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ABSTRACT: We report on self-consistent field predictions for the formation of spherical micelles by ANBMCN

triblock terpolymers in a selective solvent, that is, a good solvent for the AN and CN blocks and a poor solvent
for the middle BM block. Above some threshold value for the repulsion between the A and C monomers, we find
micelles with a laterally segregated corona, that is, Janus micelles. We consider the thermodynamic stability, the
size, and the size fluctuations of these micelles. The transition between the homogeneous and the segregated
states is smooth not only because of the finite size of the system, but also due to the compositional symmetry
within the triblock terpolymer. It is found that the aggregation number decreases with increasing repulsion between
A and C below the transition point and increases above the transition point. The formation of the interface is
triggered by the high polymer density near the core. The interface between the A and C rich regions occupies a
constant angle in spherical coordinates. This means that it widens in the radial direction. In these micelles, the
lateral segregation gives a new fluctuation mode to the micelles; as the lateral segregation is coupled to the
aggregation number, we anticipate a rich behavior in experimental systems.

Introduction
The field of molecular self-assembly has received continuous

interest already over several decades.1,2 The best known example
is the micellization of short chain surfactants. The number of
applications is many. They are used as detergents, in formulation
science, and as wetting agents to name a few.3 High molecular
weight counterparts are increasingly studied because well-
defined specimens are nowadays readily available. Much of what
is known for surfactants is being applied to polymeric analogues.

Amphiphilic diblock copolymers are the simplest polymers
able to form micelles. Similar to the case of low molecular
weight surfactants, they feature a solvophobic block which
escapes from the solvent and forms a dense core and a
solvophilic block which accumulates on the outside and forms
the corona. Simple geometric considerations indicate that
when the aggregation number, that is, the number of molecules
in the micelle, increases, the surface area per molecule decreases.
As a result, the corona-forming block becomes stretched and
this gives the main stopping mechanism for the assembly. The
critical polymer concentration at which micelles start to form
spontaneously (cmc) is typically very low.

There are several advantages of using polymeric micelles over
surfactant ones.4 From an application point of view, it is
important that polymeric micelles are usually substantially larger
than their low molecular weight analogues. For macromolecules,
there exists a large degree of flexibility to choose the chemical
composition of the blocks, resulting in weak to strong segrega-
tion of the solvophobic block with the solvent. Moreover, one
can introduce chemical groups with tunable interactions and
employ the cooperative nature of macromolecules to obtain
responsive systems.

Recently, the self-assembly of ABC triblock terpolymers
attracted substantial attention. In comparison with diblock
copolymers, terpolymers offer additional flexibility for control-
ling the self-assembly process. They are known to demonstrate
rich bulk phase behavior resulting in various microsegregated

structures.5 In solution, block terpolymers are able to form
aggregates with complex morphology.6–8 For example, the
corona of a micelle formed by a double solvophilic terpolymer
unavoidably contains two chemically different blocks. From
polymer solution theory, we know that two chemically different
polymers have the tendency to demix above some critical
concentration. Thus, we may expect microphase segregation in
the micellar corona.

Segregation in micellar coronas was observed experimentally
in micelles with a cross-linked core9,10 and complex coacervate
core micelles.11,12 The micelles reported in refs 9–11 feature
a laterally segregated two-compartment corona. Micelles of this
type are usually referred to as Janus micelles. The micelles with
a cross-linked core were shown to act as supersurfactants and
experience higher levels of self-assembly.9,10

Below, we will use a self-consistent field (SCF) approach to
study the structural as well as thermodynamical properties of
micelles formed by ANBMCN triblock terpolymers. We consider
highly symmetrical terpolymers with an insoluble middle block
B and two equally soluble side blocks A and C. The length of
the corona blocks N is chosen to be long enough to be in the
spherical micellar regime.13 In the SCF method, the interactions
between the monomers are accounted for using Flory-Huggins
dimensionless exchange interaction parameters.14 The value of
this parameter is negative for attraction and positive for
repulsion. The triblock terpolymer ANBMCN is equivalent to the
copolymer ANBMAN if the monomers A and C have a zero
interaction parameter with each other (�AC ) 0) and equal
interaction parameters with the other monomers (�AS ) �CS, �AB

) �BC). Therefore, in the limit of low �AC, the thermodynamic
and structural properties of terpolymer micelles are similar to
those of copolymer ones. However, above some critical value
of �AC, we expect a transition to Janus type micelles with various
novel characteristics.

The theory indicates that in the corona of spherical micelles
one can distinguish at least three distinct regions.15,16 The inner
region, that is closest to the core, is characterized by a power
law density decay (depending on the solvent quality) which is
forbidden for the free chain ends (best seen when the micelle
resembles a star, i.e., for a small core). Further away from the
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core, the curvature of the micelle is less pronounced; that is,
the local curvature is quasi-planar and as a consequence the
density profile is parabolic-like. Finally, at the periphery, the
profile decays exponentially toward the bulk. The same regions
must exist in micelles with a segregated corona.

