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ABSTRACT: The micellization behaviors of ABA and BAB triblock copolymers in a solvent selective for
block A are investigated by means of grand canonical Monte Carlo (GCMC) simulation. The basic micellar
parameters such as the micellar size, its distribution, the micellar shape, and the internal structure of
micelles are obtained and compared for both systems. The critical micelle concentrations (cmc) are
quantitatively estimated from the osmotic pressure obtained by the GCMC simulation combined with
the multiple histogram method. The results of simulation show that the chain architecture of the triblock
copolymers shows large differences in their association behavior in a selective solvent, although both
copolymers have the same composition and total chain length. The thermodynamic analysis confirms
that an additional entropy loss due to the looping conformation of the middle block of BAB copolymer
induces a higher cmc value and therefore reduces the capability to self-assemble into micelles. As a result,
the BAB copolymer chain may have various chain topology such as dangling, loop, and bridge chains in
micelles. From the multiple equilibrium model, it is possible to extract the entropy associated with packing
the chains into a micelle for two different systems. The BAB copolymer yields less negative packing entropy
due to less order of micelles by the presence of the dangling and bridge chains as compared with ABA
copolymer, which results in micelles with larger sizes and a broader size distribution despite its high
cmc value.

1. Introduction

Amphiphilic copolymers such as diblock and triblock
copolymers have been well-known to have an ability to
self-assemble into micelles in a solvent which is selective
for one of their constituents.1-3 Analogous to the as-
sociation of conventional and low molecular weight
surfactants, the micelles of block copolymers consist of
two phases: an inner core containing predominantly
insoluble blocks and an outer corona containing both
the soluble blocks and the solvent molecules. In most
cases, these micelles have spherical shape and a narrow
size distribution. However, it is important to note that
there is some inherent complexity in the micellization
of block copolymers when compared with the surfac-
tants. For example, the micellization of block copolymers
depends strongly on their block length, the composition
(i.e., the block length ratio), the block architecture, etc.
In this work, we mainly focus on the micellization
behavior of triblock copolymers, particularly on the
architecture effects of triblock copolymers on micelliza-
tion.

Symmetrical triblock copolymers, although composed
of the same chemical components, exhibit quite different
association behavior in a selective solvent depending on
their chain architecture. A large number of efforts have
been made to clarify the micellization behavior of
triblock copolymers by using the experiments,4-14 theo-
ries,15 and computer simulations.16,17 However, there are
only a few studies for a direct comparison of the micelle
formation and the structural characteristics between
two different triblock copolymer systems (viz., ABA and
BAB triblock copolymers in a selective solvent for A
blocks). Zhou and Chu18 and Booth and co-workers19-21

reported several experimental results on the comparison
of ABA and BAB types of poly(oxyalkylene) triblock
copolymers with nearly the same overall compositions
and chain lengths in aqueous solutions. They found that
the ABA triblock copolymer more easily forms the
micelles at lower concentration compared to BAB tri-
block copolymer of the same composition in an aqueous
solution selective for block A. Quintana et al.22,23

investigated the association behavior of a triblock
copolymer polystyrene-b-poly(ethylene/butylene)-b-poly-
styrene (SEBS) dissolved in a mixed selective solvent,
where one solvent is selective for the outer blocks (i.e.,
polystyrene) and the other selective for the middle block
(i.e., poly(ethylene/butylene)). They showed that SEBS
triblock copolymer exhibits very different association
behavior in the solvent mixture, depending on the
composition of solvent mixture. On the other hand,
Linse15 has used the lattice self-consistent-field theory
to theoretically calculate the effects of block architecture
on the association behavior of ethylene oxide/propylene
oxide block copolymer system. Very recently, Monzen
et al.24 also investigated the structures and the phase
behavior of micelles prepared from symmetric and
asymmetric triblock copolymers with different archi-
tecture, using the self-consistent-field theory. Their
results showed that asymmetry between the two end
blocks as well as block architecture strongly affects the
micellization behavior in triblock copolymer solutions.

