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a b s t r a c t
Computer simulations have been performed to analyze the aggregation behavior in dilute solutions of
star-block copolymers of the type (AB)n in a selective solvent for the B block. We found spontaneous
aggregation of single stars and formation of roughly spherical aggregates. By changing the solvophobic/solvophilic length ratio of the two blocks, and keeping the total arm length constant, we observed
signiﬁcant changes in the resulting micellar properties, such as the critical micellar concentration (CMC)
and aggregation number. More speciﬁcally, by increasing the length of the solvophobic A block, we
observe micellization at higher temperatures; whereas by increasing the length of the solvophilic B
block, we observe micellization at very low temperatures. We also found a dependence of the CMC
on the temperature which is in very good agreement with a recent theoretical description based on a
simple thermodynamic framework. We compare our results with this theory and predict the enthalpy
and entropy of micellization as a function of the temperature.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The phase and aggregation behavior of amphiphilic block
copolymers has been of remarkable scientiﬁc interest for over
ﬁfty years because of their distinctive physical properties, which
are essential in a signiﬁcant number of industrial applications
[1]. However, most of the scientiﬁc output has focused mainly
on linear diblock or triblock copolymers [2,3], leaving other more
complex structures on a secondary level. In the last two decades,
the development of several experimental techniques to synthesize
star-like copolymers [4–8] and, in particular, advances in controlled
radical polymerizations, such as atom transfer radical polymerization [9–12], has triggered an increasing interest toward intriguing
non-linear architectures, such as heteroarm, miktoarm, and starblock copolymers, which consist of several arms radiating from a
common central core. More speciﬁcally, heteroarm and miktoarm
copolymers, concisely denoted as An Bn and An Bm , respectively, consist of n arms containing only units of type A, and the remaining
(n or m) arms containing only units of type B. Star-block copolymers, usually referred to as (AB)n , may be described as star polymers
where each of the arms is a linear block copolymer [13]. They consist of n arms with a bridging block of A units attached to the central
core, and a terminal block of B units. The structural properties of
star-like copolymers and in particular their ability to self-assemble,
make them of signiﬁcant interest as drug delivery vehicles [14–19],
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polymer ﬁlms [20], and in catalysis [21–23]. For instance, star-block
copolymers made of biocompatible poly(ethylene oxide) arms ﬁnd
important applications in biomedical and pharmaceutical areas
[24], and they are especially promising for functionalization [25].
There are three general ways of synthesis which are usually referred
to as core ﬁrst, arm ﬁrst, and coupling onto methods [26]. In the core
ﬁrst approach, a multifunctional initiatior starts the simultaneous
polymerization of the arms; the arm ﬁrst approach involves the
reaction between a linear copolymer and a multifunctional crosslinker; the last technique can be considered as a combination of
the other two, and involves a reaction between a functionalized
polymer and a multifunctional linking agent [27].
Star-like copolymers show an interesting micellization behavior
which may deviate from that of the analogous linear block copolymers with either the same molecular weight or the same arm block
length [28–30]. By means of static and dynamic light scattering and
viscometry, Voulgaris et al. found that the micellization properties
of polystyrene/poly(2-vinylpyridine) star copolymer in a selective
solvent for polystyrene (PS), are signiﬁcantly different from those
of the corresponding diblock copolymer having the same block
lengths as those of the star arms [29]. In particular, the star-block
copolymer exhibits a much higher critical micellar concentration
(CMC) and a lower aggregation number with respect to the linear copolymer. By applying the same experimental techniques,
Mountrichas et al. studied the aggregation behavior of star-block
copolymers made of PS and polyisoprene blocks in PS-selective solvents [30]. These authors concluded that such stars self-assemble
in micelles of smaller size, lower aggregation number and shorter
coronas than those generated from the aggregation of a copolymer