Also relevant for Janus micelles, we know that macrophase
segregation of polymers in bulk solutions depends on interaction
parameters, polymer concentrations, chain lengths, and so
forth.14 One of the issues is which known results of the bulk
phase behavior are transferable to the present problem. For
example, the critical condition for segregation of two polymers
A and C of equal length N and total volume fraction �p in a
nonselective good solvent is given by N�p�AC ) 2.14,17 Due to
the dependence of the polymer volume fraction in the corona
on the distance from the core, it is not a priori known how and
when segregation will occur. Also, from macroscopic phase
studies, we know that the interface between two phases diverges
upon the approach of the critical point.18 For Janus micelles,
however, we expect a nontrivial structure of the interface
between A and C and it is clear that the width of the interface
cannot exceed the size of the micelle. Indeed, the characteriza-
tion of the interface in the corona is one of the main issues of
this paper. At this stage, we may anticipate various other
consequences of having an interface between A and C. One of
these is that the spherical topology of the micelle not necessarily
is found even when the length of the A and C blocks are
sufficiently large.

In the most naive model, the micellization is a first-order
phase transition. In this picture, the micelle size is constant.
Upon an increase in the overall polymer concentration above
the critical micelle concentration (cmc), only the number of
micelles increases. This occurs in the naive model at a fixed
polymer chemical potential. However, as the size of the micelles
remains finite, it must be the case that the micellization transition
is smooth, that is, it cannot be first-order. The fundamental issue
here is that each micelle has translational degrees of freedom
and the mixing entropy on the micellar level depends on the
micelle concentration. In the surfactant science community, this
fact is well-recognized.19 It is well-known that upon increasing
the overall surfactant concentration the micelle concentration
increases sharply (in line with the naive model). The free
surfactant (unimer) concentration, however, does not remain
constant but increases slightly. This increase of the unimer
concentration has corresponding effects on the micelle size.
Indeed, with increasing micelle concentration, the micelle size
increases necessarily. In many cases, this increase in aggregation
number is, above some threshold concentration, accompanied
by a change in micellar geometry.20 This point is often referred
to as the second cmc and also occurs as a cooperative but smooth
transition.21,22

For simple diblock copolymer micelles, there exists scaling
predictions for many of their properties such as the aggregation
number, the size of the core and corona, and so forth as a
function of the block lengths.13 For these predictions, typically
the translational degrees of freedom of the micelles is ignored;
that is, these are made in the naive phase transition picture.
The argument that is used to motivate this naive picture is that,
with increasing size of the micelles, that is, with increasing
aggregation number, the micellization transition gradually
becomes closer to a true first-order transition. Below, we will
keep the micellar translational entropy in our considerations.

The remainder of this paper is as follows. Before we can
examine the structure of micelles in the SCF model, it is
necessary to verify that the micelles that have been generated
are thermodynamically stable. We therefore will start our
theoretical section with a short review of the thermodynamics
of small systems that is used for this. This is followed by a

brief review of the SCF model. In the Results section, we will
focus on the symmetrical case only, that is, NA ) NC, for which
the solvent is good and nonselective for the corona chains and
poor for the core block. The conclusions are formulated at the
end as usual.

Theory

Small System Thermodynamics. Self-consistent field theory
for self-assembly rests on the notion of thermodynamics of small
systems. The approach developed by Hill23 assumes that the
real system is divided into ℵ subsystems, where each system
has the same composition as the overall system. The Gibbs
energy is then optimized with respect to the number of small
systems. In the case of a micellar solution, each subsystem will
contain one micelle and thus ℵ is identified as the number of
micelles.19 A combination of the first and second laws of
thermodynamics gives for the differential of the Gibbs energy
of the macroscopic system

dF)-S dT+V dP+∑
i

µi dni + ε dℵ (1)

where the value conjugated to the number of small systems is
the subdivision work. All other quantities have their usual
meaning. The subdivision work is also the work necessary to
create one more micelle in the system with a fixed number of
molecules ni of each type i; therefore, it can be alternatively
identified as the aggregation work. For an incompressible system
with a fixed number of molecules and temperature T, the
minimum of the Gibbs energy is defined by

∂F
∂ℵT,P,ni

) ε) 0 (2)

∂ε

∂ℵT,P,ni
> 0 (3)

Note that the aggregation work ε is related to the overall grand
potential in the system, that is, εℵ ) F - Σi niµi. Indeed, for
homogeneous bulk systems, this quantity is necessarily zero.