In this work, we directly compared the micelle forma-
tion and micellar parameters of ABA and BAB types of
triblock copolymers to investigate the effects of block
architecture in more detail by means of the computer
simulation. As the computer simulation is based on the
well-defined model, it can preclude the problems arising
from the heterogeneities in chain composition and chain
length that are unavoidable in experiments. Moreover,
it proceeds straightforwardly without preassumptions
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of micelle geometry and chain conformation that are
very often needed in the theoretical treatment. These
advantages of simulation over the experiment and
theory can make it possible to obtain direct and detailed
knowledge on the similarities and differences of associa-
tion behavior between the two different triblock copoly-
mers. Several simulation studies on the micellization
of block copolymers including diblock have been report-
ed.16,17,25-27 The detailed reviews on the simulation
works can be found in refs 28 and 29. Unlike earlier
simulation works, we use here the grand-canonical
Monte Carlo (GCMC) simulation method to investigate
the micellization of triblock copolymers. This GCMC
technique has several advantages in studying the mi-
cellization behavior of amphiphilic molecules over the
simulations based on the canonical ensemble, such as
the use of smaller simulation box, faster equilibration
of micellar size distribution, and so on.29-31 In addition,
with the knowledge of the chemical potential µ, the
fundamental properties of the system such as the
relative free energy or the entropy can be estimated.
These properties are combined with the histogram
reweighting method of Ferrenberg and Swendsen32,33 to
give us very useful information on the basic micellar
parameters. Taking full advantage of GCMC method,
we will obtain the micellar parameters such as the
critical micelle concentration (cmc), the micellar as-
sociation number, its association number distribution,
and the standard thermodynamics of micellization. On
the basis of these results, the similarity and difference
in the micellization behavior between two different
triblock copolymer and their mechanism of micellization
will thoroughly be analyzed in terms of micellar pa-
rameters, which is very difficult to obtain from experi-
ments and conventional canonical simulations.

2. Model and Simulation Method
All the simulations are performed on a cubic lattice

using a Metropolis algorithm within the grand canonical
ensemble (constant µVT ensemble). The linear dimen-
sion L of a simulation box is L ) 40, and periodic
boundary conditions are applied in three principal
directions. The simulation model is designed to repre-
sent a solution of a solvent (selective for block A) and a
triblock copolymer (ABA or BAB), where each segment
of triblock copolymer occupies only single lattice site and
all unoccupied sites are considered as solvents. Con-
nected sites along copolymer backbone are determined
by a vector of the basic set {(1,0,0), (1,1,0), (1,1,1)},
resulting in a coordination number of 26. All pairwise
interactions ε are applied along the vector derived from
the same basic set as above. The interaction εBB between
B-B segments is chosen to be negative, and all the other
interactions are set to be zero, i.e., εAA ) εAB ) εAS )
εBS ) εSS ) 0, where subscripts A, B, and S denote block
A, block B, and solvent segments, respectively. This set
of interactions induces the solvent to be selective for
block A and therefore makes the block B form the core
of micelles. In this work, εBB is set to be -1. The total
chain length s of triblock copolymer is kept constant as
s ) 30 for both ABA and BAB. The lengths of each block
are set to be sA ) 10 and sB ) 10 for ABA and sA ) 20
and sB ) 5 for BAB. We consider only symmetric triblock
copolymers, and thus both types of triblock copolymer
have the same composition (i.e., A/B ) 2/1). A copolymer
chain is designated as the chain belonging to a micelle
if any segment of block B is in contact with any segment
of block B of another chain.

The GCMC simulations are carried out in the con-
ventional manner,30,31 where the chemical potential,
volume, and temperature of the system are kept con-
stant while the density of the system is allowed to
fluctuate throughout the simulation. In our simulation,
the chain configurations are sampled by means of mixed
moves of 50% chain displacement steps via reptation
moves and 50% chain insertion/deletion steps within the
grand canonical ensemble. It is very important that the
acceptance probability of trial moves by which the
chains are added or removed must be reasonable in
order to become an efficient GCMC simulation. How-
ever, the GCMC simulation for chain molecules are
extremely difficult, since the probability of inserting a
polymer chain into a many-chain system without over-
lapping with existing chains is vanishingly small. The
configurational bias Monte Carlo (CBMC) method is
employed to facilitate the chain insertions and deletions
in the grand canonical simulation. The essential idea
behind the CBMC method is to improve the low ac-
ceptance rate associated with random trial chain inser-
tion, by “growing” chains of favorable energy into the
system.31,34,35 A bookkeeping scheme maintains a record
of the statistical bias associated with choosing favorable
chain conformations, and this bias is subsequently
removed when the acceptance probability is calculated.
A more detailed description is given in refs 31 and 34.

