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ABSTRACT: Spherical micelles with complex inner structure in A-B-C-triblock copolymer melts with
NA + NB , NC are considered in strong and superstrong segregation limits. It is assumed that blocks of
polymer chain are different in length and strongly incompatible. One of the particular systems which
we have in mind is a melt of B-C-block copolymer (NB , NC) with strongly associative A-groups at the
end of B-block. In this case the formation of A-aggregates occurs inside the B-micelle, which is assumed
in this paper to be spherical in shape. The inner structure of the B-micelle can be complicated. It is
possible to distinguish between two principally different cases: (i) all A-blocks form a single aggregate
at the center of the B-micelle and (ii) the A-aggregates form a certain structure inside the core of the
B-micelle. It has been shown that, depending on the external parameters (such as temperature, monomer
interaction parameters, block length, and monomer unit length), the characteristics of the B-micelle
(aggregation number, size, position of A-aggregates inside the B-micelle) can be quite different. Thus,
the size (aggregation number) of a polymer micelle with a single A-aggregate at the center is smaller
than that for the B-C-diblock copolymer case. At the same time, for the polymer micelle with multi-
A-aggregate inner structure the size and aggregation number of B-micelle are larger than that for B-C-
diblock copolymer case. If the incompatibility of A- and B-blocks is much stronger than that for the B-
and C-blocks, the polymer micelle with a single A-aggregate at the center is formed. Otherwise B-micelles
have multi-A-aggregate inner structure. The presence of A-aggregates inside the B-micelle leads to
stabilization of microphase separation between B and C in the system. For the system under consideration,
the superstrong segregation regime for the central A-aggregate may be achieved for relatively small values
of surface tension coefficients. In the superstrong segregation regime, the form of the A-aggregates is
disklike. The regions of different structures of spherical B-micelles are represented on the diagram of
states.

1. Introduction

Different polymer systems exhibiting microphase
separation transition have been the object of intensive
research during the last decades and this interest is
continuously growing. Microdomain formation in diblock
copolymer melts is well-studied, and the theory of
microphase separation in these systems is developed to
a large extent.1-9 Microphase separation in more
complicated polymer systems is the task for modern
theoretical and experimental researches.
In this paper we will consider one of the more

complicated polymer systems with microphase separa-
tion which is of significant experimental interest.
Namely, we will consider the melt of A-B-C-triblock
copolymers with blocks which are substantially different
in lengths: NA + NB , NC, (Ni is the number of
monomer units in the block i, i ) A, B, C). As might be
expected from theory and experiments, if the B- and
C-blocks in the system are incompatible, an ordered
structure of spherical B-micelles in the medium of
C-blocks is formed. Now, if a rather short A-block
incompatible to the other blocks is attached to the end
of the B-block, the B-micelle should have a complicated
internal structure. The investigation of this structure
and possible states of the system is the aim of the
present paper.
Some of the experimental results for triblock copoly-

mer systems are reported in refs 10-20. The main
attention is directed to A-B-A-triblock copoly-
mers.11,12,15,16,19 A-B-C-triblock copolymers with com-
parable end-block lengths are also the object of intensive
investigations.13,14,17,18,20 Complex ordered structures
with different morphologies have been observed experi-
mentally for polystyrene-block-polybutadiene-block-poly-

(metyl methacrylate) (PS-b-PB-b-PMMA),13,18,20 as well
as for isoprene-styrene-2-vinylpyridine copolymers.17
Variation in the length of the central block changes the
type and morphology of the ordered structures.
The experimental triblock copolymer system which is

most close to the case under consideration in the present
paper was considered recently in ref 10, where the melt
of polystyrene-polyisoprene (PS-PI) chains with ω-func-
tionalized groups at the end have been studied. Here
the role of a short A-block is played by strongly as-
sociating ω-functionalized groups (zwitteronic groups).
The specific features of the ordered structures for the
polymer melts have been studied in ref 10 by small-
angle X-ray scattering (SAXS), rheology, and dielectric
spectroscopy measurements. It has been found that the
presence of ω-functionalized groups leads to stabiliza-
tion of the ordered structures and that formation of the
multiplets occurs inside the PS-micelle. The tempera-
ture dependence of intensity SAXS profiles has been
obtained as well. In the present paper we will pay
special attention to the analysis of the specific features
of the ordered spherical micellar structures of triblock
copolymer melt with short A-block. In spite of the
difference in the shape of the micelles (for the polymer
system of ref 10 the fraction of PS-block is 30%, which
leads to the cylindrical shape of the PS-micelle in
contrast to the present case), the basic features of
behavior of both polymer systems are similar. So, below
we will compare (at least qualitatively) our results with
those of ref 10.
Theoretical analysis for triblock copolymer systems

have also been performed20-24 Theoretical calcula-
tions20-23 have been performed in the strong segregation
limit and are devoted to study of the ordered structures
experimentally observed in symmetric triblock copoly-
mers.13,18,20,17 Since the triblock copolymer systems are
more complicated in comparison with diblock copoly-
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mers, theoretical calculations are more formidable and
as a result this field of analysis is not so developed as
for the diblock copolymer case. In the present research
we intend to study specifically strongly asymmetric
triblock copolymer systems.
The strongly associating A-blocks (or A-groups) will

form aggregates inside the B-micelles which are analo-
gous to the multiplets in ionomer polymer systems.25-30

The statistical theory of such multiplets has been
recently developed in refs 31-33 using the analogy with
the “parent” block copolymer system. We adopt this
approach in the present paper as well.
The complex structure of the B-micelle core influences

the characteristics of the B-micelle (cf. also the experi-
mental results of ref 10). We will assume below the
spherical shape of the B-micelle; however, the size and
internal structure will be defined from the conditions
of thermodynamic equilibrium.
The present paper is organized as follows. In the next

section the main ideas of the model are presented. In
section 3 the different structures of B-micelle with
spherical A-aggregates inside are considered. Section
4 is devoted to B-micelles with disklike A-aggregates.
The different regimes of behavior of spherical B-micelle
are summarized in section 5, where the diagram of
states is presented. Lastly, section 6 contains the
concluding remarks.