Even though we have introduced just one number, ℵ, of the
total number of micelles in the system, this does not imply that
it is assumed that all micelles are identical. In fact, the result
thus far is completely general and allows for any micelle size
distribution, as well as for the case that micelles strongly interact.
As usual, however, classical thermodynamics cannot provide
us with much more molecular insight. For this, we must turn to
a molecular model. Within such model, we have to make
approximations. Even though micelles are not uniform in real
life, our model will consider the so-called most-probable micelle.
This is reasonable because the size distribution (of spherical
micelles) is usually sharp. Of course, there will always be a
distribution in sizes and, sometimes, shapes. Fluctuations in
micelle size and shape can be estimated from the theoretical
model, but this usually involves approximations as well.

Realizing that ε is the conjugate variable coupled to the
number of micelles ℵ, we can also identify ε as an excess
chemical potential of the micelle. From this perspective, it is
natural to write for dilute micellar solutions

ε) ln �m + εm (4)

Here, as well as in the remainder of this paper, we have omitted
the thermal energy kBT factors. This means that all energy units
are expressed in units of kBT. In eq 4, �m is the volume fraction
of micelles, and thus, the first term on the right-hand side gives
the entropic contribution that accounts for the translational
degree of freedom of the micelle. εm may then be identified as
the (dimensionless) translationally restricted grand potential of
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the micelle. As we will see, the latter quantity is the primary
thermodynamic quantity in the SCF analysis.

Self-Consistent Field Modeling. In the previous paragraph,
we presented generally applicable thermodynamic considerations
for self-assembling systems. In a molecular model, there are
always details and approximations such that the application of
these general considerations is delicate. We will therefore first
go into details about the thermodynamic aspects from the
perspective of the SCF modeling. Only after that we will outline
the machinery of the SCF method. From here on, all lengths
are made dimensionless with the segment length l.

Thermodynamics of Self-Assembly for the SCF Approach. The
first issue is that we need to solve the SCF equations (to be
specified below) numerically. To do this, we need to introduce
a discretization scheme. We will use the method of Scheutjens
and Fleer for this.24,29 According to this method, there is a
system of lattice coordinates in which layers are identified over
which the mean-field approximation (to be specified below) is
implemented. Effectively, this implies that one can find only
those micellar geometries that are consistent with the chosen
geometry. In addition, it appears that the micelles that are
predicted in this method have no collective degree of freedom.
Usually, one considers just a single micelle in the (small) system,
and effectively one thus focuses on so-called most likely
micelles. One advantage of a lattice model is that the volume
of the molecules is quite naturally accounted for, as each
monomer or each segment of the chain occupies a single lattice
site. This is usually combined with an incompressibility condi-
tion which effectively says that the volume is fully occupied
by molecular species. In such an approach, there is no volume
work in the thermodynamic description, and therefore, we can
write for the Gibbs energy (which in the incompressible limit
equals the Helmholtz energy) of a small system F as it appears
in the SCF model

F)∑
i

niµi + εm (5)

Introducing excess quantities by subtracting all bulk quanti-
ties, that is, F ) Fσ + Vf b, where V is the volume of the small
system and fb if the free energy density in the bulk, we obtain

F σ )∑
j

nj
σµi + εm (6)

Below, we will show that from optimizing the canonical
partition function the F value is available and eq 5 is then used
to compute εm. The differential of the translationally restricted
grand potential is given by

dεm )-s dT-∑
j

nj
σ dµj (7)

where the summation over j is over all nonsolvent components.
Below, we will have only one polymeric component (p) and
use it for the aggregation number g ≡ np

σ. The Gibbs-Duhem
equation for this case is, for fixed temperature, given by

∂εm

∂µp
)-g (8)

From the modeling, we obtain information on the aggregation
number dependence of the translationally restricted grand
potential εm(g), as well as that for the chemical potential µp(g).
From eq 8, we can find

- ∂g
∂εm

) 1
g

∂g
∂µp

)
σg

2

g
(9)

where σg
2 ) 〈g2〉 - 〈g〉2 is a measure for the fluctuation in the

aggregation number of the micelles. As this number is neces-

sarily positive, we conclude that for stability εm(g) is a
decreasing function with g or equivalently µp(g) is an increasing
function of g. At this point, it is illustrative to make a link to
the classical thermodynamics. It is quite natural to expect that
the average aggregation number is a decreasing function of the
number of micelles in the system and thus that ∂ℵ/∂g < 0. The
stability in the small system ∂εm/∂g < 0 is thus closely related
to that in the overall system ∂ε/∂ℵ > 0.

