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ABSTRACT: The entropic effects in the comicellization behavior

of amphiphilic AB copolymers differing in chain architecture of

solvophilic A or solvophobic B parts are studied by means of

molecular dynamics simulations. In particular, we studied lin-

ear/star and star/star copolymer mixtures. The properties of

interest were the critical micelle concentration, the mean

aggregation number, the shape of the micelle, which is

expressed by the shape anisotropy, the thickness of the

corona, and the solvophobic core radius. We found that the

critical micelle concentration values for linear/star and copoly-

mer mixtures show a positive deviation from the analytical pre-

dictions of the molecular theory of comicellization for

chemically identical copolymers. This could be attributed to

the effective interactions between copolymers originated from

the architectural asymmetry. The effective interactions induce a

small decrease in the aggregation number of preferential

micelles in linear/star mixtures triggering the nonrandom mix-

ing between the solvophilic moieties in the corona for all mix-

tures. VC 2014 Wiley Periodicals, Inc. J. Polym. Sci., Part B:

Polym. Phys. 2014, 00, 000–000

KEYWORDS: block copolymers; self-assembly; simulations; star

polymers

INTRODUCTION In recent years, there is an increased inter-
est in studying the entropic effects, arising from the archi-
tecture and size asymmetry of polymer species, in the
structure and the properties of polymer mixtures.1–12

Mackay et al.1 conducted several experiments in order to
study the miscibility of linear polystyrene (PS) in the pres-
ence of spherical cross-linked PS and dendritic polyethylene
(PE) nanoparticles. They observed that although linear PS-
linear PE blends are phase separated system, branched PE
nanoparticles disperse uniformly in PS. This means that both
architecture and size asymmetry make a clear difference in
the miscibility of this system. They found that thermody-
namically stable dispersion of nanoparticles into polymeric
matrix was enhanced when the radius of gyration of the lin-
ear polymer is greater than the radius of the nanoparticle.

Foster and coworkers2–6 studied chemically identical blends
of star and linear PS2,3 and the respective star/linear blends
of polybutadiene4 (PB) and poly(methyl methacrylate)5

(PMMA). By deuterating one of the components they were
able to measure the effective Flory interaction parameter veff
arising from size and architecture asymmetry of polymer
chains, throw small-angle neutron scattering experiments.

They found that in PS and PMMA blends with stars having
up to 12 arms, veff always increased when the number of
arms and the length of linear chains were increased. The
effective interactions lead to nonrandom mixing of linear and
star chains. Experimentally, phase separation is observed in
two particular PB and PMMA blends with six and seven
arms and sufficiently large linear chains.4,5

Vlahos and coworkers7–10 studied the effects of the size and
chain architecture on the miscibility of both heteropolymer8,10

and chemically identical7–9 star/star, star/linear, and linear/
linear blends using Renormalization Group Theory and Monte
Carlo simulations. By calculating the Flory parameter veff and
the stability conditions they found that the heteropolymer
star/linear blends are more miscible than linear/linear ones
at least for short chains. With the increase in the number of
arms, the miscibility was significantly enhanced. They sug-
gested that this mainly originates from the shielding effect of
the star cores, which reduces the number of heterocontacts.
In contrast, the chemically identical star/linear blends are less
miscible compared with the linear/linear blends. The excluded
volume interactions between units belonging to different
chains are not canceled as Flory’s theory suggests but remain
leading in nonrandom mixing or even demixing in some
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circumstances. Nonidealities arising from size asymmetry
between chemically identical chains were also observed in
concentrated mixed solutions.11

Dong et al.12 studied the self-assembly of Janus nanoparticles
in block copolymer scaffolds. They found that the Janus
nanoparticles do not take symmetric distribution in the
lamella interface of asymmetric block copolymers. The devia-
tion of nanoparticles from interface is attributed to asym-
metric interactions from the block segments and the
unconventional entropic effect at the molecular scale.

To the best of our knowledge, results on the entropic effects
arising from the architecture and size asymmetry of copoly-
mers in mixed micelles are lacking. In this article, we
employed molecular dynamics simulations, with Langevin ther-
mostat, to elucidate the effect of the copolymer architecture on
the comicellization behavior of copolymers mixtures. In partic-
ular, we studied linear/star and star/star mixtures (Fig. 1).
The properties of interest are the critical micelle concentration
cmc, the mean aggregation number Np, the shape of the
micelle, which is expressed by the shape anisotropy j2, the
thickness of the corona H and the solvophobic core radius Rc.