82

A. Patti / Colloids and Surfaces A: Physicochem. Eng. Aspects 361 (2010) 81–89

with approximately the same molecular weight and composition.
On the other hand, they did not observe signiﬁcant differences with
the structure of the micelles obtained from the aggregation of the
corresponding single arms.
Thanks to computer simulations, in the last two decades it has
been possible to increase the level of understanding of the physics
behind the formation of micelles in various types of amphiphilic
solutions [31,32]. Molecular Dynamics [33–35], Brownian Dynamics [33], Dissipative Particle Dynamics [36,37], and Monte Carlo
simulations [38–41], have been applied to study the phase and
aggregation behavior of block copolymers. Most of these simulation techniques were performed on simpliﬁed models to handle
the usual time and length scales involved in soft matter as detailed
atomistic models are often too computationally demanding [42].
Coarse-grain models signiﬁcantly reduce the number of atoms or
molecules in the systems and the relative interactions established
by grouping them together in a simpliﬁed manner [43]. Recently,
Sheng et al. performed Dissipative Particle Dynamics (DPD) to
compare the equilibrium structures of (AB)n and (BA)n star-block
copolymers in a selective solvent for the A block [44]. Interestingly,
they detected unimolecular micelles made of (BA)n stars, which are
very similar to those observed in systems containing linear diblock
AB copolymers. They showed that star-block copolymers can form
uni- or supramolecular micelles according to (i) the distribution of
the solvophobic and solvophilic units in the arms, (ii) their relative length, and (iii) the number of arms. In particular, for an (AB)n
star in a good solvent for B, the uni- or supramolecular micellization strictly depends on the ability of B units to properly shield the
solvophobic A-core from the contact with the solvent. This ability is a consequence of the delicate balance between the strength
of AA, AB, and BB interactions, and the conformational entropy
of the polymer. Unimolecular micelles can represent a signiﬁcant improvement as drug delivery vehicles over multimolecular
copolymer micelles. The covalent bond between the amphiphilic
arms in unimolecular aggregates ensures a higher thermodynamic
stability with respect to a micelle formed by distinct linear blocks,
and reduces the probability to release the drug molecules to the
surrounding solution. Because of their dynamic equilibrium with
the free chains in solutions, multimolecular micelles made up of
linear block copolymers might not accomplish this important task
entirely [45–47]. Unimolecular and multimolecular micelles have
been also observed more recently by Chou et al., who applied
the DPD method to analyze the effect of arm number and length,
solvent quality, and block length ratio, on the mean aggregation
number in solutions of (AB)n star-block copolymers [48]. Jo and
coworkers applied Brownian Dynamics simulations and a mean
ﬁeld theory to study the effect of the number of arms on the aggregation behavior of an (AB)n star-shaped copolymer, modeled as a
bead-spring chain, in a selective solvent for the B block [49]. They
found that the CMC shows a minimum when plotted as a function
of the arm number, representing the optimal compromise between
the entropic loss due to steric constraints in the micellar state, and
large interfacial areas exposed to the solvent in the singly dispersed
state.
In this work, we perform Monte Carlo simulations to study the
aggregation behavior of a model star-block copolymer of general
formula (AB)n , with n = 5, in a selective solvent for the terminal
B-group. We aim to understand how the main features of the selfassembly of this copolymer in micellar structures can be affected by
the temperature, concentration, and by the solvophobic/solvophilic
ratio of the block lengths. To this end, we model three different starblock copolymers whose block lengths ratio ranges from 0.5 to 2
and analyze their micellization properties. Moreover, we compare
our simulation results with the recent theoretical model proposed
by Kim and Lim, which provides the dependence of the CMC on
the temperature [50]. By means of such a correlation, we could

estimate the standard free energy of micellization and analyze the
thermodynamics behind the formation of micelles. In this context,
we discuss the dual enthalpic–entropic nature of the driving force
leading to the self-assembly of star-block copolymers.
The paper is organized as follows. In the next two sections, we
describe the coarse-grained model and the simulation methodology applied, with a particular focus on the techniques used to study
the aggregation properties of the micelles in equilibrium. In Section 4, we present and discuss the aggregation behavior and the
thermodynamics of micellization by comparing the three architectures analyzed on the basis of their block length ratios. Finally some
conclusions wrap up the paper.
2. Model
The coarse-grained model used in this paper was originally proposed by Larson who studied the aggregation behavior of linear
surfactants in systems with oil and water [51]. In this model, the
simulation box is organized into a three-dimensional cubic network
of sites, and the amphiphilic chains are represented as sequence
of connected beads. Each bead occupies a single site, and interacts with its nearest or diagonally-nearest neighbors along z = 26
directions, where z is the lattice coordination number. In our study,
the amphiphilic star-like monomers occupy 31 sites, whereas the
solvent occupies a single site. The monomers are composed of one
central bead connected to ﬁve arms, as illustrated in Fig. 1. Each
arm contains a solvophobic bridging group directly connected to
the central bead, which is also solvophobic, and a solvophilic terminal group. The solvophobic and solvophilic beads are denoted
by A and B, respectively. The solvent is denoted by S. Here, we use
the abbreviation A(Ax By )5 to indicate a star-block copolymer with
ﬁve arms containing x solvophobic and y solvophilic beads, with
(x, y) = (3, 3), (4, 2), or (2, 4).
The interaction between two beads i and j is given by the global
interchange energy, ωij , which is the only relevant energetic parameter, and reads:
ωij = ij −