At this point, it is necessary to understand that in the SCF
calculation the total volume available for a micelle is not
influencing the calculations (as long as this volume is sufficiently
large such the micelle does not interact with its neighbors). The
simple reason for this is that the micelle is effectively fixed
with its center of mass to a point in the coordinate system. For
example, in a spherical coordinate system, the micelle is fixed
in the center. We may use eq 4 to estimate the actual volume
available for a given micelle with a known aggregation number
g. This equation implies �m ) e-εm(g) (recall that εm is made
dimensionless by the thermal energy kBT). Assuming that a
micelle is composed of a dense packing of chains, the volume
fraction of micelles may be approximated by �m ≈ VgN/Vss,
where V is a unit volume occupied by a segment. Using this,
we can compute the overall volume fraction of polymer chains

�p
t )�p

b +�m )�p
b + e-εm (10)

Using this, we can distinguish two regimes. Below the cmc,
we will have �m , �p

b and �p
t ≈ �p

b, whereas above the cmc
we will have �m > �b and �p

t ≈ �m. From this, it is easy to see
that �m is limited to unity or, equivalently, εm > 0. Indeed, for
small values of εm, one should account for the interaction
between micelles. This condition requires special attention. We
will consider dilute micellar systems only.

The Machinery of SCF Modeling. At the basis of the SCF
theory is the free energy which is a functional of the volume
fraction profiles �(r) and so-called self-consistent potential
profiles u(r). As mentioned above, this free energy is
optimized numerically. We follow Scheutjens and Fleer24 who
suggest to use one characteristic length l both to discretize the
space and to segmentize the chains. The discretization of space
leads to lattices in which layers of sites are identified. We will
refer to each layer by a coordinate r. Typically, we can consider
several lattice geometries. Spherical micelles can be modeled
using a spherical geometry. In this case, r ≡ r ) 1, ..., Mr are
lattice layers with an increasing number of lattice sites L(r) ∝
r2. Long cylindrical micelles can also be modeled using a single
coordinate, that is, when end effects are ignored. In this case,
the number of lattice sites per unit length of the cylinder obeys
L(r) ∝ r. Bilayers are flat association colloids, and for this
system we use r ≡ z ) 0, ..., Mz. Again, using one single
coordinate implies that boundary effects are ignored. Now, the
number of lattice sites in layer z is constant; that is, per unit
area it is L(z) ) 1 for all z. In these three-coordinate systems,
we have just a single coordinate and we will refer to these
systems as the one-gradient version of the SCF model. Typically,
we have reflecting boundary conditions at the system boundaries.

Below, we will also use a two-gradient version in which the
coordinate r ) (r, z), where r ) 1, ..., Mr are concentric rings
of lattice sites in which the number of lattice sites L(r) ∝ r and
z ) 1, ..., Mz are flat lattice layers along the long axis of the
cylinder.25–27 We have reflecting (mirror-like) boundary condi-
tions at all lattice boundaries.

For the general case, we can write the (dimensionless) free
energy of the systems in terms of two conjugated quantities,
namely, the segment volume fractions �(r) and the segment
self-consistent potentials u(r)
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F)- ln Q[u]-∑
r

L(r) ∑
x

ux(r) �x(r)+Fint[�]+

∑
r

u′(r) L(r) (∑
x

�x(r)- 1) (11)

with

Fint ) 1
2∑

r

L(r) ∑
x,y

�x(r) �xy〈�y(r)-�y
b〉 (12)

In eqs 11 and 12, the indices x and y run over all segment types
(i.e., A, B, C, S), and � expresses, as in the Flory-Huggins
theory, the strength of the nearest-neighbor interactions. �b refers
to the volume fraction in bulk defined as the region of space
far from the micelle. The site average, indicated by the angular
brackets, accounts for local and nonlocal contributions to the
interaction energy and is computed by 〈X(r)〉 ) Σr′

′ λr′-r(r) X(r′)
≈ X(r) + λ∇ 2 X(r), where the prime on the sum sign indicates
that the sum is over all neighboring sites of r. The a priori step
probabilities λ are geometry dependent and obey the detailed
balance L(r′) λr-r′(r′) ) L(r) λr′-r(r). Moreover, they are
normalized Σr′

′ λr′-r(r) ) 1. The fourth term in eq 11 decouples
the volume fractions of the components, where the Lagrange
parameter u′(r) is linked to the incompressibility constraint (sum
over all volume fractions equals unity). The first term of eq 11
features the partition function for the (u, V, T) ensemble Q )
Πi{(qi([ui]))ni/ni!}, where i represents the type of molecule, that
is, the solvent, polymer, and so forth. Finally, the second term
in eq 11 is a Legendre transformation such that the first two
terms essentially give the dimensionless entropy.

The optimization of the free energy leads to the equations

∂F
∂�x(r)

)-ux(r)+ u′(r)+∑
y

�xy〈�y(r)-�y
b〉 ) 0 (13)

∂F
∂ux(r)

)- ∂ ln Q
∂ux(r)

- L(r) �x(r)) 0 (14)

∂F
∂u′(r)

) L(r) (∑
x

�x(r)- 1)) 0 (15)

These equations form the basis of the SCF machinery. Equation
13 specifies how the segment potentials follow from the volume
fractions. Equation 14 gives a method to compute the volume
fraction from the potentials. Below, we present a more practical
alternative (but equivalent) route. Equation 15 gives the
compressibility constraint.

