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ABSTRACT: The simulation of the self-assembly of symmetric triblock copolymers, Ax,~-Bn,—An,, has been
performed on a cubic lattice. In all of these simulations the pairwise energy of interaction of A with B (Eag)
is identical with the pairwise interaction of A with a void, or solvent (E,g), and all other pairwise interactions
are zero. The ratio of the number of observations of single dispersed chains that form internal loops to the
number that have no interaction between their terminal blocks is studied for its implications for the influence
of loop formation on the self-assembly of the system. As N, 1 the loop formation approaches that predicted
by Jacobson and Stockmayer, but the entropic penalty associated with loop formation decreases as N, increases.
This result has strong implications for the structures formed upon self-assembly of Ay,~Bny~An,. The type
of aggregation observed when E,g = Eas > 0 depends on whether the conditions correspond to weak or strong
segregation. At weak segregation, the change in volume fraction of Ax,~Bx;—An, produces two transitions.
The first transition produces a very loosely organized micelle-like structure, and the second transition, at
higher concentration, produces an enormous aggregate that we interpret as signifying separation into a gel-
like macrophase. At strong segregation the system assembles into a micelle with a well-organized classical
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core—shell structure. The transition to a gel-like macrophase is suppressed.

Introduction

Triblock copolymers, Ay,~Bn;—An,, exhibit interesting
phenomena in selective solvents which interact prefer-
entially with the beads of B in the internal block. Several
phenomena can be envisioned to occur. The copolymers
could assemble into micelles where the terminal blocks of
A form the core and the middle blocks of B form the
corona.! This structure would require the formation of a
loop by the central block of B if both of the terminal blocks
of A are to be part of the core of the same micelle. The
triblock copolymers could also assemble into a gel-like
network where small aggregates are bridged by extended
soluble blocks of B. In this structure the two terminal
blocks of A can be located in the cores to two different
small aggregates. Another possibility is that the triblock
copolymers would participate in intramolecular associa-
tion, resulting in the formation of “hairpins”. When
compared with the structures accessible to Ay,~By;, a
richer variety of structures could in principle exist for
AN,~Bng-An,.

In the early literature on block copolymers, there issome
disagreement about whether Ay,-Bng—An, with sticky
ends can assemble into micelles.2® On the basis of their
calculations and some of the experimental results,® ten
Brinke and Hadziicannou concluded that the loss of the
entropy of the coronal loops would preclude the formation
of micelles in most instances.® Recent experiments by
Balsara et al.! have convincingly shown the occurrence of
aggregation. They claimed that ten Brinke and Hadzi-
ioannou overestimated the entropic penalty involved in
the placement of both terminal blocks of Ax,~Bny—An, in
the same core and concluded that micelles could indeed
form. The approaches by both groups considered only
those conformations of Ayx,~Bn,—An, that place both
terminal blocks in the same core. Here we present the
results of simulations of multimolecular systems of Ay,-
Bap—An, in selective solvents. These simulations do not
impose any preconceived notions about the conformations
accessible to the chains. They provide the opportunity to
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easily study the structures formed upon the self-assembly
of ANA-B NB_ANA'

Earlier we presented preliminary results from the
simulation of 20 molecules of A;B10A5.” These preliminary
results showed the existence, under appropriate conditions,
of the various types of structure that have been envisioned.
Here we extend those preliminary studies to larger systems,
which allow the simulation of more chains and longer
chains. In the case of diblock copolymers in selective
solvents, the simulation shows the onset of micellization
clearly, and the cmc (critical micelle concentration) can
be easily extracted from the results.® In the case of tri-
block copolymers in selective solvents, we will show that
the micelles with the classical core—shell structure can form,
but only under conditions of relatively strong segregation.
When the segregation is weak, the chains do not form the
loops required for the placement of both terminal blocks
in a single core. Instead there is successive aggregation
of the insoluble terminal blocks, which leads ultimately
to a macrophase separation in the system. We will also
show that the estimation of the free energy of loop
formation postulated by ten Brinke and Hadziicannou® is
applicable to these molecules, but the prefactor they denote
by 8 does not always have a value close to 1 as they assumed.
Rather, the value of 8 depends on the value of Ny and
becomes much less than one as N, increases. According
to ten Brinke and Hadziioannou,® micellization would be
possible when the value of 8 falls below some critical value.
Their results will lead to a correct prediction of the behavior
of An,~Bns—~An, when one realizes that 8 can, under
appropriate circumstances, be much smaller than one.