2. The Model

Let us consider the block copolymer melt. Each block
copolymer chain consists of three blocks, A, B, and C.
We suppose that the lengths of the blocks are different:
the length of block C is much larger than the joint length
of B- and A-blocks, i.e. NC . NB + NA. All blocks A, B,
and C are incompatible. Since the blocks are incompat-
ible and the fraction of A- and B-blocks in the polymer
system is small enough, we will assume that B-micelles
have a spherical form, and blocks A and B are inside
the core of this micelle (i.e. the incompatibility of A- and
C-blocks is so strong that these blocks prefer to have
no contact). In this polymer system two different types
of separation (between A-B- and B-C-blocks) can take
place. Since A-block is attached to B-block, which is
incompatible with C, the formation of A-aggregates
occurs inside the B-micelle. The form and distribution
of A-aggregates depend on the lengths of the blocks, the
temperature, and other parameters of the system. To
describe the structure of A-aggregates inside the large
B-micelle, let us consider the free energy of the ordered
structure of spherical micelles. The free energy of the
polymer system can be written in the form

where Fcore is the free energy of the polymer blocks
forming the core of the B-micelle, Fsur is the surface free
energy for the B-micelles, and Fcorona is the free energy
connected with C-block extension in the corona region.
The difference between the structure of the spherical

micelles under consideration and that for B-C-diblock
copolymers is in the more complex structure of the
B-micelle core. The contributions Fsur, and Fcorona to the
free energy (eq 1) are similar to the ones for the diblock
copolymer case. The surface free energy for the B-
micelles per one chain forming the micelle can be
written in the form:7,31

where RB is the radius of the the B-micelle, QB is the
total aggregation number of the B-micelle (i.e. the
number of B-blocks forming the micelle), and γBC is the
surface tension coefficient. The surface tension coef-
ficient γBC is connected with the Flory-Huggins B-C
monomer interaction parameter øBC:

where l is the characteristic size of a monomer unit. The
free energy Fcorona (per chain) connected with the
stretching of C-chains in the corona region of the
B-micelle is the same as for a diblock copolymer micelle7

where vi and li are the volume of a monomer unit and
the statistical length of i-block (i ) A, B, C).
Possible structures of a B-micelle are shown in Figure

1. The inner structure of the core of the B-micelle can
be different (cf. parts a and b of Figure 1). The
formation of A-aggregates (multiplets) occurs inside the
core of the B-micelle. There are two different possibili-
ties: a single A-aggregate inside the B-micelle (Figure
1a) or multiple A-aggregates within the B-micelle
(Figure 1b).
To analyze the structure of A-aggregates inside the

core of a B-micelle, let us consider qualitatively the
possible distribution of A-blocks near the center of the
core (Figure 2). Let us consider two possibilities: (i)
several A-blocks are terminated at the center of the
B-micelle (Figure 2a) (ii) there are no A-blocks at the
center (Figure 2b). It is easy to show that the first
possibility is thermodynamically preferable. Indeed,
even if there are no A-blocks at the center, the central

F ) Fcore + Fsur + Fcorona (1)

Fsur ) 4πγBCRB
2/QB (2)

Figure 1. Schematic picture of two possible structures of a
B-micelle with spherical A-aggregates: (a) a single A-aggregate
at the centre of the B-micelle and (b) several A-aggregates
inside the core of the B-micelle.

γBC =
kT
l2
xøBC (3)

Fcorona ) kT 3
8π

vC
lC

2

QB

RB
(4)
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region of the B-micelle cannot be empty in a dense
polymer system. Then this region should be filled by
B-monomer units; this leads to an additional strong
extension of the corresponding B-chains. On the other
hand, there is no energy gain connected with pushing
the A-aggregate out of the center of the micelle. These
simple qualitative arguments lead us to the conclusion
that in any case there is an A-aggregate at the center
of a B-micelle. To obtain the expression for the free
energy of the B-micellar core (Fcore), let us consider in
more detail the inner structure of a B-micelle. As we
have seen above, there is an A-aggregate at the center
of the micelle. Let us denote the radius of this central
aggregate as R0 and its aggregation number as Q0. We
will suppose in our simplest version of the theory that
all other satellite A-aggregates are identical, with a
radius of RA and an aggregation number of QA. The
size, form, and aggregation number of the central
A-aggregate can be different or similar to ones of
satellite A-aggregates. The equilibrium characteristics
of central and satellite aggregates are to be determined
from the minimum condition of the free energy of the
system (eq 1).
It is easy to see that this model of the inner structure

of B-micelles includes both cases shown in Figure 1.
When all A-blocks form one aggregate at the center of
the B-micelle, there are no satellite aggregates and RA
and QA are equal to zero.
In the framework of our model, the free energy per

chain (Fcore) can be written in the form

where Fcore
0 and Fsur

0 are the free energy (per block
copolymer chain) of the core and surface free energy for
the central A-aggregate; FA is the free energy of the
system of satellite A-aggregates; FB is the free energy
of the B-block extension in the region between the

surface of the central A-aggregate and the surface of
the B-micelle core. The contributions Fcore

0 and Fsur
0 to

the free energy (eq 5) can be represented in the usual
form (cf. refs 7 and 31):