An efficient route to compute the partition function starts with
the Boltzmann weights Gx(r) ) exp(-ux(r)), which are general-
ized to a segment ranking number dependent quantity Gi(r, s)
) Σx Gx(r) δi, s

x, where δi, s
x ) 1 when segment s of molecule

i is of segment type x and zero otherwise. These Boltzmann
weights are used in the propagator equations, which are the
discrete versions of the Edwards equation:28

Gi(r, s|1))Gi(r, s) 〈Gi(r, s- 1|1)〉 (16)

Gi(r, s|N))Gi(r, s) 〈Gi(r, s+ 1|N)〉 (17)

for s ) 1, Ni (in our case, the block copolymer has N ) NA +
NB + NC segments), where the angular brackets again indicate
a geometry dependent site averaging. The propagators are started
with Gi(r, 1|1) ) Gi(r, 1) and Gi(r, N|N) ) Gi(r, N), ∀ r and
produce qi ) Σr L(r) Gi(r, N|1). Now, eq 14 may be used to
evaluate the volume fraction profiles. An efficient implementa-
tion of this is by the use of the so-called composition law which
combines two subpartition functions:

�i(r))
ni

qi
∑
s)1

Ni Gi(r, s|1) Gi(r, s|N)

Gi(r, s)
(18)

The volume fraction of the solvent in the bulk as an input
parameter and eq 18 applied for the solvent gives �S(r) ) �S

b

GS(r). Note that in a two-component system �S
b ) 1 - �p

b, where
�p

b ) npNp/qp.
The equations are solved numerically up to high precision.29

For the self-consistent solution, it is possible to evaluate the
grand potential εm ) Σr L(r) ω(r), where the dimensionless
grand potential density ω(r) is

ω(r))-∑
x

φx(r)ux(r)-∑
i

φi(r)- φi
b

Ni
+

1
2∑

x,y

�xy{φx(r)(〈φy(r)〉 - φy
b)- φy

b(φy(r)- φy
b)} (19)

The chemical potential of the components can be expressed
in terms of the bulk volume fractions, as the bulk is in full
equilibrium with the micellar objects:

µi - µi
# ) ln �i

b + 1-Ni∑
j

�j
b

Nj
-

Ni

2 ∑
x,y

(�x
b -�Ai

/ )�AB(�B
b -�Bi

/ )

(20)

where �Ai
/ ) Σs)1

Ni δi,s
A/Ni is the fraction of A segments in

molecule i and µi
# is the chemical potential of molecule i in the

reference phase (which is a phase composed of purely molecules
of type i).

Results

ABA Micelles. In this section, we employ the one-gradient
version of the SCF method on a spherical lattice to collect
properties of ANBMAN polymer micelles. In this geometry, all
properties of the system depend only on the distance r from
the center of the coordinate system. All values within concentric
spherical layers are averaged implementing the mean-field
approximation along the angular coordinates. Hence, spherical
symmetry is imposed on the system. We use local volume
fractions of components to characterize the structural properties
of the micelle.

To reduce the number of variables involved, we fix the
parameters related to the micellar core and vary only those
related to the corona. The Flory-Huggins interaction parameter
between B and the solvent S, �BS, is 2, and the length of the
solvophobic block (M) is 70 segments. The interaction parameter
between the different segments in the copolymer �AB is also set
to 2. This parameter is very important for the ordering in
polymer melts, where it drives the self-organization. In our case,
it mainly defines the sharpness of the interface between the core
and corona segments in the micelle. In the dilute polymer
system, micellization is governed by the polymer-solvent
interactions. The insolubility of the middle block drives the
aggregation, whereas crowding and repulsion of the chains in
the solvated micellar corona provide the stopping force. The
efficiency of the stopping mechanism is strongly affected by
the length N of the corona blocks and the interaction parameter
�AS. Unless specified otherwise, the corona block consists of
NA ) 100 segments and �AS ) 0. We summarize the set of
“default” parameters in Table 1.

Before we turn to the structural properties of spherical
A100B70A100 micelles, let us first discuss their stability from the

Table 1. List of All Default Flory-Huggins Interaction
Parametersa

� S A B C

S 0 0 2 0
A 0 0 2 0
B 2 2 0 2
C 0 0 2 0

a The default block copolymer is A100B70A100. The monomeric solvent
is S, and in some of the calculations one A block is replaced by a block of
C segments with equal length as the A block.
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viewpoint of thermodynamics of small systems. In Figure 1,
we plot the translationally restricted grand potentials (Figure
1a) of the micelles and the chemical potentials of the terpolymers
(Figure 1b) as a function of aggregation number g for a selected
set of �AS values. The criterion for thermodynamic stability is
defined by eqs 2 and 3. At low aggregation numbers, the
translationally restricted grand potential first grows. This means
that micelles with an aggregation number less than a certain
threshold value are unstable. The smallest thermodynamically
stable micelle appears at the maximum of the εm(g) curve, which
coincides with the minimum of the chemical potential (cf. Figure
1b). For example, in the case of our “default” system with
athermal corona blocks (�AS ) 0), only micelles with g > 12
are stable. Using eq 10, one can estimate both the cmc and the
overall polymer volume fraction corresponding to the smallest
stable micelle. The cmc for micelles with athermal corona chains
turns out to be as low as � ) 10-18, which is well below
experimental resolution. The cmc’s for less soluble corona
chains are even lower. In other words, we expect the chosen
triblocks to form micelles at all practical polymer concentrations.