MODEL

We employed a coarse-grained model to represent the
amphiphilic copolymer chains used in this study. A group of
atoms was modeled as a bead with diameter r. Bead–bead
interactions were calculated by means of a truncated
Lennard-Jones potential:
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where e is the well-depth, and rcij is the cutoff radius. Differ-
ent beads were connected with finitely extensible nonlinear
elastic bonds (FENE). A key physical characteristic of poly-
mer molecules is that the chains cannot cross. The FENE
potential inherently achieves this being harmonic at its mini-
mum, while the bonds cannot be stretched beyond a maxi-
mum length determined by R0.The FENE potential is
expressed as
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where rij is the distance between beads i and j; k525Te=r2

and R0 is the maximum extension of the bond (R051:5rÞ.
These parameters13 prevent chain crossing by ensuring an
average bond length of 0.97r. The solvent molecules are con-
sidered implicitly. The short timesteps needed to model sol-
vent’s behavior (the fast motion) restrict the timescales that
maybe sampled, thereby limiting the information that can be
obtained for the slower motion of the copolymer. Molecular
dynamics simulation with Langevin thermostat allows the
statistical treatment of the solvent, incorporating its influ-
ence on the copolymer by a combination of random forces
and frictional terms. The friction coefficient and the random
force couple the simulated system to a heat bath and there-
fore the simulation has canonical ensemble (NVT) con-
straints. The equation of motion of each bead i of mass m in
the simulation box follows the Langevin equation:

mi€r i tð Þ52r
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where mi, ri, and n are the mass, the position vector, and the
friction coefficient of the i bead, respectively. The friction
coefficient is equal to n 5 0.5s21, with s5r

ffiffiffiffiffiffiffiffiffi
m=e

p
. The ran-

dom force vector Fi is assumed to be Gaussian, with zero
mean, and satisfies the equation

hF iðtÞ � F jðt0Þi56kBTmndijdðt2t0Þ (4)

kB is the Boltzmann constant and T is the temperature. In
amphiphilic copolymers A, beads are considered solvophilic
and B beads solvophobic. In every conducted simulation the
solvophobic part B contained 30 beads, while the length of

FIGURE 1 Cartoon representation of (a) miktoarm star copoly-

mer (A16)4B30, (b) linear diblock copolymers A15B30, and (c) mik-

toarm star copolymer A15(B10)3. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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the A block varied. The individual constituents of the mix-
tures are (a) linear diblock copolymers with 63 and 16 sol-
vophilic beads denoted as A63B30 and A16B30, respectively
(b) miktoarm star copolymers with 63 solvophilic beads,
which are distributed in one A63, two (A32)2, or three
branches (A21)3 and 30 solvophobic units distributed in one
B30 or three branches (B10)3. Some of the aforementioned
copolymer architectures are illustrated in Figure 1.

Three binary mixtures of copolymers were studied in this
work. Namely, the mixture of (i) linear A63B30 diblock copol-
ymer with star (A21)3B30, (ii) star (A32)2B30 with star
(A16)4B30 and (iii) linear A63B30 with star A63(B10)3. The
chosen ratio of solvophobic to solvophilic units c allows the
systems to equilibrate faster and thus save computational
time.

The molar fractions of the two individual constituents in the
mixture, [X1] and [X2], are given by

½X1� 5
N1

N11N2
(5)

½X2�512½X1� (6)

where N1 and N2 are the number of chains of the two differ-
ent copolymers in the mixture. In every case studied we had
½X1�51, 0.75, 0.5, 0.25, and 0 while ½X2� values were set,
respectively, according to eq 6. The total copolymer concen-
tration, [X], is given by

½X�5N1M11N2M2

V
(7)

where M1 and M2 are the molecular weights of copolymers
of type 1 and 2, respectively, and V is the total volume of the
simulation box.