1
( + jj )
2 ii

(1)

with ij being the individual interaction energies of a given pair
of sites. We ﬁxed the global interchange energies according to the
main factors affecting the micellization process, which are (i) the
repulsion of the solvophobic beads with the solvophilic beads and
the solvent, and (ii) the solubility of the B beads in the solvent. In
particular, ωAB = 1, ωAS = 1, and ωBS = 0. Note that from Eq. (1),
ωii = 0.
The dimensionless temperature reads
T∗ =

kB T
ωAB

(2)

Fig. 1. Model star-block copolymers. A(A3 B3 )5 (a); A(A4 B2 )5 (b); A(A2 B4 )5 (c). Solvophobic and solvophilic beads are in red and yellow, respectively. The central bead,
in gray, is as solvophobic as any red bead. (For interpretation of the references to
color in the ﬁgure caption, the reader is referred to the web version of the article.)
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Table 1
Volume fractions, , number of stars, Nstars , and relative box size, Lbox , of the systems
studied.
(%)
Nstars
Lbox

0.01
314
460

0.025
317
340

0.05
435
300

0.1
258
200

0.25
330
160

0.5
279
120

1.0
557
120

3.0
1672
120

3.2. Radii of gyration
The radii of gyration give information on the shape and size of
the aggregates. They are obtained from the tensor of gyration [56]

3. Simulation methodology
We performed lattice Monte Carlo (MC) simulations at constant
number of beads, volume and temperature (NVT ensemble), in a
cubic box with periodic boundary conditions in the three dimensions. The volume of the box ranges from 1203 to 4603 , depending
on the volume fraction of the chains, which ranges from  = 0.01%
up to 5%. In Table 1, we give detailed information on the size of the
simulation box at the concentrations studied. At lower concentrations than those listed in Table 1, the NVT ensemble becomes less
efﬁcient as a large system size would be required to ensure a sufﬁcient number of monomers to form micelles. In these cases, a better
choice would be to perform the simulations in the grand-canonical
ensemble, where the chemical potential, rather than the number
of monomers, is kept constant, as already shown in the study of
self-assembling diblock and triblock copolymers [52,53].
The chains have been displaced by conﬁgurational bias moves,
that is by partial and complete regrowth [54]. A typical mix of
the MC moves used was 20% complete regrowth and 80% partial
regrowth. In the equilibration run, all the simulations were carried
out for at least 2 × 109 MC steps. This corresponds to a CPU time
of roughly a week on a Dual-Core AMD Opteron Processor 2216,
but denser systems needed up to two weeks to be equilibrated.
The starting conﬁgurations consisted of chains sequentially placed
on the lattice which were allowed to relax at a very high temperature (T ∗ = 104 ) for 2 × 105 MC steps. This created a completely
random distribution of the chains and the initial conﬁguration for
the equilibration run. In the production run, we ensemble averaged the properties of the equilibrated systems 1000 times every
105 MC steps. At this stage, we computed the cluster size distribution, the radii of gyration, the density proﬁles through the micellar
aggregates, and the critical micelle concentration.

1 
(˛k − ˛cm )(ˇk − ˇcm )
Nb
Nb

2
=
R˛,ˇ

where T is the absolute temperature and kB the Boltzmann constant.
For the three monomers represented in Fig. 1, different temperatures have been monitored, between T ∗ = 4.0 and T ∗ = 12.0.
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(4)

k=1

where ˛, ˇ = x, y, z are the three spatial directions, Nb is the number of beads in a given aggregate, and the subscript cm denotes
the coordinate of the center of mass. The tensor of gyration can be
diagonalized and its eigenvalues give the squares of the principal
radii of gyration R1 , R2 , and R3 . In principle, if a given cluster had a
perfect spherical shape, then the three radii would be identical. A
useful single parameter to measure the deviation of the aggregates
from the spherical shape is the so-called asphericity factor, deﬁned
as follows [56]:
d


Ad =

2

(Ri2 − Rj2 ) 

i>j
d


(d − 1)(

2

(5)