One of the approximations implied in our model is that
micelles do not interact with each other. This assumption does
not hold at high polymer concentrations. Thus, the results of
the present SCF modeling are inaccurate when the micelles start
to overlap. Below, we will select typical conditions, defined as
those systems for which the translationally restricted grand
potential εm ) 10. The range of deviations from the chosen
typical conditions that are still experimentally relevant is quite
narrow due to the exponential dependence of the polymer
volume fraction �p on the grand potential εm (cf. eq 10). A
rough evaluation shows that our estimate for the entropy of the
micelles becomes inaccurate for micelles with εm ) 5, meaning
that for these micelles the micellar interactions should be

accounted for. On the other hand, micelles with a translationally
restricted grand potential εm ) 25 are the most probable ones
at an overall volume fraction of polymer �m ≈ 10-11. Con-
centrations as low as this are irrelevant for any experimental
technique. Thus, the relevant aggregation numbers are in the
range g ∈ [28, 33].

For our “default” system (shown with an open circle in Figure
1a), εm ) 10 translates to an overall polymer volume fraction
�t ≈ 4.5 × 10-5 and a typical distance between two micelles
of ≈570l. The aggregation number of the most probable micelle
at this polymer concentration is g ≈ 32. In Figure 2, we show
the radial volume fraction profile of both the core A and the
corona B monomers in this most likely micelle. The micelle
consist of a dense core and a solvated corona. The polymer
fraction in the core �B is constant. Assuming that it depends
only on the solubility and the length of the middle block B, we
should expect the same volume fraction as that of a correspond-
ing collapsed homopolymer in a poor solvent. Indeed, the
polymer fraction estimation based on the mean-field type free
energy density

F) (1-�B) ln(1-�B)+ �BS �B(1-�B) (21)

and vanishing osmotic pressure

π)F-�B
∂F
∂�B

)�B + ln(1-�B)+ �BS�B
2 ) 0 (22)

yields in �B ) 0.93, which fits the SCF results for the polymer
fraction in the core very well. In the expression for free energy,
eq 21, we neglected the entropy of the collapsed polymer and
used the incompressibility condition eq 15.

The micellar corona is formed by the A segments immersed
in a good solvent. The polymer volume fraction in the corona
monotonously decreases from the core surface to the exterior
of the micelle. Because of the crowding near the core, the chains
in the micellar corona are stretched as compared to the case of
free polymers. The model by Daoud and Cotton30 predicts that
the polymer density �A is proportional to r-4/3. In Figure 2, we
present the density profile of the corona in log-log coordinates.
In line with the Daoud-Cotton result, the region 12 < r < 25
is approximately a straight line with a slope close to -4/3.

Although the SCF modeling is targeted to a single micelle,
the thermodynamic properties of the small system apply to the
whole system. We demonstrated this by estimating the volume
fraction of micelles using εm. Next, according to eq 9, the
steepness of the εm(g) curve of Figure 1a is inversely propor-
tional to the relative fluctuation of the aggregation number. Thus,
one can estimate the micellar size distribution at a given
chemical potential. Note that in the SCF model the fluctuations
diverge as in a first-order phase transition at the point were the
first thermodynamically stable micelles appear. The first ap-

Figure 1. Translationally restricted grand potential εm of the A100B70A100

micelle (a) and copolymer chemical potential, where µ/ ) µp - ∆µ
(b), versus aggregation number g for �AS ) 0, 0.2, and 0.4. With the
tilted square symbols, we show εm and µp for A100B70C100 terpolymer
micelle with �AS ) �CS ) 0.4 and �AC ) 0.8. Note that due to repulsion
in the two-component corona the tilted squares go on top of the curves
for copolymeric micelles with �AS ) 0.2. For presentation purposes,
the chemical potential values are shifted by the constant values ∆µ�AS

with ∆µ0 ) 278, ∆µ0.2 ) 244, ∆µ0.4 ) 211, and ∆µ ) 234 for the
A100B70C100 micelle. The point corresponding to the profile in Figure 2
is indicated with an open circle.