In eq 6 the expression in brackets corresponds to the
contributions from the chain extension inside the core
of the central A-aggregate and surface tension energy.
To obtain the free energy per chain, we must multiply
the expression in brackets by a factor of Q0/QB, since
this is the fraction of polymer chains forming the central
aggregate.
The contribution FA consists of three terms corre-

sponding to the surface energy, the free energy of
A-block extension inside the core, and the free energy
of B-block extension in the corona of the satellite
A-aggregates (cf. ref 31). It is convenient to divide the
contribution of the free energy of B-blocks extension to
Fcore (eq 5) into two parts. The free energy of B-block
extension in the regions near the surfaces of satellite
A-aggregates is incorporated in the free energy of
satellite A-aggregates, FA. While it is convenient to
consider the free energy of B-block extension in the
remaining space of the core of the B-micelle as a
separate contribution, FB, to the free energy (eq 5). The
free energy of B-chain extension in the corona of the
central A-aggregate will also be taken into account in
FB. To obtain the free energy FA per chain, the terms
corresponding to the free energy of satellite A-ag-
gregates are to be multiplied by the fraction of chains
forming noncentral A-aggregates, i.e. by 1 - Q0/QB. As
a result, the free energy FA has the form

To calculate the contribution FB to the free energy (eq
5) connected with the extension of B-blocks in the core
of the micelle, let us consider in more detail the
structure of the B-micelle. As has been mentioned
above, there is an A-aggregate at the center of a
B-micelle. B-blocks starting from the central A-ag-
gregate are radially extended. The conformation of
other B-blocks is more complicated. All B-blocks are
radially stretched near the B-C-junction points, i.e.
near the surface of the B-micellar core. But these
B-blocks attaching to the surface of the B-micelle core
terminate in different A-aggregates. The exact micro-
scopic description of the behavior of all B-chains inside
the core should be very cumbersome, and probably a
very detailed description is beyond the current level of
treatment of the model.
To obtain the expression for the elastic free energy

FB, we will use the electrostatic analogy7,32 between the
polymer chain conformations near surfaces and electric
field lines near charged surfaces. In the framework of
this analogy, the average vector connecting neighboring
monomer units along the chain (dr/dn) (where r(n) is
the average distance of the n-th monomer unit of the
chain from the surface) corresponds to the electric field,
E. The aggregation numbers of the micelles correspond
to the charges. The energy of the block extension is
proportional in this approach to the electrostatic energy
W ) 1/8π∫E2 d3r. Indeed for the free energy (per chain)
of block extension it is possible to write the following

Figure 2. Possible conformation of polymer chains near the
centre of a B-micelle: (a) there is an A-aggregate at the center
and (b) the central aggregate is absent.

Fcore ) Fcore
0 + Fsur

0 + FA + FB (5)

Fcore
0 + Fsur

0 ) [kT 3π2

80
R0

2

NAlA
2

+ 4πR0
2γAB
Q0 ]Q0

QB
(6)

FA ) [4πRA
2 γAB
QA

+ kT(3π2

80
+ 1
2) RA

2

NAlA
2](1 -

Q0

QB) (7)
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expression:

whereW is the electrostatic energy of the corresponding
region and C is the polymer/electrostatic proportionality
constant32

where v and l are the volume of monomer unit and
statistical length of the chain. For example, for the
C-block extension in the corona region we can obtain
from eq 8 the following expression

which coincides with eq 4.
The free energy of B-block extension (FB) in the

spherical layer between the surface of the central
aggregate and the surface of B-micelle is calculated in
the Appendix. The final expression for the free energy
FB has the form (eq A3)

For the case Q0 ) QB, i.e. when there is only one
A-aggregate at the center of the B-micelle (Figure 1a),
the expression for the free energy FB

takes the form

This expression (eq 10) can be easily obtained by a
different method, used in refs 7 and 31.
Another limit Q0 f 0, corresponding to the case of an

ordinary B-C-diblock copolymer melt, leads to the
following expression for the free energy of B-block
extension in the core of the micelle

as it should.7,31

Now, when we have the expressions for all contribu-
tions to the free energy (eq 1) we can analyze the
expression for the full free energy.

3. Spherical A-Aggregates inside the B-Micelle

In the previous section we have obtained the free
energy for the model assuming that all A-aggregates
inside the core of a B-micelle have a spherical form. As
we will see below, such a situation is not always true.
But in the present section we will limit ourselves to the
consideration of only spherical A-aggregates.

Taking into account the relations between aggrega-
tion numbers (Qi), volumes (Vi), and radii (Ri) of the
micelles,

the free energy F (eq 1) can be represented as a function
of three variables, for instance, radii RA, RB, and R0.
When we calculated the expression for the free energy
FB, we did not make any assumptions about the size of
the central aggregate. Simple analysis of the free
energy F (eq 1) allows us to come to the conclusion that
the free energy of the polymer system with Q0 ) QA (R0
) RA) is always lower than for the case Q0 * QA. It
means that the inner structure of a B-micelle with
identical A-aggregates is more favorable than for the
case Q0 * QA. Probably, a difference in the size of
central and satellite aggregates can leads to extra
stretching of B-chains near the center of the core. So,
we can consider all A-aggregates to be identical. This
result leads to some simplification in the form of the
expression for the free energy:

The free energy (eq 12) depends on two variables, RA
and RB. But there is a case when these two variables
are not independent. This is the case of a single
A-aggregate at the center of the B-micelle.
3.1. Single A-Aggregate at the Center of the

B-Micelle. If all A-blocks inside the core of the B-
micelle form one aggregate at the center, i.e. QA ) QB
≡ Q, then the variables RB and RA are connected via
the relation

The free energy (eq 12) depends now only on one
variable, e.g. RA:

The expression (14) for the free energy has a similar
form as for the diblock copolymer case (see refs 7 and
31). The complex structure of the B-micelle results in
the presence of the last terms in the square and curly

QB )
VB

NBvB + NAvA
) 4π

3
RB

3

NBvB + NAvA

Q0 )
V0

NAvA
) 4π

3
R0

3

NAvA
QA )

VA

NAvA
) 4π

3
RA

3

NAvA
(11)