2
Ri ) 

i=1

where d is the dimensionality of the system (d = 3 in our case). If
the aggregate shows a perfect spherical shape, then Ad is equal to
zero; otherwise it has a value between 0 and 1.
3.3. Composition proﬁles
To estimate the distribution of the beads, we calculated the composition proﬁles for concentric spherical shells around the center
of the aggregate. The center of the aggregates was calculated as the
center of mass of the cluster, giving equal weight to the beads of
A and B blocks, and approximated to the nearest site in the lattice.
Therefore, the composition proﬁle i (r) was obtained by counting
the number of sites i in concentric shells of radius r, taking as the
origin the cluster center, and dividing by the total number of sites
in that concentric shell, considered as the volume of the shell, Vs (r).
Vs (r) corresponds to the number of sites at a distance d, such that
r ≤ d < r + 1.
3.4. Critical micelle concentration

3.1. Cluster size distribution
The computation of the cluster size distribution determines the
average preferential size of the micellar aggregates and their dispersion in solution. Following the criterion used in previous works
[41,55], an aggregate (or cluster) is deﬁned as an assembly of
monomers sharing at least one solvophobic bead as a neighbor.
The cluster size distribution, P(N), represents the average fraction
of clusters of size N observed in the equilibrated solution during the
production run. Using this deﬁnition, the average volume fraction
of clusters containing N stars consisting of m beads is
N  =

NmP(N)
V

The CMC is the concentration at which micelles appear in the
system. Well below the CMC, most of the amphiphilic stars is
present as free monomers, and the concentration of micelles is
practically negligible, although there is, in principle, a small probability of ﬁnding a cluster of any given size. As already done by other
researchers [57,58], we assume that the CMC is the total concentration for which half of the surfactant is in aggregates of two or more
amphiphiles. This corresponds to the concentration at which the
curves of the free monomers and clusters concentration intersect.
4. Results

(3)

where V is the volume of the simulation box and . . . denotes
ensemble average. The peak of the cluster size distribution should
not depend on the system size. If, by increasing the system size, a
shift toward higher aggregation numbers is observed, this would
be indicative of a phase separation, rather than a micellization. At
the concentrations studied in this paper, we have never observed
such a shifting.

An illustrative sample of systems containing star-block copolymers above the CMC and hence forming micellar aggregates is
shown in Fig. 2. Note the different box sizes and temperatures. As
a general trend, the three star-block copolymers studied here are
able to self-assemble in micellar aggregates. However, the range of
temperatures at which this aggregation takes place is different and
strictly related to the solvophobic/solvophilic block lengths ratio,
AB , as we will show in this section.
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Fig. 2. Snapshots of micellar systems containing star-block copolymers. Top row: A(A3 B3 )5 at T ∗ = 8.0; central row: A(A4 B2 )5 at T ∗ = 12.0; bottom row: A(A2 B4 )5 at T ∗ = 6.0.
Concentrations and box volume: (a)  = 0.1% and V = 2003 ; (b)  = 1.0% and V = 1203 ; (c)  = 0.5% and V = 1203 ; (d)  = 1.0% and V = 1203 ; (e)  = 0.25% and V = 1603 ;
(f)  = 1.0% and V = 1203 . The A and B blocks are in red and yellow, respectively. (For interpretation of the references to color in the ﬁgure caption, the reader is referred to
the web version of the article.)

In Fig. 3, we show the cluster size distribution (CSD) in one of
the systems studied, which contains A(A3 B3 )5 at T ∗ = 8.0. As soon
as the concentration is raised above 0.05%, the CSD starts to develop
a peak, which gives clear evidence of the presence of aggregates.
The most probable size of such aggregates is Nmax = 10, regardless
the amphiphilic concentration of the system. The CMC, which will
be estimated more precisely later on, must be located in between
0.05% and 0.1%. At the highest concentrations, a long tail is observed
with a weak second peak located around N = 20. This does not indicate the presence of clusters with high aggregation number, but
rather the inability of the algorithm used to distinguish between
two separate aggregates in contact at a given point, and hence the
probability of their solvophobic cores to touch each other (see the
snapshot of two micelles touching each other in Fig. 3).
Due to the micellar nature of the solution, the location of
the peak in the CSD does not show any signiﬁcant depen-

dence on the amphiphilic concentration. However, it is strongly
affected by the temperature and, more precisely, by the balance
between two opposing contributions which are temperaturedependent: (i) the attraction between the solvophobic blocks,
which is the main driving force for micellization, and (ii) the
repulsion of the solvophilic groups, which becomes dominant at
high temperatures and leads the system toward a more favorable disordered phase of free stars. When the temperature is
increased, the aggregation number does not grow any further,
but smaller micelles are more probable to be observed. Such an
interplay determines the proﬁles shown in Fig. 4, which give
the dependence of the most probable micellar size, Nmax (that is
the location of the peak in the CSD) on the temperature. In the
three cases, we observe a peak which is approximately located at
T ∗ =5.5, 8.2, and 10.2 for A(A2 B4 )5 , A(A3 B3 )5 , and A(A4 B2 )5 , respectively.