In present work, the system temperature is system-
atically changed to investigate its effects on the micel-
lization behavior in both types of triblock copolymer
systems. At a given temperature, the chemical potential
is scanned to check whether the system forms micelles
at that temperature. For comparison, both ABA and
BAB triblock copolymers are simulated at the same
temperature, although they will have quite different
critical micelle temperature (cmt) with each other.

3. Results and Discussion

As mentioned above, the chemical potential and the
temperature of triblock copolymer systems are given as
input parameters on the grand canonical ensemble, and
correspondingly the average volume fraction of triblock
copolymers in the system will be obtained through the
simulation. In the following, we present our simulation
results on the association behavior of both classes of
triblock copolymers in a selective solvent as a function
of their average volume fraction and temperature
without specifying the chemical potential of the system.

Basic Micellar Parameters. Typical data for the
distribution of association number for both types of ABA
and BAB copolymers at different average volume frac-
tions are shown in Figure 1, where the solvent is
selective for block A and the temperature is T ) 4.5.
Here, the association number directly corresponds to the
micellar size. Both triblock copolymers clearly exhibit
a bimodal distribution of the association number at
volume fractions above some critical one, which is a good
evidence for the formation of thermodynamically stable
micelle. Comparison of Figure 1a,b shows that there is
a large difference in the critical concentration where the
system shows the bimodal distribution between the two
block copolymers, although they have the same chain
length and composition. Judging from the size distribu-
tion curve, the cmc of ABA copolymer lies in the
concentration range 0.0097-0.0198, while that of BAB
copolymer lies in the range 0.0551-0.0790. This result
is qualitatively consistent with the experimental ones
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implying that the ability to self-associate into micelles
is considerably reduced for BAB copolymers as com-
pared to ABA. This behavior can be ascribed to the
additional entropy loss of BAB copolymer chains due
to the looping geometry of the middle block because both
end blocks should stay in the same micellar core to form
micelles. A closer examination shows that the micelles
of BAB copolymer formed at relatively high concentra-
tion are much larger in size and much broader in its
distribution than ABA. We could even observe the
micelles with the size of more than 80 (not shown here).
The association behavior shown in Figure 1 is clearly
different from the phase separation into the solvent- and
copolymer-rich phases, because the micellar size distri-
butions form a peak at high association number and are
invariant throughout the simulation.

The effects of temperature on the association number
distribution can be observed in Figure 2, where Figure
2a,b corresponds to T ) 4.4 and T ) 4.7 for ABA and
Figure 2c,d to T ) 4.4 and T ) 4.7 for BAB, respectively.
As expected, as the temperature decreases, the bimodal
distribution of the micellar size starts to appear at lower
concentration. This behavior implies that the micelli-
zation process is enthalpy driven. The micelles with low
association number (which is here defined as small
aggregate) become less significant with decreasing the
temperature. This means that the free energy of triblock
copolymer in a micelle becomes much lower than in free
solution at lower temperature. As in the case in Figure
1, the micellar size of BAB is larger, and its distribution
becomes much broader than ABA. This behavior may
be related to unusual micellization behavior of BAB
triblock copolymers due to their architecture, which will
be discussed later.