Molecular dynamics simulations with Langevin thermostat
were performed in a cubic box with periodic boundary con-
ditions, using the open-source massive parallel simulator
LAMMPS.14 Previous works have proved the high efficiency
of LAMMPS in the study of amphiphilic copolymers.15–18 The
reduced temperature of the simulation T* was set to
T*5 kBT/e 5 1.8. This choice of temperature allows the stud-
ied systems to have both micelles and free molecules.15 If
the temperature is very low, the studied system contains
only aggregates and no free molecules; while if the tempera-
ture is very high, the studied system contains only free mole-
cules and no aggregates. Different cutoff distances in the
Lennard-Jones potential were used15–18 to describe the inter-
actions between copolymer units. The B-B interaction had an
attractive potential with cutoff radius rcij 5 2.5 r while the
A-A and A-B interactions were considered repulsive and
have cutoff radii rcij 5 21/6r. In the latter case, the Lennard
Jones potential is shifted by e. For the sake of simplicity, all
types of beads were considered to have the same mass (m 5

1) and diameter (r 5 1). Copolymers were assumed to reside
to the same micelle if the distance between any two non-
bonded solvophobic beads B, belonging to different chains,

was found within 1.5 r. The aforementioned criterion has
been adopted by the literature for the description of the
micellization process where this distance corresponds to the
maximum extension of the FENE bonds.13 In all simulations,
we set e 5 1.

In this study, systems containing N1 1 N25 125 copolymer
chains were simulated for the calculation of the cmc values.
All other properties were computed from systems with N1 1

N2 5 1000 chains at total copolymer concentration [X]5 0.12
where most aggregates are formed.15 The system size was
chosen so to prevent the largest micelles from having a
radius of gyration greater than the one-fourth of the box
side length. The use of the one quarter of the simulation box
side proved to be a sufficient condition to avoid interaction
of chains and micelles with their images. No system size
effects were observed for all the calculated quantities
reported on this article.

To avoid bond crossing at the desired concentration, copoly-
mer chains of types 1 and 2 were initially arranged on a lat-
tice box. The energy of the chains was minimized and then
the lattice box was replicated to obtain the desired number
of chains. We performed one million time steps with integra-
tion step Dt5 0.008s setting all cutoff radii equal to rcij 5

21/6r to eliminate any bias introduced from the initial con-
formation. Then, the system was allowed to equilibrate for
10 million steps. The simulation was subsequently conducted
for 10 million steps for the systems with 125 copolymer
chains, and 100–500 million steps for the larger systems
with 1000 amphiphiles. The duration of the simulation was
evaluated by calculating the tracer autocorrelation function:

C tð Þ5 hN t01tð ÞNðt0Þi2hNðt0Þi2

hN2 t0ð Þi2hNðt0Þi2
(8)

where N(t) is the number of molecules in the micelle in
which the copolymer resides at time t. We took all copoly-
mers as tracers, and every time step as a time origin t0. The
characteristic relaxation time trelax is defined as the required
time for C(t) to reach the value15 of e21. In Figure 2, we
report the tracer autocorrelation function for different sys-
tems. Each simulation was conducted for at least 10trelax to
have 10 independent conformations. The properties of inter-
est were calculated as averages from 1000 to 2000 snap-
shots for the systems with 125 to 1000 chains, respectively.

The equilibration in coarse-grained MD simulations for
micellization of surfactants suffers from difficulty of conver-
gence as has been reported in the literature.19 Diblock
copolymers with larger molecular weights A15B30 need 500
million steps to equilibrate.15 By increasing the length of the
solvophilic part the equilibration time progressively
decreases and this justifies the use the A63B30 linear diblock
copolymer with such a long A block.15 The effect of the com-
plex architecture in reducing equilibration times is dominant.
Micelles formed by star copolymer chains equilibrate faster
compared to micelles formed by linear chains.16 This is due
to the steric interactions between branches in the micelle’s
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corona, which guide the star chains to bail out from the
micelle easier resulting in the faster relaxation. In addition,
blending the linear with star copolymers the time needed for
equilibration decreases as the star content in the mixture
increases (Fig. 2). Similarly, copolymers containing solvopho-

bic part with star architecture equilibrates faster than the
respective linear diblock copolymers.20

RESULTS AND DISCUSSION

Critical Micelle Concentration
Critical micelle concentration (cmc) is an important property
of self-assembly because it is a direct measure of the ther-
modynamic stability of the micelles in the solution. In gen-
eral, amphiphilic copolymers with lower cmc values are
stable at lower concentration. The onset of micellization is
traditionally depicted by plotting the free (nonassociated)
copolymer monomers concentration [F] as a function of the
total copolymer monomers concentration [X]. For ideal sys-
tems as [X] increases, small micelles are formed and the con-
centration of free chains reduces progressively reaching a
plateau at the cmc. For higher copolymer concentration [X]
the nonidealities introduced by the excluded volume interac-
tions reduce the free chain concentration and the maximum
value of [F] defines the cmc for real systems.15 In the case of
amphiphilic copolymer mixtures, where mixed aggregates
are formed, the maximum of the total free chain concentra-
tion including both types of copolymers determines the
cmc. Figure 3 shows plots of the total free copolymer