A. Patti / Colloids and Surfaces A: Physicochem. Eng. Aspects 361 (2010) 81–89

∗

Fig. 3. Cluster size distribution of A(A3 B3 )5 at T = 8.0 and different concentrations.
Snapshots of an isolated micelle of 10 stars and two touching micelles of 9 and 11
stars are shown for  = 5%. The solvophilic and solvophobic blocks of the micelle
with 11 stars are in blue and green, respectively. The solid lines are a guide for the
eyes. (For interpretation of the references to color in the ﬁgure caption, the reader
is referred to the web version of the article.)

Fig. 4. Effect of the temperature on the peak of the CSDs in amphiphilic solutions
of the star-block copolymers indicated in the legend. The solid lines are a guide for
the eyes.

Insight on the shape of the clusters, whose size distribution is
reported in Fig. 3, is provided by computing the radii of gyration
or, equivalently, the asphericity factor Ad . In Fig. 5, we show Ad as
a function of the aggregation number N at T ∗ = 8.0. For N = Nmax ,

Fig. 5. Asphericity factors of the clusters observed in the system containing
A(A3 B3 )5 . The dashed line represents the average between the asphericity factors
at different concentrations. T ∗ = 8.0.
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Fig. 6. Composition proﬁles in typical spherical aggregates observed in systems
containing (a) A(A3 B3 )5 at T ∗ = 8.0; (b) A(A4 B2 )5 at T ∗ = 10.0; and (c) A(A2 B4 )5 at T ∗ =
5.0. The amphiphile concentration is 0.1% in the three cases, whereas the aggregation
number from left to right is 10, 14, and 8. Symbols: A-units (䊉); B-units (); central
bead (); solvent (). The solid lines are a guide for the eyes.

we determined that 0.05 < Ad < 0.10, which, with good approximation, implies the presence of spherical-shaped micelles. Slightly
smaller or bigger aggregates still preserve a quasi-spherical shape.
However, at N > 15, the asphericity factor increases (as well as
the associated statistical noise) as a result of the temporary coalescence of different clusters. By changing the temperature, we did
not detect any signiﬁcant effect on the shape of the micelles which
still preserve a quasi-spherical shape. Similar results have been also
observed in systems containing A(A4 B2 )5 or A(A2 B4 )5 and are not
shown here.
In Fig. 6, we display the density distribution proﬁles in micelles
made of A(A3 B3 )5 , A(A4 B2 )5 , or A(A2 B4 )5 at the same concentration
( = 0.1%), and at those temperatures corresponding to the peaks
of Nmax in Fig. 4. The three proﬁles do not present any relevant distinctive feature, but those related to the number of stars per micelle,
which is 10, 14, and 8 for A(A3 B3 )5 , A(A4 B2 )5 , and A(A2 B4 )5 , respectively. The inner core of the micelles is almost completely occupied
by the solvophobic A-units, with the central beads preferentially
located in the center. The peak of B is roughly located between
three and four lattice units, where the penetration of the solvent
is already quite signiﬁcant. The B-units form a solvophilic corona
which protects the solvophobic core from contact with the solvent.
This task seems to be more effectively accomplished when the B
block is formed by four beads (Fig. 6c), whereas a short solvophilic
terminal group can leave some solvent to enter the core. It might
be argued that, at a given temperature, higher aggregation numbers could provide further shielding against the penetration of the
solvent in the micellar core. This scenario would imply a loss in
the conﬁgurational entropy of the solvophobic blocks due to steric
impediments, and would be thermodynamically unfavored. As a
consequence, micelles with different aggregation numbers do not
show any signiﬁcant deviation in their density distribution proﬁles, which is indeed what we observed in our simulations and in
a previous work [41].
By visual inspection, it is possible to appreciate how the single
stars organize and orientate in the micellar aggregates. In Fig. 7,
a typical micelle of A(A3 B3 )5 is observed for  = 5% and T ∗ = 8.0.
Interestingly, there is not a general preferential distribution of the
chains: the solvophilic blocks belonging to the same star can be very
close to each other (snapshots (b, c, and d)) or separated by the inner
solvophobic core (snapshots (e and f)). As a consequence of this
behavior, the central beads do not exclusively arrange in the inner
region of the solvophobic core, but also closer to the border with
the solvophilic corona, as conﬁrmed by their quite broad density
distribution proﬁle of Fig. 6 (solid squares).
We deﬁned the CMC as the concentration at which the
amphiphilic moiety is equally distributed among free stars and
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Fig. 7. Snapshots of an A(A3 B3 )5 spherical micelle containing ten stars at T ∗ = 8.0 and  = 5%. In snapshot (a) all the chains are represented as in Fig. 1(a). In each of the
snapshots (b–f), one of the chains is highlighted to appreciate its orientation in the micelle: central bead in black, A-units in green, and B-units in blue. (For interpretation of
the references to color in the ﬁgure caption, the reader is referred to the web version of the article.)