F
kT

) (12 + 3π2

80
vAlB

2

vBlA
2) RA

2vB
NAlB

2vA
+ 3

NAvA
RA

γAB
kT

+

1
2
vB
lB

2
1

NAvA

RA
3

RB [1 - (RA

RB)3(1 +
NBvB
NAvA)] +

1
10

vB
lB

2

RB
2

(NBvB + NAvA)[1 - (RA

RB)3(1 +
NBvB
NAvA)]2 +

3
(NBvB + NAvA)

RB

γBC
kT

+ 1
2

RB
2vC

(NBvB + NAvA)lC
2
(12)

RB

RA
) (1 +

NBvB
NAvA)1/3 (13)

F
kT

) 1
2[1 + 3π2

40
vAlB

2

vBlA
2

+
vClB

2

vBlC
2( NAvA
NAvA + NBvB)1/3] ×

RA
2vB

NAlB
2vA

+ 3
NAvA
RA {γAB

kT
+ (1 +

NBvB
NAvA)2/3γBCkT} (14)

F ) kT 1
Q
CW (8)

C ) 3
4π

v
l2

Fcorona ) kT 1
QB

CW ) kT 1
QB

C1
2
QB

2

RB

FB = kT 3
8π

vB
lB

2{Q0
2

QB

1
R0

+
Q0

QB

(QB - Q0)
RB

+

1
5
(QB - Q0)

2

QBRB
} (9)

FB = kT 3
8π

vB
lB

2
QB

1
R0

(10)

FB = const
RB

2

NBlB
2
kT
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brackets of eq 14. The expression in the curly brackets
can be interpreted as an effective surface tension
coefficient [γeff/(kT)]:

The presence of the tension on the B-C-surface leads
to a significant increase in the effective tension γeff and
to an increase of the size of a central aggregate in
comparison with the micelles in the melt of A-B-
copolymers. The physical reason for this is connected
with the fact that the distribution of A-blocks inside the
B-micelle is nonuniform. Most of the A-blocks concen-
trate around the center of the micelle, even in the
absence of the A-B-repulsion. On the other hand, in
the A-B-copolymer melt, the distribution of the A-
blocks in the absence of A-B-repulsion is uniform. To
form a large A-aggregate, A-blocks should first gather
in some region. The inhomogeneous distribution of
A-blocks makes this process easier for the present case
and serves as the additional factor for the formation of
a larger A-aggregate in the center of the B-micelle.
Minimization of the free energy (eq 14) leads to the

following expressions for the radii RA and RB and
aggregation number Q:

where S is the expression in the square brackets of eq
14, i.e.

A comparison of the radius of A-aggregate (RA) with
that for the case of A-B-block copolymer (see e.g. refs
7, 31, and 33) shows that for the present case the
A-aggregate is much larger (RA . RAB, Q . QAB). For
the diblock copolymer case

where

This effect was already explained above. On the other
hand, the size of the B-micelle (RB) is smaller than for
the B-C-diblock copolymer melts. This is apparently
connected with the additional extension of the B-chains
emanating from the A-aggregate.

The average distance between two B-micelles, λB, can
be estimated as

Since the aggregation number of the B-micelle (QB) is
smaller than for the B-C-diblock copolymer case, the
value of λB is smaller as well.7
As has been shown in ref 31, for extremely strong

repulsion between the blocks, a new regime of behavior
can be realized for block copolymers. This regime was
called the superstrong segregation regime. The appear-
ance of this regime is mainly connected with connectiv-
ity restrictions. Indeed, the size of the A-aggregate
increases with the increase of A-B-incompatibility and
at some stage the radius of the A-aggregate becomes
about NAlA. (We will assume in this paper that all the
chains are flexible and disregard the difference between
statistical Kuhn segment length li, i ) A, B, C, and the
size of monomer units along the chain.) It is evident
that a further increase of the size of a spherical
A-aggregate is impossible. As a result, the form of the
A-aggregate is transformed. In ref 32 it was shown that
in the superstrong segregation regime A-aggregates
should have a nonspherical form. Another reason
leading to a transformation of the A-aggregate form (i.e.
the transition to superstrong segregation regime) is the
aggregate surface restriction. If the surface of the
A-aggregate is completely covered by A-B-junction
points, then the form of the aggregate should change.
Both these reasons lead to similar requirements for the
transition to the superstrong segregation limit. For the
present case this condition is

From the consideration above we have seen that the
structure of the complex micelle depends on the effective
surface tension γeff/kT (eq 15). Therefore, the super-
strong segregation regime can be achieved more easily
than for the ionomer case.31 If

the main characteristics of the B-micelle structure turn
out to be

where the superscript “ss” refers to the superstrong
segregation regime.
Therefore, we conclude that for this case the super-

strong segregation regime can be reached even for
moderate values of incompatibility parameters, γeff/(kT)
∼ 1, γBC/(kT) ∼ 1, if the value of NB is high enough.
However, below we will see that in these cases B-
micelles having more than one aggregate at the micelle
center are more thermodynamically favorable. Further
increase of γAB/(kT) [γeff/(kT)] leads to a transformation
of the A-aggregate form. As has been shown in ref 32,
the more preferable form of an A-aggregate is disklike
(Figure 3a). The structure of the complex B-micelle in

γeff
kT

)
γAB
kT

+ (1 +
NBvB
NAvA)2/3γBCkT
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RA ) [3(NAvA)
2
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S
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]1/3 (16)

Q )
4πNAvA

S
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2
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S
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2

vB]1/3 (18)

S ) 1 + 3π2

40
vAlB

2
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2

+
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2
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1/3SAB
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kT

lB
2

vB]1/3 (19)

γeff
kT
|ss ≡ (γAB
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NAvA)2/3γBCkT )|ss g

NAlA
3vB
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γeff
kT

=
NAlA

3vB
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2lB
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S
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ss = NAlA RB

ss = (1 +
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the superstrong segregation regime, when the central
A-aggregate has a disklike form, will be considered in
section 4.
3.2. Several A-Aggregates inside the Core of the

B-Micelle. For the case of several A-aggregates inside
the B-micelle core the values RA and RB are indepen-
dent. Minimization of the free energy (eq 12) with
respect to these variables leads to the following results

where

The radii RA
0 and RB

0 in the expressions 22-25 cor-
respond to the radii of A-aggregates and the B-micelle
for the case RA , RB (i.e. for the case of many
A-aggregates inside the B-micelle), respectively.