For direct comparison of the micellar size and its
distribution of ABA and BAB systems, the mean mi-
cellar sizes and their polydispersity are calculated and
presented in Figures 3 and 4, respectively. The mean
micellar sizes are defined as the weight-average as-
sociation number Nw obtained from the association
number distribution. Figure 3 clearly shows that BAB
copolymer forms the micelles of much larger size than
ABA. It can also be seen that the mean micellar size
depends on the temperature, especially for ABA copoly-
mers. The polydispersity of size is often expressed as
the ratio of the weight-average association number Nw
to the number-average association number Nn. It is clear
that the polydispersity for BAB is larger than that for
ABA at high concentration above the cmc, as shown in
Figure 4. It is also observed that its dependence on the
copolymer concentration behaves differently. With in-
creasing the concentration, the polydispersity of ABA
initially increases, shows a maximum, and then begins
to decrease at some concentration above the cmc, as
shown in Figure 4a. This behavior is explained as
follows: at low concentration below the cmc, small
aggregates with small association number predomi-
nantly forms, leading to narrow polydispersity. When
the concentration reaches just above the cmc, the small
aggregates coexist with the micelles that begin to form
with relatively large association number, which results
in broad polydispersity. As the copolymer concentration
further increases, the fraction of micelles increases and
their contribution becomes dominant. Consequently, the
polydispersity becomes narrow again. Unlike ABA, the
polydispersity of BAB is narrow below the cmc, and it
continues to increase above the cmc and finally levels
off. In the case of BAB, a considerable amount of small
aggregates are present even after micelle formation due
to the less capability to self-associate into micelle.
Besides, various conformations of BAB copolymer chain
in the micelle can lead to the formation of the micelles
with sizes much higher than the mean micellar size.
This behavior implies that the micellization process of
BAB copolymer is closer to open association in nature.

To visualize the structure of micelles, snapshot pic-
tures of the ABA and BAB micellar solutions are shown
in Figure 5. ABA copolymers with the middle block B
forming the core form the micelles with typical core-
shell structure, as shown in Figure 5a where T ) 4.4
and 〈φ〉 ) 0.0408. Such micellization is known to obey
the closed association model, yielding relatively narrow
distribution of the micellar size, as observed in Figure
4a. Closer examination of single micelle formed from
ABA reveals that the micelle formed is nearly spherical.
In Figure 5b where T ) 4.3 and 〈φ〉 ) 0.0455, it can be
seen that BAB copolymers with two end B blocks
forming the micellar core yield micelles with broad size
distribution, which may be characteristic of the open
association. Most copolymer chains in the micelle takes
a loop conformation, and part of the micelles exists as
the so-called dangling chain which has one end in the
core and the other in the solution. As the copolymer
concentration increases, these free end blocks can
participate in the core of another micelle or self-
associate into new micelles, resulting in the branched
or gel-like structure with bridge chains. Indeed, a
number of bridge chains are observed at high concen-
tration. These features of the micellization of BAB
copolymers lead to loose or open structure with rela-
tively broad distribution and large micellar size. Nev-

Figure 1. Mass fraction of micelles as a function of the
association number when ABA (a) and BAB (b) block copoly-
mers are micellized at various average volume fraction of
copolymers at T ) 4.5.
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ertheless, the micelles formed from BAB copolymers are
also found to be relatively spherical.

It is informative to analyze the status of copolymer
chains such as free, dangling, loop, bridge chains as a
function of concentration. For ABA, the copolymer exists
either in a micelle or in a solution. As shown in Figure
6a, the fraction of free chains decreases with increasing
the copolymer concentration. For BAB, the copolymer
chain exists as one of four states, namely, free, dangling,
loop, and bridge chain (see Figure 5b). As shown in
Figure 6b, the fraction of free chain rapidly decreases
with the concentration, as in the case of ABA. At low
concentration, the fraction of dangling chain is larger
than those of the loop and bridge chains. This is because
the copolymer chains are not able to form a thermody-
namically stable micelle but form small aggregates
below the cmc. As the concentration increases, the
fraction of dangling chains shows a maximum around
the cmc and then decreases, implying the formation of

the typical micelles. The fractions of loop and bridge
chains steadily increase as the concentration increases,
since they contribute significantly to the formation of
the micelles. These relative fractions of chains strongly
depend on the temperature at the concentration above

Figure 2. Effects of temperature on the micellization of ABA and BAB systems: (a) T ) 4.4 for ABA; (b) T ) 4.7 for ABA; (c) T
) 4.4 for BAB; (d) T ) 4.7 for BAB.