FIGURE 3 Plots of the total free copolymer concentration against the total copolymer concentration [X] for the simulated binary mix-

tures of (a) linear A63B30/star (A21)3B30, (b) star (A32)2B30/star (A16)4B30, and (c) linear A63B30/star A63(B10)3 at different molar fractions of

two types of amphiphilic copolymers. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 2 Tracer autocorrelation function C(t) for different

copolymer mixtures. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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concentration against the total copolymer concentration [X]
for the simulated binary mixtures of linear A63B30/star
(A21)3B30, star (A32)2B30/star (A16)4B30, and linear A63B30/
star A63(B10)3 at different molar fractions of two types of
amphiphilic copolymers. The cmc values calculated from Fig-
ure 3 are given in Table 1. The molecular theory for the for-
mation of micelles can be used to describe qualitatively the
trends of these values.19 According to the theory the driving
force of aggregation is the change in the Gibbs free energy
gmic associated with the transfer of n unimers from the solu-
tion to a micelle. The higher the gmic the higher the cmc value.
For uncharged copolymers gmic can be modeled as the sum of
four different terms that takes into account all of the free
energy changes that occur upon micelle formation21 gmic 5 gtr
1 gint 1 gpack 1 gst. The first three terms are related to the
solvophobic part of the copolymer, and the fourth is associated
with the solvophilic counterpart. The free energy of transfer
gtr reflects the energy change associated to the transfer of the
solvophobic block from the solution to micelles core. The
interfacial free energy gint takes into account the energy
change upon the formation of the interface between the core
and the solution while gpack involves the free energy change
associated with constraining the end or ends of the solvopho-
bic part to lie at the periphery of micelle core. The last term
gst accounts for the contribution of steric interactions between
the solvophilic units of the copolymers. The cmc value of pure
linear diblock copolymer A63B30 is 0.006 and is lower than
that of pure star (A21)3B30, which is 0.0153. Both copolymers
have the same molecular weight and the same solvophilic/sol-
vophobic ratio. However, in the pure micelles formed by the

linear diblock copolymers the steric interactions between lin-
ear blocks in the solvophilic corona are smaller compared
with the respective interactions between the three solvophilic
arms of miktoarm copolymer (A21)3B30. Thus, gmic in linear
copolymers is lower than the respective of miktoarm stars,
leading in lower cmc value. In the case of mixtures of linear
and miktoarm copolymers snapshot analysis revealed the for-
mation of mixed micelles. The small aggregates initially
formed by linear chains, which later on are enriched with mik-
toarm copolymers. The steric penalty needed to overcome for
transferring a free miktoarm star chain from the solution to a
mixed micelle is smaller compared with the respective gst for
the insertion of a free miktoarm star chain in a small aggre-
gate, formed by pure miktoarm star copolymer chains. Thus,
the formation of mixed micelles is thermodynamically favored
with gmic values lying between the respective values of pure
linear and pure star micelles. This leads to the increase of
cmc values of the mixture with respect to the pure linear
copolymer solution. As expected the cmc of the mixture
increases as the molar fraction of star chains increases (Table
1). A quantitative prediction of the cmc of the mixture in
terms of cmc of pure constituents is given by means of the
molecular theory of comicellization. The cmc of the binary
mixed system CM can be obtained as22,23

1

CM
5

X1½ �
f1C1

1
12 X1½ �
f2C2

(9)

where C1 and C2 are the cmc of the type 1 and type 2 copoly-
mers and f1, f2 are the activity coefficients of the amphiphilies
taking into account the nonideality of the interactions
between molecules of different types.24 In ideal mixtures, the
activity coefficients for both components are equal to unity.
The cmc values of the linear A63B30/star (A21)3B30 mixture
for star copolymer molar fraction [Xstar]5 0, 0.25, 0.5, 0.75,
and 1 are illustrated in Figure 4(a). In the same figure, the
analytical results obtained from eq 9 with unity activity coeffi-
cients are also presented. It can be observed that there is a
small deviation from the ideal behavior, which increases as
the molar fraction of miktoarm star copolymer increases. The
simulation results revealed the presence of effective interac-
tions, between chemically identical copolymers. Both linear
and star copolymers contain the same solvophobic part, which
is a linear chain with 30 beads, the nonidealities should origi-
nate from the solvophilic corona. In the case of linear/star
mixtures, effective interactions take place between the linear
block and the chemically identical star with three arms.