Method

The methodology employed in the simulation is essen-
tially the same as that used in recent work.”? The periodic
box used in the simulations is a cubic lattice of dimensions
44 X 44 X 44. Every chain of the symmetric triblock
copolymer, Ax,~Bnz—An,, has the same size, where each
block contains N4 beads of A or Np beads of B. No lattice
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Figure 1. Behavior of n,/n, as a function of the volume fraction
of As~B1o-As when x/k = 0.25.

site can be occupied by more than one bead. Vacant sites
are considered to be occupied by solvent, S. Reptation
and the Metropolis rules are used to convert one replica
into another. The pairwise interaction, Esg = Eas, is
applied whenever A has a nonbonded B, or a vacant site
S, as a nearest neighbor. All remaining pairwise inter-
actions are taken to be zero. Nolatticesite canbeoccupied
by more than one bead. The reduced interaction energy,
Exp/ksT = Eas/kgT, will be denoted by x/k, where k is
a lattice constant.® This x is equivalent to the Flory-
Huggins parameters, x.5. = x5 - The numerical value
of k is about 3.2 for the system used here.?

Interchain aggregation is defined to occur whenever a
bead of A on one chain is a nearest neighbor of a bead of
A on another chain. Intrachain aggregation is defined to
occur when a bead of A in one block has a bead of A from
the other block of the same molecule as a nearest neighbor.

Results and Discussion

Single Dispersed Chains. Here we divide all of the
conformations of an individually dispersed chain of Ay,~
Bys—An, into two groups. One group has intramolecular
association of the two terminal blocks, and in the other
group the terminal blocks do not interact with one another.
In the simulations, the numbers of observations of chains
that fall into the first and the second groups are denoted
by n, and ny, respectively. The value of n,/n, is observed
tobe independent of the volume fraction of the copolymer,
VaBa, defined as

N, (2N, + Nyp)

ABA © "_'LT‘_— (1)
where N¢ denotes the number of chains in the periodic
box and L3 is the number of sites in the box. In all of the
simulations described here, L = 44. Figure 1 depicts the
value of n./n, as a function of Vapa for As=B1o-As; when
x/k = 0.25. As we will show below, the range of Vaga
covered in Figure 1 includes the cmc and a second
transition that produces a structure much larger than the
micelle. Neither of these transitions has any effect on the
value of ny/n.. The value of ny/n, is determined entirely
by the architecture of the individual chain and the
interaction energy.

Since ten Brinke and Hadziioannou® and Balsara et al.!
have given two different estimations for the free energy
of loop formation, it is interesting to compare the values
of ny/n, deduced from the simulations with their theo-
retical predictions. The ratio of the populations of
associated and unassociated states can be written by
analogy to the equilibrium constant in a chemical reaction,
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Figure 2. Behavior of the ratio of unassociated and intramo-
lecularly associated dispersed chains in simulations of As-Bn,~
A; when Ng and x are varied. The straight line has a slope of
1.1.

AG = -kgT'In (n,/n,) ©)

where AG is the standard free energy difference between
the associated state and the unassociated state. The
contribution to AG from the enthalpic term was taken to
be proportional to —~xkgTN, for the self-associated dis-
persed chain. The entropic term arises from loop for-
mation. tenBrinke and Hadziioannougive the free energy
of loop formation as®

Fioop = (3/2)8k5T In Ny ®)

Here the parameter denoted by 3 allows for any deviations
of the entropy of loop formation from the prediction of
the model of Jacobson and Stockmayer.1® The Jacobson~
Stockmayer result is obtained when 8 = 1. Applied to the
system in the simulation, we have

-kgTIn (n/n) = X" "kgTaN, + (3/2ksT8In Ny  (4)

where o is a constant that permits deviation of the en-
thalpic term from the approximation. If Ny is fixed, the
enthalpic term only contains the variable xf-H. In the
simulation, xFH can be replaced with x/k. Thus a plot
of x1 In (ny/ny) vs x! In Np should yield a straight line
with a slope equal to (3/2)8. Figure 2 depicts the plot for
the case where Ns = 5. The points are the results from
11 simulations that employ different values of x and Ng.
The data describe a straight line with a slope of 1.1. That
slope implies a value of 8 of about 0.7. Therefore, at Ny
= b, the results from the simulations have a form that is
consistent with the prediction from eq 4.