The analysis of the expressions 22 and 23 demon-
strates that for the multi-A-aggregate case the radius
of A-aggregates (and hence the aggregation number)
becomes somewhat smaller than for the A-B-diblock
copolymer case (RAB). Simultaneously the radius (and
aggregation number) of the B-micelle becomes larger
than for the case when block A is identical to block B.
Both of these effects can be explained from the following
qualitative considerations. Since A-aggregates should
be formed inside the finite space of the B-micelle, the
size and the average distance between A-micelles change.
Under the same value of surface tension coefficient (γAB)
in infinite space, A-micelles can be packed less densely
and as a result the radius RAB is somewhat larger than
RA. Simultaneously the presence of A-aggregates inside
the B-micelle core influences the size of the B-micelle.
In the framework of electrostatic analogy, the A-
aggregates act like identically charged small spheres.
The repulsion of these spheres leads to the increase of
the B-micelle size.
The aggregation numbers of A-aggregates and of the

B-micelle as well as other parameter of the B-micelles
structure can be easily calculated using the relations
between these values and the radii of A-aggregates and
the B-micelle (eqs 11 and 19). To avoid overcomplicat-
ing the paper, we do not present these expressions here.
Another important characteristics of the B-micelle is the
number of A-aggregates inside the core, m. This value
can be obtained form the following simple calculation:

The condition m ) 1 corresponds to the case when only
one A-aggregate is present inside the core of the
B-micelle. This condition is realized if

In the limit m f 1, i.e. when condition 26 is fulfilled,
the expressions 22 and 23 for the radii of A-aggregates
and B-micelle are qualitatively similar to the expres-
sions 16 and 18 obtained in the previous subsection for
the case of a single A-aggregate at the center of the
B-micelle

In the opposite limit, ifm . 1, RA = RA
0 , RB = RB

0 . As
we can see from eqs 22-25 for the case of many
A-aggregates inside the B-micelle, the surface tension
coefficient γAB is crucial for the formation of the satellite
A-aggregates, while the coefficient γBC mainly influences
the B-micelle formation, determining the size of the
B-micelle.

Figure 3. Schematic picture of possible structures of a
B-micelle with disklike A-aggregates: (a) a single A-aggregate
at the center of the B-micelle and (b) several A-aggregates
inside the core of the B-micelle. m ≡ QB
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The condition of superstrong segregation regime for
A-aggregates for the multi-A-aggregate case is

As it follows from the eq 27, if m f ∞, the critical
value of γAB/(kT) is approximately the same as for A-B-
diblock copolymers and is equal to

If m f 1, the critical value of γAB/(kT) defined by eq 27
tends to (γAB/(kT))|ss for the single A-aggregate case eq
20). For the intermediate values of m (m . 1) the
critical value of γAB/(kT) is somewhat larger than that
for A-B-diblock copolymers. If inequality 27 is valid,
A-aggregates should be disklike32 (Figure 3b). B-
micellar structure with disklike A-aggregates will be
considered in detail in the next section.

4. Disklike A-Aggregates inside B-Micelle
In the present section we will consider structures of

B-micelles which allow the presence of nonspherical
A-aggregates. Following the result obtained in ref 32
that disklike aggregates are more preferable in the
superstrong segregation limit, we will suppose that
A-aggregates have a disklike form (Figure 3) with the
diameter of the disk being D and the width being H ≡
2NAlA (see ref 32). We will consider the most interesting
case, when D . H. Instead of the equations 11,
connecting the size of the aggregate with its aggregation
number, we will have then the following relation for
A-aggregates:

where VA and DA are the volume and disk diameter of
A-aggregates, respectively.
In section 2 the main ideas of the model were

formulated for the case when the form of all A-ag-
gregates is spherical. Now when we have to deal with
nonspherical aggregates the main conclusions of section
2 have to be generalized. Thus, the expression for the
free energy of the system of satellite A-aggregates (FA)
can be obtained in a similar way as in ref 32:

The first term in the eq 29 corresponds to the free
energy of the B-block extension near the surfaces of
satellite A-aggregates. This expression can be obtained
in the framework of an electrostatic analogy. Indeed,
taking into account that the electrostatic energy of a
thin disk (D . H) is

(see, for instance, ref 34) we can define with help of eq

8 the free energy of B-block extension. The second term
in eq 2 is the surface free energy of disklike A-
aggregates.
Free energy of B-blocks extension in the core of the

B-micelle (with the exception of the contribution already
taken into account in eq 29) can be obtained using the
electrostatic analogy in a similar way as for spherical
aggregates (see the Appendix). The only difference is
connected with the fact that for the present case we
should consider the layer between the surface of the
central aggregate, which is disklike, and the spherical
surface of B-micelle. The free energy FB has the form
(eq A4 of the Appendix)

where c ) 16/(3π). (Here, as in the previous section,
we will suppose that D0 , RB. This assumption is valid
in the most of cases, but even if D0 ∼ RB, our results
remain qualitatively valid.) Expression 30 for the free
energy FB for the present case has a similar form as for
the case of a spherical central aggregate (eq 9). As we
can see, the last two terms in eqs 30 and 9 are identical,
the difference arises only due to the contribution from
the B-block extension near the surface of the central
aggregate. It is clear that the extension of B-blocks near
the surface of the disklike central aggregate is generally
larger than near the spherical surface.
Now we can write the expression for full free energy

without any assumptions about the size of the central
disklike aggregate, as was done above. However, the
free energy of the system with Q0 ) QA again turns out
to be lower than for the case Q0 * QA. So, below we
will present the results for the case Q0 ) QA. Thus the
free energy of the system of B-micelles with identical
disklike A-aggregates has the form