In Figure 5, the number density q(r) of the beads belonging
to the mixed micelle is illustrated as a function of the dis-
tance from the micelle center of mass. For the reported mix-
tures with (<Rg2>core)

1/2 almost equal to 5r (Table 2), the
melting of the solvophobic core leads the solvophilic beads
residing in the vicinity of the interface (5r< r <12r), to
come very close having high density. As we mentioned in the
introduction Vlahos and Kosmas7–9 using renormalization
group theory have shown that the architectural and the size
asymmetry in chemically identical homopolymer blends

TABLE 1 Critical Micelle Concentration (cmc) Values for

Different Copolymer Mixtures

Mixture Mw c cmc

Linear A63B30/StarðA21Þ3B30 93 0.48

½XðA21Þ3B30
�51 0.0153

½XðA21Þ3B30
�50:75 0.0125

½XðA21Þ3B30
�50:5 0.0100

½XðA21Þ3B30
�50:25 0.0077

½XðA21Þ3B30
�50 0.0060

StarðA32Þ2B30/ StarðA16Þ4B30 94 0.47

½XðA16Þ4B30
�51 0.0178

½XðA16Þ4B30
�50:75 0.0161

½XðA16Þ4B30
�50:5 0.0145

½XðA16Þ4B30
�50:25 0.0132

½XðA16Þ4B30
�50 0.0120

Linear A63B30/StarA63ðB10Þ3 93 0.48

½XA63ðB10Þ3 �51 0.0111

½XA63ðB10Þ3 �50:75 0.0094

½XA63ðB10Þ3 �50:5 0.0080

½XA63ðB10Þ3 �50:25 0.0065

½XA63ðB10Þ3 �50 0.0060
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induce nonidealities. The effective Flory parameter veff
describing such interactions, in star/star chemically identical
blends increases when the difference between the numbers
of arms of two different species increases, obtaining the
highest values when the star chain of the one component
becomes a linear polymer4 (star/linear blends). In addition,
Vlahos and Kosmas9 found that veff also increases as the
molecular weight of both polymers decreases. Thus, the devi-
ation from the ideal behavior in linear A63B30/star (A21)3B30

mixture may be ascribed in the architectural asymmetry of
solvophilic parts of amphiphilic copolymers.

In the case of star (A32)2B30/star (A16)4B30 mixtures the
variation of cmc with respect to molar fraction of star
copolymer (A16)4B30 is presented in Figure 4(b). It can be
observed that the cmc of pure star copolymer (A16)4B30

with four solvophilic arms is higher than the respective of
pure star (A32)2B30. Again, the reason is the higher steric
penalty needed to be overcome for transferring a free mik-
toarm star chain with four solvophilic arms from the solu-
tion to a pure micelle of (A16)4B30 copolymers. Mean cmc
values of the mixture for any molar fraction [Xstar(A16)4B30],

despite the great standard deviation, are almost identical
with the theoretical values indicating negligible nonideal-
ities induced by the architectural asymmetry of two

FIGURE 4 Plots of the cmc values of (a) linear A63B30/star (A21)3B30 mixture for star copolymer molar fraction. (b) Star (A32)2B30/

star (A16)4B30 mixtures with respect to molar fraction of star copolymer (A16)4B30 and (c) linear A63B30/star A63(B10)3 mixtures.

Within the same figure, the analytical results obtained from eq 9 with unity activity coefficients are also shown. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

FIGURE 5 Plot of the number density q(r) for different copoly-

mer mixtures. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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branches between star copolymers (A32)2B30 and (A16)4B30.
According to the molecular theory of comicellization22–24

the activity coefficients f1 and f2 are given by the
relations f15exp½u 12 X1½ �ð Þ2�, f25expðu X1½ �2Þ where u is the
interaction parameter between units of different copoly-
mers. By taking into account eq 9 and the expressions for
the activity coefficients f1 and f2 we extract parameter u by
fitting the simulation values of 1/CM. We obtain u5 0.1 for
star (A32)2B30/star (A16)4B30 and u5 0.6 for the linear
A63B30/star (A21)3B30 mixtures. These results are in agree-
ment with the aforementioned predictions of Vlahos and
Kosmas7–9 for star/star blends.