clusters, and it is given by the intercept between the concentration proﬁle of the free stars and that of the clusters as a function
of the total amphiphilic concentration (see Fig. 8). The values of
the CMC as a function of temperature are given in Table 2. We
note that Chen and Smid studied the micellization of star polymers
with poly(ethylene oxide) arms in water solutions and estimated
the CMC in the order of 10−3 M [5]. More recently, Lim et al. estimated that the CMC of poly(THF)-b-polyglycerol star copolymer is
approximately 2.4 × 10−3 g/L [59]. The three star-block copolymers
studied here show an increasing CMC with the temperature, as
already observed for different linear block copolymers [53]. Moreover, increasing the ratio between the solvophobic and solvophilic
blocks from AB = 1 to AB = 2, reduces the CMC by one or two
orders of magnitude at the same temperature. At T ∗ = 10.0, for
instance, the CMC of A(A3 B3 )5 is 1.03%, whereas the CMC of A(A4 B2 )5
is 3.17 × 10−2 %. This result is due to the screening action in the

singly dispersed state exerted by the solvophilic B blocks on the
solvophobic A blocks. The efﬁciency of such a shielding results
to be signiﬁcantly reduced when the length of the soluble block
gets shorter, and, as a consequence, the tendency for stars to selfassemble rises. For similar reasons, if AB = 1/2, which is the case
of the star-block copolymer A(A2 B4 )5 , the tendency to aggregate
decreases and the CMC increases accordingly.
In Fig. 9, we plot the CMC as a function of the reduced
temperature. As a general behavior, in the range of our simulation results, the CMC increases with increasing T ∗ . We note
that in their experimental work on the micellization of PS/poly(2vinylpyridine) star copolymer in a selective solvent for PS, Voulgaris
et al. found an analogous exponential dependence of the CMC
on temperature, which ranges from 2 × 10−4 g/cm3 at 294 K to
3 × 10−2 g/cm3 at 312 K [29]. Recently, Kim and Lim developed a
theoretical framework describing the temperature dependence of
the CMC by applying a straightforward thermodynamic scheme
[50], based on (i) the closed association model, which assumes the
monodispersity of micelles; (ii) the linear behavior of the enthalpy
with the entropy of micellization (enthalpy–entropy compensaTable 2
Critical micelle concentrations, CMC , at different temperatures.

Fig. 8. Concentrations of free stars, 1 (solid circles), and clusters, N>1 (open circles), as a function of the total amphiphilic concentration of A(A3 B3 )5 at T ∗ = 8.0.
The intersection gives CMC ≈ 0.059%.

Star-block copolymer

T∗

CMC (%)

A(A3 B3 )5

8.0
8.5
9.0
9.5
10.0

5.86 × 10−2
1.55 × 10−1
3.42 × 10−1
6.68 × 10−1
1.03

A(A4 B2 )5

10.0
10.5
11.0
11.5
12.0

3.17 × 10−2
7.78 × 10−2
1.61 × 10−1
2.84 × 10−1
4.56 × 10−1

5.5
6.0
6.5
7.0

3.43 × 10−2
1.60 × 10−1
5.15 × 10−1
1.24

A(A2 B4 )5
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Fig. 9. Dependence of the critical micellar concentration on temperature. The
dashed lines refer to the theoretical predictions according to Eq. (6) with the ﬁtting
constants of Table 3. The symbols represent our simulation results. (䊉) A(A3 B3 )5 ;
() A(A4 B2 )5 ; () A(A2 B4 )5 .