Figure 3. Change of the mean micellar size with temperature
for ABA and BAB systems.

Figure 4. Dependence of polydispersity of the micellar size
on the average volume fraction at various temperatures for
(a) ABA and (b) BAB triblock copolymers.
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the cmc (not shown here). As the temperature increases,
the enthalpic interaction becomes less important, and

as a result the fraction of dangling chains increases
since unfavorable interaction of free ends in dangling
chains becomes less significant. This increase in the
fraction of dangling leads to the increase in the bridge
fraction, since the bridge chain can be generated from
the dangling chains. Accordingly, the population of loop
chains with high entropic penalty decreases with in-
creasing the temperature.

The shape of micelle can be quantitatively character-
ized by analyzing the principal moments of inertia of
micelle. From the snapshot picture in Figure 5, it was
realized that the shape of micelles is roughly spherical
for both ABA and BAB. The set of eigenvalues (λ1, λ2,
and λ3; λ1> λ2> λ3) of the moment of inertia matrix is
evaluated, and a characteristic length is determined to
be li ) λi

1/2 for i ) 1, 2, 3. A measure of the micellar
asphericity, which is dependent on the micellar size, can
be obtained by measuring l1/l2, l2/l3, and l1/l3. For a
spherical micelle, l1/l2 ) l2/l3 ) l1/l3 ) 1, and for a
cylindrical one, l1/l3 . 1, l2/l3 ) 1. When the ratios of
characteristic lengths are plotted against the association
number, it is observed that the characteristic length
ratios are less than 2 for most of micelles except the
small aggregates and becomes constant at large associa-
tion number, indicating that the micelles formed by both
types of triblock copolymers are nearly spherical.

Figure 8 shows the spherically averaged radial vol-
ume fraction profiles. For both cases, the micelle exhib-
its a typical radial distribution of spherical micelle, in
which a dense core exclusively containing the segments
B is surrounded by a less well-defined corona containing
the segments A. Both triblock copolymers seem to have
almost the same core radius of about 4.2 in our unit.
However, a closer examination of Figure 8b shows that
the BAB copolymer yields a long tail in the distribution
of segment B extending into much outer region of the

Figure 5. Snapshot pictures of the micellar system for (a)
ABA at T ) 4.4 and (b) BAB at T ) 4.3. Each enlarged micelle
corresponds to a circle in the respective picture.

Figure 6. Change of the fraction of each conformation with
the average volume fraction for (a) ABA and (b) BAB copoly-
mers at T ) 4.5.

Figure 7. Ratio of characteristic lengths as a function of the
association number for (a) ABA and (b) BAB copolymers at T
) 4.5.
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micelle. This may be attributed to the peculiar topolo-
gies of BAB copolymers in the micelle such as the
dangling and bridge, as shown in Figure 6. When the
number fraction is used instead of volume fraction, it
is clearer that the distribution of segment B shows the
second peak in the outer region of micelle, in addition
to the primary peak in the core region. It is believed
that the B segments in the dangling and bridge chains
contribute to this second peak in the radial distribution.

Critical Micelle Concentration (cmc). The critical
micelle concentration (cmc) is generally defined as the
concentration at which micelles first appear in solution
at a given temperature. Here the exact values of the
cmc for both systems are determined by calculating the
osmotic pressure from the GCMC simulation combined
with the multiple histogram method. The key idea of
the histogram method, which was proposed by Ferren-
berg and Swendsen,32,33 is to increase the amount of
information to improve the simulation efficiency. In the
case of the single histogram method, the data from a
single simulation at a given parameter set are extrapo-
lated to give predictions of observable quantities at other
parameter sets. The multiple histogram method allows
us to interpolate/extrapolate the data from different
simulations performed at different parameter sets to
predict quantities over a wide range of parameter
values.36 For this purpose, in GCMC simulation at a
fixed chemical potential µ and temperature T, the
number of chains n and energy E are collected in the
form of histogram. In this case, the grand canonical
partition function Z is given as

where W(n,V,E) is the microcanonical partition function
which is related to the entropy, and â ) 1/kT. Then the
probability p(n,E) to observe a given number of chains
n and energy E is as follows:

The entropy, S(n,V,E), can be estimated by a simple
transformation of eq 2:

where C is an additive constant for the range of
densities and energies covered in simulation. The
multiple histogram method can be used to combine
several simulation runs at different chemical potentials
and temperatures to yield an overall estimate for
entropy function. Using this entropy function, thermo-
dynamic properties can be calculated at any other
chemical potential and temperature, and the grand
canonical partition function is obtained as follows:

where C′ is an unknown constant. The logarithm of the
grand canonical partition function corresponds to the
product of pressure and volume for a system, from which
the osmotic pressure Π is calculated.37 The constant C′
can be obtained by comparing low-density results to the
equation of state for the ideal gas. The osmotic pressure
calculated for the ABA system is plotted against the
volume fraction of copolymers in Figure 9, where the
osmotic pressure is expressed in a reduced form as Πr
) sΠ/T with T ) 4.5. At low concentration, the osmotic
pressure increases linearly with a slope of nearly unity
as the volume fraction increases. The other straight line
can be drawn at higher volume fraction, as shown in
Figure 9. Since the cmc is not a thermodynamic phase
transition, it is defined phenomenologically as the
concentration at which the observed property shows a
discontinuity. Therefore, the cmc value can be estimated
from the intersection of two straight lines, as shown in
Figure 9. This method is generally applied to determine
the cmc in experiments, using various physical proper-
ties.38 The cmc value of ABA estimated at T ) 4.5 is
0.0125, which lies within the range predicted from the

Figure 8. Spherically averaged radial density distribution
function of micelles of (a) ABA with the association number N
) 18 and (b) BAB with the association number N ) 23 at T )
4.5.

Figure 9. Reduced osmotic pressure as a function of the
volume fraction of ABA triblock copolymer at T ) 4.5. The cmc
is determined as the concentration at which two straight lines
intersect.

p(n,E) ) W(n,V,E) exp(âµn - âE)/Z(µ,V,E) (2)

S(n,V,E)/kB ) ln W(n,V,E) ) ln[p(n,E)] - âµn +
âE + C (3)

Z(µ,V,â) ) C ′∑
n
∑
E

exp[S(n,V,E) + âµn - âE] (4)

Z(µ,V,â) ) ∑
n
∑
E

W(n,V,E) exp(âµn - âE) (1)
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distribution curves of micellar size. The cmc values at
other temperatures can be estimated with the same
procedure. Furthermore, owing to the prediction by the
multiple histogram method, the cmc values at other
temperatures where the simulations have not been
performed could also be estimated. As would be expected
for a system with an enthalpic driving force for micel-
lization, the cmc obtained increases with increasing the
temperature. It is also confirmed that the cmc of BAB
copolymer is much higher than that of ABA at a given
temperature, as shown in Figure 10.

Thermodynamics of Micellization. In the previous
section, we could obtain a well-defined cmc value for
each system. Assuming that the association number is
relatively large and has a narrow distribution, the closed
association mechanism, where the micellization is char-
acterized by a dynamic equilibrium between single
copolymer chain and polymolecular micelle, predicts
that the standard free energy and the standard enthalpy
of micelle formation are related to the cmc, xcmc, as
follows:3,38

where xcmc is expressed in mole fraction unit. The
standard entropy of micelle formation is obtained by the
relationship

In principle, the standard state is copolymer molecules
and micelles in an ideally dilute solution, and the values
obtained are per mole of copolymer molecules. Under
assumptions that the association number and ∆H° are
independent of temperature, the integration of eq 6
gives