Next, we study linear A63B30/ star A63(B10)3 mixtures
where the constituent copolymers differ in the architecture
of solvophobic part. The cmc value of pure star A63(B10)3
copolymer is higher than the respective value of the linear
diblock copolymer [Fig. 4(c)]. The solvophobic units of star
tailed copolymer A63(B10)3 are constrained near the point
of connection with solvophilic block. Thus, the creation of
larger interface, with the solvent molecules, leads to a
larger interfacial energy and consequently to higher cmc.20

Furthermore, the concentration of the units, close to the
point of connection hinders, their interactions with other
solvophobic units to reduce the free energy.20 For copoly-
mer mixtures, as can be seen from Figure 4(c), the ideal
model of eq 9 describes accurately the simulation results,
indicating negligible effective interactions. Analytical predic-
tions for chemically identical blends or concentrated solu-
tion under bad solvent conditions do not exist in the
literature.

Micelle Size and Shape
Useful quantities to characterize the mixed micelles, formed
by the aforementioned binary mixtures, are: the aggregation
number N, the percentage content of constituent copolymers,
the radii of gyration of the core <Rg2>core and of the whole
aggregate <Rg2>micelle as well as the resulting thickness H
and the shape anisotropies j2

micelle, j
2
core.

Shape anisotropy is defined as25,26

j25123
I2
I21

(10)

where I1 and I2 are the first and the second invariants of
the radius of gyration tensor. j2 can take values ranging
from 0 (sphere) to 1 (rod). The radius of the micelle core
Rcore can be calculated from its mean square radius of gyra-
tion by the relation R2

gcore5ð3=5ÞR2
core. The thickness of the

mixed corona H can be obtained as the difference of the
radii of the whole micelle and the core. All these properties
were calculated on the most concentrated solutions with
[X]5 0.12, where most aggregates are formed. Our results
on the mass distributions of micelles, for different molar
fractions of constituent copolymers in the mixtures, are
illustrated in Figure 6, while the shape characteristics of
the most probable micelles are summarized in Table 2. In
the case of linear A63B30/star (A21)3B30 mixtures the mass
distribution depends on the molar fraction. Earlier, we
found that the pure amphiphilies with miktoarm star archi-
tecture have sharper distribution peaked at a smaller value
of preferential aggregation number Np than the linear
diblock counterparts.16 By mixing the two copolymers we

TABLE 2 Shape Characteristics of the Most Pobable Formed Aggregates of Various Mixtures

System Np <Rg2>micelle <Rg2>core <j2>micelle <j2>core H Rcore

A63B30 2 (A21)3B30

[X (A21)3B30] 5 1 11 77.7 (0.2) 22.4 (0.1) 0.038 (0.001) 0.106 (0.002) 5.27 (0.02) 6.11 (0.01)

[X (A21)3B30] 5 0.75 16 105.1 (0.5) 26.4 (0.2) 0.0359 (0.0006) 0.088 (0.002) 6.59 (0.04) 6.62 (0.03)

[X (A21)3B30] 5 0.50 22 133 (1) 30.3 (0.3) 0.028 (0.001) 0.074 (0.004) 7.75 (0.07) 7.1 (0.03)

[X (A21)3B30] 5 0.25 28 157.4 (0.9) 33.6 (0.2) 0.0215 (0.0005) 0.065 (0.004) 8.71 (0.05) 7.48 (0.02)

[X (A21)3B30] 5 0 [Ref. 3] 38 191 (2) 39.7 (0.7) 0.015 (0.003) 0.05 (0.01) 9.7 (0.1) 8.13 (0.07)

(A32)2B30 2 (A16)4B30

[X (A16)4B30] 5 1 9 68.4 (0.3) 21.5 (0.2) 0.050 (0.001) 0.112 (0.002) 4.69 (0.04) 5.98 (0.03)

[X (A16)4B30] 5 0.75 11 78.6 (0.3) 23.2 (0.3) 0.041 (0.001) 0.109 (0.003) 5.22 (0.05) 6.21 (0.04)

[X (A16)4B30] 5 0.50 13 88.3 (0.3) 24.3 (0.1) 0.0334 (0.0008) 0.097 (0.003) 5.76 (0.03) 6.36 (0.01)