tion phenomenon) [60]; and (iii) the Gibbs–Helmholtz equation.
In particular, these authors found that
ln CMC = A + BT +

C
T

(6)

0
, the
where A, B, and C are ﬁtting constants proportional to Cp,mic
change in the heat capacity of micellization [50]. We ﬁtted our
simulation results by applying Eq. (6) with the constants given
in Table 3, and found a good quantitative agreement, although
the micellar size distributions of the three copolymers at concentrations around the CMC are not as narrow as those typical of
a monodisperse system. The sign of the ﬁtting constants implies
that the heat capacity decreases with increasing temperature.
0
0 /ıT , the change of the heat of
Moreover, since Cp,mic
= ıHmic
micellization with the temperature is also negative, as will be
shown later on. Generally speaking, the sign of the heat capacity is the result of two balancing effects. In aqueous solutions, a
0
negative contribution to Cp,mic
arises from the change of the surface area of the hydrocarbon chains in contact with water, and it
is due to the destruction of the water structure surrounding the
solvophobic groups of the amphiphilic molecules upon micelliza0
tion [61]. On the other hand, a positive contribution to Cp,mic
is
associated to the reduction of the surface area available for the contact between the hydrophilic groups and water [62]. Usually, the
ﬁrst contribution is very signiﬁcant as the hydrophobic interactions established upon micellization represent the dominant effect
stabilizing the formation of aggregates. It follows that, on increasing the length of the hydrocarbon chain, the change in the heat
capacity of micellization becomes more negative, as observed by
Perger and Bešter-Rogač for different types of surfactants [63]. In
such systems, the reduction of the contact area between the solvent
and the solvophilic blocks, is generally negligible compared to the
0
hydrophobic effect, and Cp,mic
is negative. However, amphiphiles
with a different architecture, such as triblock copolymers, where
the size of the terminal solvophilic blocks may be relevant with
respect to that of the bridging solvophobic one, show a positive
change of the heat capacity in a given range of temperatures, as
recently observed for Pluronics F68 and F88 [62].

Table 3
Fitting constants of Eq. (6) for the three star-block copolymers indicated.
Star-block copolymer

A

B

C

A(A3 B3 )5
A(A4 B2 )5
A(A2 B4 )5

−19.33
−18.46
−19.38

1.48
1.09
2.11

1.20
0.27
1.80
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At those temperatures studied with simulations, the CMC of
A(A4 B2 )5 is lower than that of the other two star copolymers. This
behavior is expected as the solvophobic blocks are longer and the
ability to shield them from the contact with the solvent is relatively
limited in free stars with a short solvophilic block. As the B block
length increases (and, accordingly, the A block length decreases)
this task is more easily accomplished and the resulting CMC is
higher. The limit of such a behavior, corresponding to a star-block
copolymer with a relatively large solvophilic block, is the difﬁculty
to develop multimolecular micelles due to the steric repulsions
established between the dense solvophilic coronas [44].
From the CMC and its dependence on the temperature, it is
possible to describe and analyze the thermodynamics of micelle
formation. More speciﬁcally, the change in the standard free energy
0 , depends on the concentration of free starof micellization, Gmic
block copolymers at equilibrium with the micellar aggregates. Such
a concentration can be safely considered equivalent to the CMC as
it does not undergo signiﬁcant changes at the free stars-micelles
coexistence. The thermodynamic relation between the standard
free energy of micellization and the CMC has been developed by
the following two distinct trajectories. In the ﬁrst, the micellization is considered as an equilibrium phenomenon described by the
mass action law [64], whereas in the second the micelle is treated
as a separate phase in equilibrium with free amphiphiles [65]. In
both cases, the resulting dependence of the Gibbs free energy on
the CMC can be expressed as:
0
Gmic

kB T

= ln CMC

(7)

This equation has been derived for non-ionic surfactants and it
can be applied to the systems studied here as no ions have been
included in the coarse-grained model. It should be noted that Eq.
(7) is valid under the assumption of large aggregation numbers. In
our systems, the number of stars per micelle is not higher than ∼12,
but if we think of a star as a group of amphiphilic chains, than the
average aggregation number of such chains is ﬁve times bigger and
the theoretical framework still holds.
From Eq. (7), the enthalpy of micellization is obtained by applying the Gibbs–Helmholtz equation:
0
Hmic
= −T 2

0 /T
ıGmic

ıT

= −kB T 2

ı ln CMC
ıT

(8)

The enthalpy of micellization can be calculated numerically by
substituting Eq. (6) into Eq. (8):
0
Hmic

kB T
by

= −BT +

C
T

(9)