Figure 2. Radial volume fraction profiles of the A and B components
in a spherical micelle composed of A100B70A100 copolymers. Inset: corona
profile, log-log scale.
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pearance of micelles occurs as a jump from a zero micelle
concentration to a finite albeit very small value. In this respect,
the SCF model is wrong: we know that the micellization
transition is smooth. We note however that the error is not
severe, as the concentration of micelles is exponentially small.
Nevertheless, we should be aware of this when micellar
properties are considered near this maximum.

One potentially unsafe assumption we made thus far is the
choice of a spherical lattice. It is well-known that block
copolymers are potentially able to form cylindrical or lamellar
structures. While for short surfactants the preference for one
geometry over the other depends on the overall surfactant
concentration, for polymeric micelles it is mostly defined by
the molecular composition. We now explicitly justify our choice
of the spherical geometry for the present triblocks. In Figure 3,
we present the diagram of states in the region of the sphere-
to-rod transition as a function of the length N of the soluble
block for �AS ) 0, 0.2, and 0.4. We obtained this diagram of
states by comparing the chemical potentials of unimers in
equilibrium with micelles with a spherical or a cylindrical
geometry. In a narrow compositional range, where both
cylindrical and spherical micelles are thermodynamically stable,
that is, eqs 2 and 3 are satisfied, the structure corresponding to
the lowest chemical potential dominates. Exactly at the transition
point, the chemical potentials of unimers in equilibrium with
spherical and cylindrical micelles are equal. In the coexistence
region the balance between the two may be shifted by changing
the overall polymer concentration. One can note that for micelles
with an athermal corona the sphere-to-rod transition occurs
around N ≈ 13. The transition from cylindrical micelles to
lamellae (not shown) occurs for triblocks with even shorter
soluble blocks. Our default N ) 100 is much larger, and thus,
our analysis of spherical micelles is sufficient.

The two-gradient version of the SCF method on a cylindrical
lattice that we use in the next section imposes only the axial
symmetry on the system. Therefore, among others, it allows
for the formation of spherical, rodlike, and lamelar structures.
In this way, there is no need for an explicit check of the preferred
geometry, as the most probable shape of the aggregate will be
chosen automatically by the SCF machinery. Nevertheless, the
preliminary analysis we made above is still useful, because the
energy barriers between different micelle geometries may
sometimes prevent the SCF from finding the best solution.27

Hence, it is important to know that A100B70A100 polymer micelles
are spherical.

ABC Micelles. In this section, we present results of SCF
modeling of A100B70C100 micelles. The only difference between
this and our “default” system from the previous section is that
here we introduce a repulsion between the two soluble blocks

A and C. The repulsion between the components has the
potential to drive the A and C segments to separate regions in
the corona. Micelles with a laterally segregated corona do not
have a spherical symmetry; therefore, we need to use a two-
gradient version of the SCF method on a cylindrical lattice. In
this geometry, all profiles depend only on the axial coordinate
z and the distance from the axis of cylindrical coordinate system
r. All properties are averaged along the angular coordinate.

In Figure 4, we present the grand potential εm of micelles
with different segregation factors between blocks A and C. This
plot provides the basis for the analysis of the thermodynamic
stability of the micelles. In fact, the way to analyze it is the
same as above in Figure 1a. As a reference, we plot εm for
triblocks with no repulsion between the soluble blocks (�AC )
0). The same curve is plotted in Figure 1a for �AS ) 0. The
effect of the repulsion between the corona components has only
a minor influence on the εm(g) dependence. Hence, the aggrega-
tion numbers, the cmc’s, and the stability regions are close to
those of ABA micelles. At the overall polymer fraction �t ≈
4.5 × 10-5, which, as before, translates to εm ) 10, the
aggregation numbers range from 26 to 32 depending on the
value of �AC.

Below a critical value of the segregation factor �AC
crit, the

corona of the micelle remains mixed. In the special symmetrical
case we consider, this means that at any spot in the corona equal
fractions of A and B are found. The high symmetry of the
triblocks makes it possible to include the segregation factor as
a correction to the solvent quality for corona blocks. As shown
in the Appendix, in the mean-field approximation, the segrega-
tion factor enters all analytical expressions for the corona as a
part of an effective solvent quality parameter �Seff ) �S - (1/
4)�AC. This substitution suggests that the overall polymer density
profile and the aggregation numbers of ANBMCN micelles will
be the same as these properties of an AN

/BMAN
/ micelle where

A/ is identical to A except for the solvent quality which is given
by �S

eff. In Figure 1, we plot the grand potential of an A100B70C100

micelle as a function of aggregation number. Although �AS )
�CS ) 0.4, εm(g) goes on top of a curve corresponding to an
A100B70A100 micelle with �AS ) 0.2. This is due to the repulsion
between the corona components (�AC ) 0.8), which is equivalent
to the decrease of the Flory-Huggins parameter for a single
component corona from �AS ) 0.4 to 0.2. This result was
obtained using a spherical lattice; hence, the segregation was
hindered by geometrical constraints.