[X (A16)4B30] 5 0.25 15 97.4 (0.3) 25.4 (0.1) 0.0285 (0.0009) 0.090 (0.002) 6.23 (0.02) 6.50 (0.01)

[X (A16)4B30] 5 0 17 106.1 (0.4) 26.3 (0.3) 0.025 (0.001) 0.082 (0.004) 6.67 (0.05) 6.62 (0.04)

A63B30 2 A63(B10)3

[X A63(B10)3] 5 1 22 147.3 (0.5) 34.9 (0.4) 0.030 (0.001) 0.0150 (0.005) 8.04 (0.05) 7.62 (0.04)

[X A63(B10)3] 5 0.75 28 163.5 (0.7) 36.3 (0.3) 0.021 (0.001) 0.103 (0.004) 8.72 (0.05) 7.77 (0.03)

[X A63(B10)3] 5 0.50 31 172.0 (0.4) 36.1 (0.3) 0.0188 (0.0008) 0.075 (0.004) 9.17 (0.03) 7.76 (0.02)

[X A63(B10)3] 5 0.25 35 183 (1) 37.4 (0.3) 0.016 (0.001) 0.059 (0.005) 9.57 (0.07) 7.89 (0.03)

[X A63(B10)3] 5 0 (Ref. 3) 38 191 (2) 39.7 (0.7) 0.015 (0.003) 0.05 (0.01)

Standard deviation is inside the parentheses.
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noticed that one can interpolate between the two Np limits.
In Figure 7, the most probable aggregation numbers of
micelles are plotted for mixtures with linear copolymer
molar fraction [Xlinear]5 0, 0.25, 0.5, 0.75,1. The linear
interpolation, mixing rule, describing the ideal mixtures is
also presented. It can be observed that the most probable
mixed micelle’s aggregation number Np within the standard
deviation is marginally smaller than the respective value of
the ideal mixture. For [Xlinear]5 0.5 mixture the most prob-
able aggregation number is Np 5 22. Our simulation results
have shown that these micelles contain 53% of star copoly-
mer chains. The percentage content of the two copolymers
in the mixed micelles with smaller or higher aggregation
number than the preferential are also of some interest. The
calculations indicate that 90% of the free chains are mik-
toarm star copolymers. For aggregates with N5 5, 10, 15,
20, 22, 26, 29 this percentage becomes 21, 32, 43, 50, 53,
57, and 60%, respectively, indicating that micelles with N
smaller than the preferential are enriched by the constitu-
ent copolymer having the higher cmc, while the larger
micelles contains the constituent copolymer with the
smaller cmc. The effective interactions reflect in a very
small decrease in the aggregation number of preferential

micelles and should result in the nonrandom mixing
between the linear and star solvophilic parts in the corona.
To quantitatively describe, the mixing of linear and star sol-
vophilic moieties in the corona we have calculated the
radial distribution functions g(r) between the junction units
of different linear–linear, star–star, and linear–star chains.
The junction unit (Fig. 1) is the point where the solvophilic
and solvophobic blocks of the copolymer connect. After the
formation of the micelle, the junction points are located in
the periphery of the core from where the solvophilic moi-
eties consisting the corona originate. As can be observed
from Figure 8(a) the peaks of the three different g(r) func-
tions for the most probable micelle with Np 5 16 and 22 for
mixtures with [Xlinear]5 0.25 and 0.5, respectively, lie in dif-
ferent positions. Moreover, the peak of linear–linear g(r) is
higher than the respective of linear-star g(r), indicating
larger population of linear chains as first neighbors. Thus, a
nonrandom mixing of the copolymer chains in the corona is
obtained. Additionally, snapshot analysis of the preferential
micelles with Np 5 22 for [Xlinear]5 0.5 have confirmed that
the linear and the star chains are not randomly mixed and
some domains, containing only one type of copolymers, are
formed [Fig. 9(a)]. More or less, the content percentage of

FIGURE 6 Mass distributions of micelles in the mixtures: (a) linear A63B30/star (A21)3B30, (b) star (A32)2B30/star (A16)4B30, and (c) lin-

ear A63B30/star A63(B10)3, as a function of the aggregation number Np. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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one type of copolymer in the mixed micelle equals with the
molar fraction of this constituent species in the solution.
Snapshot analysis of the preferential mixed micelles with
Np 5 16, at the molar fraction [Xlinear]5 0.25, reveals that at

least two out of the four linear copolymer chains contained,
are placed together in the corona. Similarly, from micelles
with aggregation number 28, having seven star copolymer
chains at [Xlinear]5 0.75 we found that some miktoarm star