0 , can be determined
Finally, the entropy of micellization, Smic

0
0
0
= Hmic
− Gmic
TSmic

(10)

0 ,
In Fig. 10, we show the temperature dependence of Gmic
0
0
Hmic , and TSmic in units of kB T for the three star-block copolymers. The shaded area refers to the range of temperatures at
which we performed our simulations, which is 4.0 ≤ T ∗ ≤ 12.0.
The remaining part of the plot is the theoretical prediction at low
and high temperatures not explored by simulations. As already
discussed above, our simulation technique would be of little efﬁciency at T ∗ < 4.0, as the small values of the CMC would require a
signiﬁcantly big simulation box in order to sample the conﬁgurational space properly. It should be noted that the basic assumptions
of the theory may not hold at very low temperatures where the
systems are expected to solidify. Further investigation is needed
to address this point, which is behind the scope of the present
work, in more accurate detail. From the analysis of the enthalpy
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three star-block copolymers studied here. We did not perform simulations at such low temperatures, because a signiﬁcantly bigger
simulation box would be required to sample a very dilute system. In
this case, the VT ensemble, at constant chemical potential, volume
and temperature, would be more efﬁcient.
By applying the relation between the CMC and the change in
the standard free energy, we have determined the thermodynamic
properties of micellization. The formation of micelles was found
to be an entropy-driven process at low temperatures, where its
exothermic nature is counterbalanced by an increase of conﬁgurational entropy of the solvophobic chains. At high temperatures, the
process ﬁrst becomes energy-driven as the entropic contribution
0
> 0.
fades out, and ﬁnally thermodynamically unstable, with Gmic
Acknowledgements
Fig. 10. Thermodynamic properties of micellization in systems of star-block copolymers. A refers to the change in the free energy (solid lines), enthalpy (dashed
lines), or entropy (dotted lines) of micellization. The thermodynamic properties
referring to A(A3 B3 )5 , A(A4 B2 )5 , and A(A2 B4 )5 , are denoted by black, red, and green
lines, respectively. The shaded area indicate the region where we performed simulations. (For interpretation of the references to color in the ﬁgure caption, the reader
is referred to the web version of the article.)

of micellization, we can conclude that the micelle formation is an
0 < 0). At low temperatures, the negaexothermic process (Hmic
tive value of the standard free energy is due to the large entropic
contribution which overcomes the enthalpic term and drives the
micelle formation. Such a positive change in the entropy upon
micellization should be related to the conﬁgurational entropy of
the solvophobic blocks, which assume a higher number of conﬁgurations when removed from the solution and incorporated in the
micellar solvophobic cores. By approaching higher temperatures,
the entropic term progressively decreases and the driving force
for micellization assumes an enthalpic nature. At signiﬁcantly high
temperatures, the formation of micelles is not thermodynamically
0
favored (Gmic
> 0) and star-block copolymers exist in solution in
their singly dispersed state. This is detected at T ∗ ≈ 9.0, 13.0 and
17.0 for A(A2 B4 )5 , A(A3 B3 )5 , and A(A4 B2 )5 , respectively.
5. Conclusions
In summary, we have studied the aggregation behavior of three
star-block copolymers (AB)n , with n = 5, whose block lengths ratio
ranges from 0.5 to 2. In dilute solutions of a B-selective solvent,
these systems are able to form micelles whose properties gradually
change with the temperature. In particular, we found that the most
probable aggregation number (the peak in the cluster size distribution) increases with the temperature up to a maximum and then
decrease. The shape of the observed micelles is not signiﬁcantly
affected by temperature changes, but it keeps a (quasi) spherical geometry. On the other hand, the average number of stars per
micelle shows a maximum if plotted as a function of temperature.
Up to this maximum, the entropic contribution, which arises from
the hydrophobic effect, drives the micelle formation and the aggregates grow in size. At the maximum, the entropic term is basically
negligible and the micellar size does not grow any further.
The values of the CMC obtained by performing computer simulations have been compared with those predicted by a theory
describing the dependence of the CMC on the temperature [50].
Although this theory assumes the monodispersity of the micelles
in solution, and the cluster size distribution calculated at concentrations close to the CMC is not particularly narrow, we still found
a good agreement, which, nevertheless, should be further veriﬁed
with simulations at very low temperatures, that is T ∗ < 4.0 for the
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reading the manuscript and a postdoctoral fellowship from Utrecht
University.
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