A more informative test of eq 4 is provided by a more
extensive series of simulations carried out with different
values of Na. The plots of these results, obtained with
different numerical assignments for N, also yield straight
lines. The slopes and intercepts of these lines decrease as
N, increases, as is shown in Figure 3. The values of 3
extracted from these straight lines are depicted in Figure
4 as a function of Na. When N has the value of one, the
straight line specifies a value of 8 that is only slightly
larger than one. The expectation value of 8 from the mac-
rocyclization theory of Jacobson and Stockmayer is one.1°
However, that result does not incorporate the influence
of excluded volume. Incorporation of that effect should
produce a value of 3 that is slightly larger than one.
Therefore we judge the results when Ny = 1 as being in
reasonable agreement with the expectation from the mac-
rocyclization theory of Jacobson and Stockmayer.10

The decrease in 8 with an increase in N, arises because
the increase in the sizes of the terminal blocks means that
more conformations of the central block can produce an
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Figure 3. Behavior of the ratio of unassociated and intramo-
lecularly associated dispersed chains in simulations of Ay,~Bxg-
A, when Np and x are varied at different values for Na. The
values of N, are 1, 5, 8, 10, and 15 for curves a, b, ¢, d, and e,
respectively.
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Figure 4. Dependence of 8 on N, for Ay,~Bng-Ax,.
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Figure 5. Dependence of the intercepts in Figure 3 on Nj.

interaction between beads in the terminal blocks. There-
fore the reduction in entropy of By becomes less severe as
Nyincreases. Onlyinthe limit where Ny — 1 dowe recover
a value close to the Jacobson—Stockmayer result, 8 = 1.

According to eq 4, the intercepts in Figure 3 are equal
to —aN,. The appearance of « in this term adjusts the
enthalpic contribution. The nature of the interconnection
between the value of « and the size of the terminal blocks
can be assessed using the results from the simulations.
Figure 5 plots the intercepts from Figure 3 as a function
of Ns. The curvature apparent in Figure 5 suggests that
the effective value of « decreases as N, increases. The
initial slope in this figure is consistent with a value of «
that approaches 1 as Ny — 1. The dependence of a on N
can be rationalized as follows. In the limit of Ny — 1, an
isolated chain has exactly N4 contacts between beads of
A in one block and beads of A in the other block when that
chain forms an intramolecular association. However, as
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Figure 6. Relationship between the volume fraction of free

chains, V%‘A, and the total volume fraction, Vaga, for As-Bo—As
when x/k = 0.25.

Naincreases, there are more conformations where the chain
still has an intramolecular association, but that association
does not produce exactly N4 contacts of beads of A from
different blocks. The disorder in the two blocks will
instead place many of the beads of A in positions where
they cannot participate in contacts with beads of A from
the block at the other end of the chain. Hence the average
number of A-A contacts between the two blocks will fall
below N, as N, increases. In terms of eq 4, the value of
a decreases as N, increases.

An attempt was made to apply the free energy expression
given by Balsara et al.,! but their form does not conform
to the data generated in the simulations. Their form is
really only applicable in considering the chains inside mi-
celles, and it is not applicable to the formation of “hairpins”
by isolated chains. Thus we are not able to confirm
whether their form is correct. However, their expression
does predict a smaller penalty for loop formation compared
to ten Brinke and Hadziioannou® with g8 = 1.

Aggregation under Conditions of Weak
Segregation. Figure 6 depicts the volume fraction of free
chains, Vg, as a function of the volume fraction of all
chains, Vapa. The copolymers have N = 5, Ny = 10, and
x/k = 0.25. The figure contains two straight lines, one of
which has a slope of one and passes through the origin and
the other of which has a slope of zero and an intercept of
0.016 on the vertical axis. These twostraight lines provide
a reasonably good approximation to the data from the 17
simulations. The transition of Vsga in Figure 6 does not
have an effect on the ratio of unaggregated and self-
aggregated dispersed chains because there is no distur-
bance in the data near Vaga = 0.016 in Figure 1. Data
presented previously® for a diblock copolymer, A1o-Bio,
also with x/k = 0.25, show a very similar transition where
micellization occurs. The plateau value for V.5 for the
diblock copolymer occurred at a slightly smaller value,
0.012. Thus the cmc for the diblock copolymer is slightly
smaller than the cmec for the triblock copolymer under
these conditions.