FIGURE 7 The most probable aggregation numbers of micelles Np for different mixtures: (a) linear A63B30/star (A21)3B30, (b) star

(A32)2B30/star (A16)4B30, and (c) linear A63B30/star A63(B10)3. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

FIGURE 8 Radial distribution functions of micelles with the most probable aggregation number for different copolymer mixtures:

(a) linear A63B30/star (A21)3B30 and (b) star (A32)2B30/ star (A16)4B30. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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copolymer chains contained, are placed together in the
corona [Fig. 9(b)].

The shape of the pure linear micelles is more spherical than
the pure miktoarm micelles, while the shape anisotropy
parameter j2 of preferential micelles increases progressively
as the molar fraction [Xstar] increases (Table 2), following
more or less the mixing rule.

In star (A32)2B30/star (A16)4B30 mixtures [Figs. 6(b) and
7(b)], having small difference in the number of star arms, the
effective interactions are very small compared with the
respective of linear/star mixtures according to analytical
results of Vlahos and Kosmas.7–9 Indeed the most probable
aggregation number of mixed micelles Np coincides with the
predicted values of mixing rule as the molar fraction of star
(A32)2B30 increases. Similarly, the radial distribution functions
g(r) between the junction units of star (A32)2B30–star
(A32)2B30, star (A16)4B30–star (A16)4B30, and star (A32)2B30–
star (A16)4B30, for the most probable micelle with Np5 11
and 13 for mixtures with [X(A16)4B30]5 0.75 and 0.5, respec-
tively, are illustrated in Figure 8(b). The different peak posi-
tions and the higher peak of linear–linear g(r) distributions
indicate nonrandom mixing of the copolymer chains in the
corona. Snapshots have also shown a nonrandom mixing of
both copolymers, in a variety of molar fractions [Figure
9(c,d)]. As expected, the mixed micelles are less spherical

than the respective, formed by the pure linear copolymers,
and j2 follows within the deviation the mixing rule (Table 2).
Next, we study linear A63B30/star A63(B10)3 mixtures where
the constituent copolymers differ in the architecture of solvo-
phobic part. As can be seen from Figures 6(c) and 7(c) the
ideal model of eq 9 describes well the simulation results.

CONCLUSIONS

The entropic effects in comicellization behavior of amphiphilic
AB copolymers differing in chain architecture of solvophilic A
or solvophobic B parts are studied by means of molecular
dynamics simulations with Langevin thermostat. In particular,
we studied linear/star, and star/star mixtures. The properties
of interest are the critical micelle concentration, the mean
aggregation number, the shape of the micelle, which is
expressed by the shape anisotropy, the thickness of the
corona, and the solvophobic core radius. The simulation
results revealed that the cmc for linear/star mixtures shows a
positive deviation from the ideal behavior, while in star/star
and linear A63B30/star A63(B10)3 mixtures where the constitu-
ent copolymers differ in the architecture of solvophobic part,
the deviation is within the simulation uncertainty. The interac-
tion parameters obtained from the activity coefficients could
be attributed to the effective interactions between copolymers
originated from the architectural asymmetry. These interac-
tions are higher in the case of linear/star mixtures (u5 0.6)

FIGURE 9 Snapshots of micelles: (a) [Xlinear] 5 0.5 with Np 5 22, (b) [XStarAB3
�50:25 with Np 5 28, (c) ½XStarA2B

�50:5 with Np 5 13,

(d) ½XStarA2B
�50:25 with Np 5 11. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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and lower in star/star mixtures (u5 0.1). These values are in
qualitative agreement with Vlahos and Kosmas7–9 analytical
results for chemically identical blends. The effective interac-
tions decrease slightly the micelles preferential aggregation
number in linear/star mixtures while for the other mixtures
the micelles preferential aggregation number can be satisfac-
torily predicted by the mixing rule. The calculation of radial
distribution functions and the snapshot analysis reveals that
the solvophilic parts of the copolymer chains are non-
randomly mixed in the corona in all mixtures. Further theoret-
ical and experimental studies are needed to clarify the issue
of effective interactions, arising from the size and architectural
asymmetry, on the micelle formation.
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