When the logarithm of the cmc values for both systems
are plotted against the inverse temperature, as shown
in Figure 10, a straight line is obtained for both types
of triblock copolymers, except for the cmc data of BAB
at high temperatures. These results suggest that the
micellization of the two triblock copolymers obeys the
closed association model, although BAB copolymers
exhibit some characteristics of open association due to

the presence of dangling and bridge chains. The stan-
dard enthalpies of micellization, ∆H°, estimated from
the slope of Figure 10, are -57.7 and -54.6 kJ/mol for
ABA and BAB, respectively. One of the assumptions in
deriving above equations is that the micelle association
number is large (generally N > 50) and independent of
temperature. In all cases, our simulation results do not
meet this assumption (see Figure 3). The correction for
this disagreement can be performed in a standard
manner.3,14,21,39,40 The logarithmic values of ∆H° cor-
rected were again fitted nicely by a straight line,
yielding ∆H° ) - 60.3 kJ/mol for ABA and ∆H° ) -
54.4 kJ/mol for BAB. Nguyen-Misra and Mattice16 have
conducted canonical Monte Carlo simulations on the
formation of micelle and gel of BAB triblock copolymers,
which corresponds to a part of our model system. They
calculated the relevant micellar and/or network param-
eters and investigated the effects of the degree of
incompatibility between B segment and either A seg-
ment or solvent on the cmc and critical gel concentra-
tion. Their results for BAB triblock qualitatively showed
very similar results on the basic micellization behavior
to our case. However, according to their simulation
results, the cmc of BAB copolymers was found to exhibit
a weaker dependence on the incompatibility as com-
pared with the exponential dependence in our case, i.e.,
xcmc ∼ (2sBε/kT)-0.4, due to the larger entropic penalty
associated with triblock copolymers. It may be thought
that this apparent discrepancy is attributed to the large
difference in the block composition. Their BAB chains
have longer total length of insoluble block B than that
of block A whereas 2sB < sA in our case. Therefore, their
BAB copolymer may experience much stronger entropic
effects upon micellization. In fact, most experimental
results for BAB triblocks with longer soluble block
showed the same dependence as our case.8,10,20-23 Figure
11 shows the calculation results for ∆G° and ∆S° for
both systems. ∆G° is negative for both systems and
becomes more negative as the temperature decreases.
It is also observed that the ABA copolymer has more
negative values than BAB over all temperatures simu-
lated, indicating that the micellar solution of ABA
copolymer is more stable and therefore has a lower cmc
value. ∆H° and ∆S° also show the negative values for
both copolymer systems, implying that the micellization
is an enthalpy-driven process. When the entropy of
micellization of BAB is compared with that of ABA, it
is revealed that the entropy loss of BAB is larger than

Figure 10. Logarithm of the critical micelle concentration as
a function of the reciprocal temperature for ABA and BAB
copolymer systems.

∆G° ≈ -RT ln Kc ) RT ln xcmc (5)

∆H° ≈ -R[d ln Kc/d(1/T)] ) R[d ln xcmc/d(1/T)] (6)

∆S° ) (∆H° - ∆G°)/T (7)

ln xcmc ) ∆H°/RT + const (8)

Figure 11. Standard free energy, ∆G° (b, O), and standard
entropy, ∆S° (9, 0), as a function of temperature for ABA and
BAB systems. The filled and open symbols correspond to ABA
and BAB copolymer, respectively.
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that of ABA. This indicates that BAB copolymers
require the looping geometry with high entropy penalty
for micelle formation, and thereby some of them should
be in the form of dangling chains in micelles, leading
to unfavorable contacts between segment B and solvent.
This unfavorable contact leads to less negative value of
∆H° for BAB than ABA.

Thermodynamic analysis for the micellization of two
copolymers shows that BAB copolymers have higher cmc
values than ABA. However, as shown in Figure 3, the
mean association number of BAB, despite its higher
cmc, is larger than that of ABA. In this section, we
attempt to explain this behavior through a more rigor-
ous approach. Indeed, the model derived above suffers
a serious limitation in that it considers only one species
of micelles; i.e., it assumes monodispersity of the mi-
cellar size. The obvious extension of such a model is to
introduce micelles of different sizes which are in equi-
librium with each other. This multiple equilibrium
model can not only predict the size distribution in the
micellar solution but also extract the entropy associated
with packing the chains into a micelle, which controls
the micellar size, as presented in very recent work of
Care and Dalby.41 According to the multiple equilibrium
model, the micellar size distribution can be obtained as
below:38,41

where xN is the mole fraction of chains present in
micelles with association number N, µi