A more dramatic difference between the behavior of
the diblock and triblock copolymers is revealed by
following the average sizes of the aggregates. The di-
mensionless measure used for this purpose is M/ My, where
M, denotes the usual weight-average molecular weight of
the micelle and M, denotes the mass of one molecule of
the block copolymer. Inthe case of the diblock copolymer,
M/ My shows an increase at the value of Vap that cor-
responds to the cmc. In contrast, with the triblock
copolymer there is a relatively modest increase in M,/ M,
at the value of Vspa that corresponds to the cme, followed
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Figure 7. M,/M, as a function of Vpa for As—B1p—As; when x/k
= 0.25.
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Figure8. Volume fractions of A, B, and solvent versus the radial
distance r in an aggregate of As~Bio~A;s with M,/M, around 14,
Vapa = 0.04, and x/k = 0.25.

by a much more dramatic increase at higher concentrations,
as shown in Figure 7. The large increase in M,/M; at
Vapa > 0.06 in Figure 7 does not affect the concentrations
of free chains (Figure 6) nor the ratio of unaggregated to
self-aggregated free chains (Figure 1).

Figure 8 presents the distributions of A, B, and solvent
(voids) about the center of mass of a typical aggregate
with M/ M of about 14, which is found at Vapa near 0.04.
This concentration is above the cme (Figure 6) but below
the onset of the formation of aggregates with very large
values of My/M, (Figure 7). The three curves in Figure
8 present the volume fractions of the three components
in successive spherical shells, with the sum of these three
volume fractions being one in every spherical shell. The
horizontal axis is the distance of the spherical shell from
the center of mass of the aggregate, expressed in units of
the lattice spacing. The small arrow in Figure 7 indicates
the value of ry;, which denotes the radius of the most
compact sphere that can contain all of the beads of A in
the aggregate. With an aggregate containing n,; blocks of

(BnagN A
Ty = pn

A
)1/3
n )

For a classic core-shell model of a spherical micelle, Va
= 1whenr <r,and V) = 0 when r > ry,. Figure 8 shows
that the aggregate approximates this simple model only
in that the coreisrichin A (V4 > Vg whenr < rpand Vi
> Vg when r < (2/3)rys). Important departures from the
simple model are evident in the presence of a significant
amount of B and solvent near the center of mass of the
aggregate and in the presence of a large amount of A at
rns < T < 2rps. Evidently the free energy associated with
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Figure 9. Volume fractions of A, B, and solvent versus r in an
agiregate of As~Bio~A; with M,/ M, around 425, Vaga = 0.1, and
x/k = 0.25.

loop formation is too large to permit all of the blocks of
B to adopt conformations that will place both terminal
blocks of A in the core and confine the block of B to the
region of the corona, as expected.!! This result is further
confirmed by the dimensionless characteristic ratio, de-
fined for present purposes as

_ (r*)
(2N, + Ng - 1)I?

where (r?) denotes the mean square end-to-end distance
for Ay,~Bny-An, and [ denotes the length of the bond
between beads. The value of C is 1.45 for the chains of
An,~Bng-An, that participate in the formation of this
structure. This result is nearly identical with the value,
1.50, expected for a long unperturbed chain with the bond
angles and dihedral angles appropriate to the chains on
the lattice. Clearly “hairpins” are not a dominant con-
formation.

Thelarge aggregates formed at Vapa > 0.06 have amuch
different internal structure from the smaller aggregates
described in Figure 8. Figure 9 presents the distribution
functions for a large aggregate that contains 425 blocks of
A, formed by A;—Bi1o—As; when Vaps = 0.1. Here there is
very little difference in the volume fractions of A and B
at any distance from the center of mass. Furthermore,
there is no evidence for a rapid change in the volume
fractions of either A or B as one passes through the region
where r = r,. The value of ry, for this large structure is
8 in lattice units, and therefore rn; > Na. Even if the
blocks of A were fully extended, they could not span the
distance from the center of mass of the aggregate to the
position where r = ry,. The individual chains involved in
the formation of this large aggregate have a slightly larger
value of C, 1.58, then the unperturbed chain. The chains
in the large aggregate are slightly more extended than
those involved in the formation of the smaller aggregate
described in Figure 8. This large structure we interpret
as the onset of macrophase separation.