As in the previous section, let us start our consideration
with the case of a single aggregate at the center of the
B-micelle.
4.1. Single Disklike Aggregate at the Center of

the B-Micelle. As it has been mentioned in subsection
3.1, when the value of γeff(kT) (eq 15) becomes larger
than (NAlA3vB)/(vA2lB2)S, the form of the central ag-
gregate cannot stay spherical because of the volume (or
surface) restrictions. Then the central aggregate should
transform to a disklike shape (Figure 3a). If a single
A-aggregate is present at the center of the B-micelle,
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the variables DA and RB are not independent and are
connected via the following volume relation:

Taking into account this relation we can rewrite the
expression for the free energy (eq 31) in the form

Minimization of the free energy (eq 32) allows deter-
mination of the equilibrium structural parameters of the
A-aggregate and B-micelle:

As for the case of a single central spherical A-aggregate
(eqs 16-18 and 19), the size of A-aggregates is larger
than for the A-B-diblock copolymers, and simulta-
neously the size of the B-micelle is smaller than for the
case when the A-block is identical to the B-block. The
explanation of this effect is similar to that for a spherical
central A-aggregate. The larger the radius of the
B-micelle is, the more stretched the B-block inside the
micelle is. The extension of the B-chains inside the core
in the presence of the A-aggregate is larger than for the
reference diblock copolymer case since all B-chains have
to terminate near the center of the B-micelle. As a
result, to reduce the extension of B-chains, the equilib-
rium size of B-micelle decreases.
Our calculations have been performed using the

assumption that the diameter of the disks (DA) is much

smaller than the radius of the B-micelle, i.e. if DA ,
2RB. This condition leads to the following inequality

which is probably always valid for real polymer systems.
Indeed, this inequality can be violated only for ex-
tremely large values of surface tension coefficients; for
instance, if

or if

that does not correspond to real conditions.
Several Disklike A-Aggregates inside the B-

Micelle. In this section we will consider the case when
there are several disklike A-aggregates inside the
B-micelle (Figure 3b), i.e. QB * QA. To determine the
diameter and aggregation number of A-aggregates as
well as the size and aggregation number of the B-
micelle, we have to minimize the free energy (eq 31)
with respect to the independent variables DA and RB.
The following are the results of the calculations

where

In a similar way as for the case of spherical A-
aggregates considered in the previous section, the
expressions 38 and 39 for the A-aggregate diameter
(DA

0) and the radius of B-micelle (RB
0) correspond to the

case RB . DA. In this case there are many (m . 1)
A-aggregates inside the B-micelle. The main tendencies
of the behavior of these values are similar to the case
of spherical aggregates. Moreover, the expression for
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the radius of a B-micelle differs from that for the case
of spherical aggregates only in the numerical coefficient.
Thus, the radius of a B-micelle remains larger than for
the case where the A-block is identical to the B-block.
The diameter of the A-aggregate is generally larger than
for the A-B-diblock copolymer case. The explanation
of these effects is identical to that for the case of
spherical aggregates.
One of the common features of behavior of polymer

micelles with several aggregates inside is that the size
of the B-aggregate is substantially larger than that for
the micelles with a single A-aggregate. The physical
reason for this effect is clear enough. Indeed, if there
are several A-aggregates inside a B-micelle, B-blocks
can terminate not only at the center of B-micelle but
also in the satellite A-aggregates. It is thus evident that
the extension of B-chains in the case of several A-
aggregates is smaller than for the single A-aggregate
case. As a result, the size of the B-micelle for the case
of several A-aggregates (m . 1) is much larger.
As for the case of spherical A-aggregates, we do not

present the expressions for aggregation numbers and
other parameters of the B-micelle, as they can be easily
obtained using eqs 11, 28, and 19. The number of
satellite A-aggregates inside the B-micellar core is
approximately the same for spherical and disklike
satellite aggregates cases:

As for the case of spherical A-aggregates, in the limit
m f 1, i.e. if

the expressions for the radius of the B-micelle and the
diameter of A-aggregates (eqs 36 and 37) are qualita-
tively similar to that for the case of a single disklike
A-aggregate (eqs 33 and 34).
In the present and in the previous sections we have

considered the possible configurations of the inner
structure of the B-micelle core. The next step of our
analysis is to define the conditions of stability of one or
another type of micelle. The full picture of different
regimes of behavior of the system under consideration
will be discussed in the next section.

5. Different Types of the Inner Structure of the
B-Micelle

First of all, let us obtain the conditions of validity of
our approach. Since the calculations have been per-
formed in the framework of a strong segregation limit,
we should define the conditions for the realization of
this regime. In the strong segregation limit, the bound-
aries between different domains are sharp. This means
that the typical free energy per block should be large
enough: F/(kT) . 1. This inequality leads to the

following condition of the strong segregation regime for
the present polymer system:

In Figure 4 the boundary of the strong segregation
limit for the polymer system is shown. As is seen from
Figure 4, the strong segregation limit can be reached
for surface tension coefficients γAB and γBC which are
smaller than the critical values of γABS and γBCS for
strong segregation regime for the corresponding A-B-
and B-C-block copolymer micelles. The dotted vertical
line γBC ) γBC

