barrier
to coalescence. As the clusters coalesce, we expect that
the energy barrier should increase (due to thickening
of the corona) until eventually the collapse is complete
or the system is trapped in a metastable state. This
picture is consistent with the general shape of the Ry
vs t curve for small block size in Figure 7, which displays
rapid initial collapse that gradually slows and eventu-
ally stops.

For intermediate block size chains the situation is
quite different. Snapshots of the polymer in Figure 6
as well as our arguments of section 3 suggest that this
difference stems from the fact that H blocks are sepa-
rated by distances larger than the Lennard-Jones cutoff,
and therefore the collapse for intermediate block size
polymers is largely dependent on the diffusion time for
clusters. This diffusion-mediated collapse seems to
result in an Ry vs t plot that is roughly linear over the
time scales of our study.

A qualitatively similar comparison of collapse rates
for different block size polymers has been performed
using the GSC method on a polymer of length N = 60.1°
In that work the general shapes of the Rq vs t curves
were similar to those of Figure 7. In particular, the n =
3 chain in that work displayed close to linear behavior
for Ry vs t, whereas the n = 1 and homopolymer chains
both decayed much more rapidly.

Having given consideration to the mechanisms of
collapse for different block sizes, it should be clear that
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Table 1. Fitting Results for the Relation Rg? = A — BtQ
Fitted to the Data of Figure 7, Where Ry Is the Radius of
Gyration, t Is Time, A and B Are Free Variables, and Q Is

the Exponent of Interest?
Regular Chains

n Q AQ

1 0.60 0.03
10 0.62 0.03
18 0.61 0.02
90 0.86 0.09

Probabilistic Chains

¢ Q AQ
0.5 0.72 0.05
0.9 0.98 0.03
0.98 0.69 0.03

aThe root-mean-square fitting error is given as AQ.

these depend on system parameters such as the absolute
block size and the strength and range of H—H attrac-
tions. With this in mind it is important to note that our
main results are the mechanisms and rate-limiting
factors rather than the absolute rates of collapse.

In mapping these results on to real polymers, it is
important to consider exactly what is meant by inter-
mediate, small, and large block size. Given that diffusion
plays little or no role in the collapse of small block size
chains, we should be able to define small in terms of
the length scale over which hydrophobic interactions are
important. Under this definition “small” should be such
that the separation between blocks is less than the
Lennard-Jones cutoff, i.e., n3° < 2.5¢. In our description
of large block size collapse (above) all of the collapse
occurred within blocks such that interblock coalescence
is not important. On the basis of this idea, we define
large block size polymers as those for which n ~ N.
Intermediate block size polymers should lie somewhere
between small and large, i.e., 256 < n¥>and n < N. If
our results are to be applied to real polymers, then we
see that it is important to know the value of o and also
to assess the block size with respect to the overall chain
length.

At early times after the quench we fit the Kinetics
results for each chain type to the power law Rq? = Rgo?
— At?, where A is an unknown constant and Ry is the
radius of gyration at t = 0. Previous theoretical and
simulation work1017:32 predicts that the exponent Q
should take the value 7/11 during the initial cluster
formation stage of collapse. The end point of the initial
cluster formation phase was taken as the location of the
peak in N (Figure 5), and the fitted exponents are given
in Table 1. Agreement with the predicted exponenent
of 7/11 was observed for large and intermediate block
size fixed block chains but not for the alternating HP
chain. Probabilistic sequences also show strong devia-
tions from the value of 7/11 for Q, even in the case of
relatively large blocks (¢ = 90). Despite these deviations,
the general agreement is remarkably good, considering
that the exponent 7/11 was originally derived only for
a homopolymer.

At this point it should be emphasized that the results
presented here do not include hydrodynamic interac-
tions and assume the free draining or Rouse model.
Hydrodynamics has been included in a small number
of studies of the homopolymer collapse, either via the
inclusion of explicit solvent3334 or using approximate
theoretical approaches.® Pure hydrodynamics has been
included for homopolymer collapse using the GSC
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method®® and results in collapse mechanisms (i.e.,
cluster formation and coalescence) qualitatively similar
to those observed in the absence of hydrodynamics.
Although explicit solvent simulations account for hy-
drodynamics, it is important to recognize that they also
introduce many-body interactions that become impor-
tant as the monomer density increases (i.e., as collapse
progresses). Explicit solvent studies so far seem to
indicate a qualitatively different mechanism for the
homopolymer collapse that is closer to uniform thicken-
ing along the chain than cluster formation and coales-
cence.3334 This suggests that explicit solvent effects,
especially the many-body interactions, can be important
in determining the mechanism of collapse for homopoly-
mers. We note, however, that in our case uniform
thickening along the chain is extremely unlikely due to
the presence of P type monomers that break the chain
up into separate blocks. For very small blocks, this
breakup of the chain is not as pronounced, and it would
be of some interest to conduct an explicit solvent
simulation of collapse for the n = 1 case, which might
show qualitatively different behavior.

As was pointed out in a previous section, the chain
sequence production process for probabilistic chains
results in a slightly larger block at the chain end. In
considering how this end block might affect the collapse
kinetics, we first note the qualitative similarity between
results for probabilistic and regular block chains (for
which there are no large end blocks). This similarity
suggests that end block effects are minimal. The only
point of difference in Kinetics between regular and
probabilistic chain types occurs for intermediate block
size where the probabilistic chains exhibit a less pro-
nounced plateau region. In a previous section, we
provide some brief arguments for why this lack of a
plateau could simply arise as a consequence of the
inherent probabilistic nature of the chain sequence. Our
view is that these arguments should still be valid and
that end effects should be minimal, since the collapse
in this case is largely determined by the diffusion-
limited coalescence of H type clusters. In this regime
the presence of intervening P blocks ensures that
coalescence rates of all clusters are essentially indepen-
dent.

5. Conclusions

The main qualitative feature of this study has been
the ability to track and form a chain of micelles. We
observed small micelle-like clusters as intermediates
during collapse and larger micelle structures as part of
the final collapsed state. We have established that
monomer sequence can have a strong effect on the
kinetics and thermodynamics of polymer collapse as well
as the nature of the collapsed state.

We found a number of interesting features in the
kinetics of collapse for heteropolymers of various block
sizes. Regardless of the details of chain sequence, it was
found that the basic kinetics of collapse could be
described as rapid initial formation of clusters followed
by cluster aggregation or coalescence. This observation
is consistent with previous studies on homopolymers
and random copolymers. We also observed considerable
variation on this basic theme. The nature of the clusters
differed considerably depending on block size, and this
in turn was thought to influence the relative rates of
cluster formation and coalescence. We found that chains
could be classified into “small”, “intermediate”, and
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“large” block sizes and that each of these classes is
characterized by a distinct collapse mechanism.
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