Under these conditions of weak segregation, the tri-
block copolymer initially aggregates into a rather poor
approximation to a classic spherical micelle. At higher
concentrations, aggregation of the blocks of A leads to
macrophase separation.

Aggregation under Conditions ‘of Strong
Segregation. A distinctly different behavior is obtained
under conditions of stronger segregation. Here we impose
those conditions by retaining the value of x/k and doubling
the sizes of N4 and Ng. This simulation of A;g-Bag—Ajg
produces micelles with varying sizes. Figure 10 depicts

(6)
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Figure 10. Volume fractions of A, B, and solvent versus r in an
aggregate of Ajg~Bao~A;jo with Mg/M, around 26, Vs = 0.14,
and x/k = 0.25.

the internal structure of a typical micelle found in the
system when Vs = 0.14. This micelle, which contains
beads from 26 blocks of A, has an internal structure that
is much closer to the expectation for a classic spherical
micelle with a core—shell structure than did either of the
structures formed by A;~B1o—As. The value of V) is very
close to one for most of the region where r < ry,, and it falls
precipitously to a very small value as r rises above ry,,. The
beads of B prefer the region of the corona, where r is slightly
larger than rn,. Most of the chains that are involved in
this aggregate adopt the conformation of a loop, thereby
placing both of their terminal blocks in the core, That
fact is also reflected in the value of C, which is about 1.08
here, and thus much smaller than the unperturbed value
of 1.50. Therefore the two terminal blocks are placed in
the same core, and the blocks of B are confined to the
coronal region.

It is clear from the results of these simulations that
symmetric triblock copolymers can form micelles in media
that interact preferentially with the internal block. The
micelles can have a structure reminiscent of a classic core~
shell structure under conditions of relatively strong
segregation. Aggregates with less specific structures, and
macrophase separation, are preferred to the classic core—
shell micelle under conditions of weaker segregation.

ten Brinke and Hadziioannou indicated that there is a
value of 8 above which micelles will not form.6 Their
treatment assumed that 8 = 1, which was above the critical
value of 8 for formation of micelles under their specific
conditions, and therefore they concluded that micelles
would not form in most cases. Our results (Figure 4) show
that 8 can become much smaller than 1 when N, is large.
The B value we have obtained here for intramolecular
association represents an upper bound for chains involved
in the self-assembly into micelles. It is anticipated that
values of 8 would be smaller for most cases of the formation
of micelles. Thus micelles do form under these conditions
(and would have been predicted by the approach adopted
by ten Brinke and Hadziioannou® had they realized that
8 might become quite small under these conditions).
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Balsara et al.! adopted a different form for the loop
formation, with the main difference being in the prefac-
tor. Their formalism would appear to correspond to a
value of 8 of about 0.33. At such small values of 3, the
simulations show the formation of micelles, and therefore
it is not surprising the Balsara et al. predict the formation
of micelles by symmetric triblock copolymers. Never-
theless, our data for the ratio of unaggregated to self-
aggregated free chains is fitted better by the formalism
used by ten Brinke and Hadziioannou.

The concentration of solvent in the core of a micelle
may depend on the strength of the segregation, as shown
by comparison of Figures 8 and 10. At strong segregation,
the core will contain littlesolvent. Under these conditions,
the dynamics of the exchange of chains between the mi-
celle and the population of free chains may be strongly
temperature dependent if the system is examined in the
vicinity of the glass transition temperature for the insoluble
block. This effect has recently been observed for diblock
copolymers of polystyrene and poly(oxyethylene), using
samples in which each chain contains either a Férster donor
or a Forster acceptor at the junction between the two
blocks.12

Conclusion

A controversy over the ability of symmetric triblock
copolymers to self-assemble into micelles when the ter-
minal blocks are in a poor solvent has been partially
resolved. Only under conditions of relatively strong
segregation does the self-assembly lead to a micelle with
the classical core-shell structure. Under conditions of
weak segregation, two transitions are observed as the
volume fraction of copolymers increases. The first tran-
sition produces a very loosely organized micelle-like
structure, and the second transition produces an enormous
aggregate that we interpret as signifying separation into
a gel-like macrophase.
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