S ) lC/[(NAvA + NBvB)1/2 vC1/2, and the
horizontal line, γAB ) γAB

S ) lB/(NAvAvB)1/2, mark the
regions of the strong segregation regime for the corre-
sponding diblock copolymer micelles. As we can see
from Figure 4, for A-B-C-block copolymer micelles, the
strong segregation regime can be realized for conditions
where neither A-B- nor B-C-diblock copolymer sys-
tems correspond to the strong segregation (shaded
regions in Figure 4). So, the presence of the A-
aggregates inside the core of the B-micelle enhances the
microphase separation tendency and stabilizes the
B-micelle structure.
In the previous sections we considered two principally

different types of micelles: (i) with single (spherical or
disklike) A-aggregate at the center of the B-micelle and
(ii) with several (spherical or disklike) A-aggregates
inside the B-micelle. It is natural to expect that the
first type of structures can be realized when the
incompatibility of A-B-blocks is much larger than that
of B-C-blocks, i.e. if γAB . γBC. Indeed, a comparison
of the free energies of B-micelles with spherical A-
aggregates inside demonstrates that, for relatively large
γAB, polymer micelles with a single A-aggregate are
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more favorable:

Similar calculations performed for other types of mi-
celles lead us to the following results. If

polymer micelles with single disklike A-aggregate are
formed in the polymer system. As we can see, the main
tendency to form the polymer system with a single
A-aggregate for sufficiently large surface tension coef-
ficients γAB is unchanged for the superstrong segrega-
tion limit for A-aggregates. As has been mentioned
above, the superstrong segregation regime is more easily
reached for the single A-aggregate case than for the
A-B-diblock copolymer case. Indeed, the boundary
condition for the superstrong segregation limit is defined
by eq 20

If γBC ) 0, this is in fact the condition of the
superstrong segregation regime for the diblock copoly-
mer case. So, the presence of a C-block that is incom-
patible with B-units promotes the superstrong segre-
gation regime for A-B microsegregation. As a result,
for triblock copolymer systems, the single A-aggregate
inside the B-micelle can be in the superstrong segrega-
tion regime, even if the reference diblock copolymer
A-aggregate is in the strong segregation regime.
For the multi-A-aggregate case (m . 1) the size of

A-aggregates is somewhat smaller than for the A-B-
diblock copolymer case. Hence, the boundary of the
superstrong segregation regime is reached for somewhat
larger surface tension coefficients:

For m f ∞, this condition is transformed to the
superstrong segregation condition for A-B-diblock co-
polymers,

This limit corresponds to the case when the size of the
B-micelle is very large, so the presence of the surface
of the B-micelle does not influence significantly the
formation of the A-aggregates. If m f 1, i.e if there is
only one A-aggregate at the center of B-micelle, the

critical value of γAB/(kT) coincides with that obtained
in subsection 3.1 (eq 20).
Now we have all boundary conditions for the con-

struction of the diagram of states for the spherical
B-micelles. In Figure 5 four different types of B-micelles
are represented. The diagram is plotted in the variables
γAB/(kT) and γBC/(kT). Region 1 corresponds to the case
of a single spherical A-aggregate at the center of the
micelle. Region 3 is also the region of the micelle with
a single A-aggregate at the center, but the form of this
aggregate is disklike. The boundary between regions
1 and 3 is the boundary of the superstrong segregation
regime for the central A-aggregate. It is defined by eq
20. Regions 2 and 4 correspond to multi-A-aggregate
micelles with spherical and disklike aggregates, respec-
tively. The boundary between these regions is defined
by condition 43, which is the condition of the super-
strong segregation regime for A-aggregates. The re-
gions corresponding to a single A-aggregate micelles and
multi-A-aggregate micelles are separated by the curves
defined by the conditions 41 and 42. The curve cutting
off the lower left corner of the diagram corresponds to
the condition of strong segregation for the polymer
system (40). Our results are valid in the regions above
this curve.
The main characteristics of different types of polymer

micelles were calculated in the previous sections. As
we have seen, the radii and aggregation numbers of
micelles strongly depend on the lengths of the blocks,
their incompatibility, and monomer unit parameters. As
a result, the diagram of states also depends on these
values. For instance, the increase of block length NA
leads to the expansion of the regions of B-micelles with
a single A-aggregate inside. However, the qualitative
form of the phase diagram is always the same and
corresponds to Figure 5.

6. Conclusion

We have considered different types of B-micellar
structure for the A-B-C-triblock copolymer melts with
NA + NB , NC. We have restricted our analysis to the
case of the spherical form of B-micelles. As we have
seen, the incompatibility of blocks and the presence of
the short A-block at the end of the B-block leads to the
formation of B-micelles with a complicated inner struc-
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ture. In all the regimes there is an A-aggregate at the
center of the micelle. This can be either the single
A-aggregate or the element of the system of several
A-aggregates.
As has been shown, the presence of the A-aggregates

inside the core of the B-micelle shifts the boundary of
the strong segregation regime to smaller values of
surface tension coefficients γAB and γBC (Flory-Huggins
parameters) in comparison with A-B- or B-C-diblock
copolymer cases. Indeed, the following situation can
take place: triblock copolymer micelles are in a strong
segregation regime, while the reference diblock copoly-
mer system corresponds to weak segregation, or even
no microaggregation at all. This means that the pres-
ence of A-blocks enhances microphase separation. This
conclusion is in agreement with experimental results.10
Depending on the values of surface tension coef-

ficients, the form of the A-aggregates can be different.
For relatively low values of γAB, the A-aggregates have
a spherical form, while for large values of γAB, in the
superstrong segregation regime, they are disklike.32 For
the single A-aggregate case the size of the A-aggregate
is somewhat larger than that for the A-B-diblock
copolymer case. As a result, for this case the super-
strong segregation regime is reached for smaller values
of the surface tension coefficients than for the A-B-
diblock copolymer. So, for a triblock copolymer system,
not only the strong segregation regime but also the
superstrong segregation limit is reached much more
easily than for the corresponding diblock copolymer
systems. The presence of A-blocks inside the core of a
B-micelle intensifies the segregation tendency between
B- and C-blocks. Simultaneously, the presence of a
C-block stimulates segregation between A- and B-blocks
for the single A-aggregate case.
There are four different regimes for the B-micelle