0 the chemical
potential per molecule in a micelle of size i in a dilute
reference state, and ai an activity coefficient. The
activity coefficient can be estimated from the second
virial coefficient between two micelles following the
approach proposed by von Gottberg et al.42 At low
concentrations, the micelle-micelle interaction may be
ignored and thus the excess chemical potential per
molecule can be given as41

The excess chemical potential per molecule (µN
0 - µ1

0)
can be calculated from the micellar size distribution
using eq 9. The potential energy Uh N for a micelle of size
N is also calculated during the simulation, and therefore
the excess enthalpy per molecule, [(Uh N/N) - Uh 1]/kT, can
be estimated directly from the simulation. The last term
[(SN/N) - S1]/k is the excess entropy per molecule, and
the entropic terms related to the translation of the
micelles cancel out in eq 10. Therefore, SN is regarded
as the entropy associated with packing the chains into
the micelle.41 Figure 12 compares the excess thermo-
dynamic properties of ABA with those of BAB under the
same condition of micellization. The excess chemical
potential of ABA is slightly lower than BAB, indicating
that the micellization of ABA triblock copolymers is
more favorable. This arises mainly from a large differ-
ence in the excess enthalpy per molecule. The reason
that BAB copolymer shows much less negative excess
enthalpy per molecule is that the micelles of BAB
copolymer yield loose or open structure through dan-
gling and bridge chains. This has already been identified
in the case of ∆H°. Such imperfect structure of micelles
of BAB copolymers, however, gives much lower packing

entropy of their micelles than those of ABA, as shown
in Figure 12. As the micellar size increases, this packing
entropy of chains in micelles decreases and eventually
limits further growth in the micelle size due to an
increased self-crowding at the micellar surface. There-
fore, BAB copolymers with smaller decrease in the
excess entropy per molecule may form the micelles with
larger size than ABA.

4. Conclusions
In this work, the micellization behavior of two ABA

and BAB triblock copolymers in a selective solvent for
block A has been compared through the grand canonical
Monte Carlo simulation combined with the histogram
method. Our simulation model successfully generated
the spherical micelles for both types of triblock copoly-
mers, and cmc values were also determined unambigu-
ously. It was found that BAB triblock copolymers in a
solvent selective for the middle block show much higher
cmc values at the same temperature than ABA in a
solvent selective for two end blocks, exhibiting a large
reduction of the capability of BAB triblock copolymers
to self-assemble. This difference in the micellization
behavior arises from an additional entropy penalty
associated with looping conformation of the middle block
of BAB copolymers. This looping conformation is directly
observed from snapshot picture and also supported by
thermodynamic analysis of micelle formation. Moreover,
the entropy penalty for BAB copolymers leads to the
micellar structure with significant fraction of dangling
and bridge chains. The presence of dangling chains is
directly identified from the radial density distribution
of chains in micelles and induces a decrease in the
standard enthalpy of micellization as compared with the
case of ABA copolymers. Nevertheless, the presence of
well-defined cmc and the results of thermodynamic
analysis indicate that both triblock copolymers follow
the closed association mechanism, although BAB co-
polymer shows some characteristics of open association
through the molecular and micellar linking by dangling
and bridge chains. One of the differences between ABA
and BAB copolymers is that BAB copolymers form the
micelles with larger size and broader size distribution
than ABA, despite their reduced ability to self-assemble
into micelles. The multiple equilibrium model was used
to extract the entropy associated with packing the
chains into a micelle from our simulation results. BAB
copolymers with larger micellar size and broader size

Figure 12. The excess enthalpy (b, O), the excess chemical
potential, (9, 0), and the excess entropy (2, 4) per copolymer
chain as a function of the micellar size. The filled and open
symbols correspond to ABA and BAB system, respectively.
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distribution are found to have much lower packing
entropy than ABA copolymers. Considering that this
packing entropy limits the growth of micellar size, it is
easily understood that BAB copolymers form the mi-
celles with larger size and broader size distribution than
ABA.

In this paper, the micellization behavior for two
classes of block copolymers with single composition has
extensively been analyzed. However, since it is expected
that the micellization strongly depend on the copolymer
composition, the effects of the composition of both types
of triblock copolymers on micellization will be reported
in the next paper.
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