structure shown in Figure 5. The main tendency
connected with the B-micelles is the following. If the
A-B-interaction parameter øAB (γAB) is much larger
than øBC (γBC), the B-micelles are formed in such a way
as to ensure the existence of a single A-aggregate in the
center of these micelles. In the opposite case, when the
main restrictions are imposed by the B-C-incompat-
ibility, the multi-A-aggregate structure of the B-micelle
core is realized. For the case of a single A-aggregate
per B-micelle, the size (aggregation number) of the
B-micelle is smaller than that for the B-C-diblock
copolymer case (when block A is identical to block B).
On the other hand, the size of a B-micelle with several
A-aggregates inside is larger than the size of a B-C-
diblock copolymer micelle (and much larger than the
size of a B-micelle with a single A-aggregate).
The comparison of the present results with the

experimental data of ref 10 leads to the conclusion that
most probably for those polymer systems polymer mi-
celles with a single A-aggregate at the center of a
B-micelle are present. Indeed, since the ω-functional-
ized groups are strongly interacting ones, this interac-
tion is much stronger than the repulsion between PS-
PI-blocks and plays the dominant role in the behavior
of the system. In terms of the present model, γAB .
γBC. As has been mentioned above for this case, it may
be favorable to form the polymer micelle with a single
A-aggregate at the center. However, the relation be-
tween the block lengths should be taken into account
as well. For the polymer system of ref 10, NA ∼ 1, NB/
NC ∼ 0.33. Since the present analysis deals only with
the case of spherical B-micelles (NA + NB , NC), the
experimental data of ref 10 (cylindrical micelles) cannot
be exactly interpreted in the framework of our theory.

Generalizing our results for this case, we can expect that
the micelles with a single A-aggregate or with several
A-aggregates will be formed depending on the param-
eters in the system. But even for multi-A-aggregate
micelles, the number of A-aggregates inside the B-
micelle for the case of ref 10 is not expected to be large.
Thus, the size of the B-micelle should be either smaller
than for the B-C-copolymer case (that is, in agreement
with the data of the SAXS measurements10) or compa-
rable with the size of the reference diblock copolymer.
It is worthwhile also to comment on the temperature

dependencies of all the calculated parameters. All
characteristics of the B-micelle depend on the surface
tension coefficients, which are connected with the
interaction parameters of monomer units (see eq 3) and
hence with the temperature. So, the exact dependence
of calculated parameters on temperature can be rather
complicated. As a zero-order approximation, we can
consider surface tension coefficients to be temperature
independent. For this case the dependence of the
calculated parameters on temperature follows directly
from equations written above. Thus, the radius of the
B-micelle and the average distance between micelles (as
well as other characteristics) should decrease as the
temperature increases. This is also in qualitative accord
with ref 10.
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Appendix
The Calculation of the Free Energy of B-Block

Extension in the Framework of the Electrostatic
Analogy. The electrostatic analogy7,32 is based on the
fact that the conformation of polymer chains near the
surface of a micelle is similar to the electric field lines
near charged surfaces. Let us denote by r(n) the
average distance of the nth monomer unit of the B-block
from the surface of the central A-aggregate. In the
framework of the electrostatic analogy, the average
vector connecting neighboring monomer units along the
chain dr/dn corresponds to the electric field, E, the
aggregation numbers are associated with the electric
charges. To obtain the free energy of the B-block
extension (FB) in the spherical layer between the surface
of the central aggregate and the surface of the B-micelle,
we must define the “electric field” in this region. We
know that the “charge” of the central aggregate is equal
to Q0, while the joint “charge” of the B-micelle is QB.
Between these surfaces there are satellite “charges”,QA.
To calculate the “electric field” of this system of “charges”,
we need to know the distribution of satellite “charges”
inside the core. It is necessary to emphasize that the
free energy of B-block extension is of an entropic nature.
The smaller the distance between the ends of the
B-block, the more conformations that are available for
this block. So, it is more important at which distance
from the surface of the micelle the B-block is terminated
than to which satellite A-aggregate it belongs. On the
basis of these considerations, we will neglect the discrete
nature of A-aggregates and assume that they are on
average uniformly distributed inside the layer for the
calculation of FB. The average density of the “electric
charge” inside the layer is

3
4π

QB - Q0

RB
3 - R0

3
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We can also introduce the “joint charge” Q(r) of the
sphere of radius r:

The “electric field” in the layer can be represented in
the form

Near the surface of the central aggregate (r ) R0) the
“electric field” tends toward Q0/r2; near the surface of
the B-micelle (r ) RB) it is about QB/r2.
In the framework of the electrostatic analogy, the free

energy of the B-blocks extension is proportional to the
electrostatic energy W ) 1/(8π)∫E2 d3r

where C is the polymer/electrostatic proportionality
constant32

The calculation of the integral (A2) over the volume of
the spherical layer allows us to obtain the free energy
of B-block extension in this region

The expression for the free energy (A3) was written
taking into account the natural assumption that the
radius of the central aggregate (R0) is much smaller
than the radius of the B-micelle (RB), i.e. R0 , RB.
However, even if we imagine that these values are
comparable (R0 ∼ RB), this can change some numerical
coefficients, but all principal dependencies remain the
same.
For the disklike form of A-aggregates, the free energy

for B-block extension can be calculated in the similar
way. It is only necessary to take into account that the
form of the central aggregate is disklike, so the expres-
sion for “joint charge” (eq A1) takes the form

Taking the integral (A2) over the layer between the
disklike central aggregate and spherical surface of the

B-micelle, we obtain the free energy of B-block expan-
sion

where c ) 16/(3π).
In the limit QB f Q0, the free energy (A4) tends to

that for B-block extension near the disklike surface (the
corresponding “electrostatic energy” is the energy of a
thin disk34).
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