In the two-gradient version of the SCF calculations, increasing
the �AC value to above the critical value results in the segregation
of the corona chains into two domains, with one rich in A and
the other reach in C. The segregation restricts unfavorable

Figure 3. Sphere-to-rod transition for ANB70AN copolymer micelles as
a function of the corona block length and bulk polymer fraction for
�AS ) 0, 0.2, and 0.4. Copolymer compositions to the right from the
indicated lines correspond to spherical micelles.

Figure 4. Translationally restricted grand potentials εm of A100B70C100

micelles with �AC ) 1, 0.5, 0.2, and 0. Parts of the curves corresponding
to micelles with segregated coronas are marked with circles. The
horizontal dashed line at εm ) 10 points to the “typical micelle”
condition.
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contacts between the components to an interface between the
domains. In the general case when the A and C blocks have a
different affinity with the solvent or with the core or have
different lengths, the domains are not necessarily equal and even
core-shell corona structures may appear. For the highly
symmetrical copolymer considered here, the lateral segregation
into two equal hemispheres is the most favorable option. We
show in Figure 5 an example of the structure of a micelle with
an inhomogeneous corona. In this graph, we present not only
the equal volume fraction contour plots for the core and the
two corona blocks, but also the corresponding two-gradient
volume fraction profiles. The center of mass is (by definition)
at the R ) 0 axis (volume fractions for positive R are identical
to those at negative R). The numbering of the layers in the
z-direction is arbitrary. Clearly visible is the dense core and
the more swollen corona. The interface in the corona splits the
micelle exactly into two structurally identical halves. This is
true because of the symmetrical choice of the parameters used.
Micelles with a lateral segregated domain structure are usually
referred to as Janus type in contrast to core-shell-corona
(onion) type.

With the tilted squares in Figure 4, we show the regions
corresponding to micelles with a segregated corona. The
transition depends on the micellar aggregation number, and
consequently it can be induced by a change in overall polymer
concentration. For �AC ) 1, we find micelles with a segregated
corona for all aggregation numbers. The contour plots in Figure
6 show the overall polymer volume fraction profiles (a) and
the volume fraction profiles of the A and C components (b) at
typical conditions (εm ) 10). The interface between the domains
is sharp, and the fraction of minor components inside the
domains is negligible. Due to the presence of an extra interface,
the overall shape of the corona deviates from sphericity toward
the prolate ellipsoidal shape. The �AC ) 0.5 micelles with a
relatively low aggregation number have a mixed corona. At
typical conditions (εm ) 10), the micelle transforms into the
Janus type and the contour plots are shown in Figure 6c and d.
As this system is close to its transition point, the interface
between the domains is wide, and the contents of the minor
component in the “wrong” phase is high. For example, the
volume fraction of monomer A in the C rich phase near the
core of the micelle, depicted in Figure 6c and d, is approximately
� ≈ 0.03, which is a third of the overall polymer volume
fraction at this spot, which is � ≈ 0.1. The overall polymer
volume fraction profile indicates that this micelle is nearly
spherical.

Interestingly, the lowest curve in Figure 4 corresponds to �AC

) 0.5. This means that at a fixed grand potential (i.e., a fixed
overall polymer (micelle) concentration) the micelle with �AC

) 0.5 is the smallest. From Figure 7, it is clear that the
aggregation number as a function of the repulsion between the
corona components g(�AC) reverses its trend when the transition
to the Janus type occurs. An imaginary experiment, in which
one would be able to control the repulsion between the corona
components without affecting other parameters, would show a
non-monotonous dependence of the aggregation number with
this �AC interaction parameter (cf. Figure 7). The minimum of
the g(�AC) plot corresponds to the demixing transition point.

Let us next turn our attention to the properties of the interface
in the corona. Compared to the classical interface between
segregated polymers in bulk solutions, in the Janus corona, there
are several complications. As anticipated and shown in Figure
6, the polymer volume fraction is not constant along the A-C
interface and the stretching of the chains depends on the distance
from the core of the micelle. In Figure 8, we plot volume fraction
profiles of the corona components near the core (r ) 12) and
in the periphery of the micelle (r ) 30) in spherical coordinates,
that is, θ ) 0, ..., 180°. In this spherical coordinate system,
connected to the center of the micelle, it is easy to see that the
angle occupied by the interface only slightly depends on the
distance from the core. This means that the interface widens
toward the exterior of the micelle and that this dependence is
close to linear. Unfavorable interactions between phase separated

Figure 5. Volume fraction profile of a Janus micelle in a cylindrical
coordinate system. The cross section through the center of the micelle
is given. �AC ) 1.

Figure 6. Polymer volume fraction profiles for Janus micelles with a
segregated corona. The cross section through the symmetry axis is
indicated. The overall volume fractions are shown in view graphs (a)
and (c), and those of the A (solid line) and C (dashed line) components
are presented in graphs (b) and (d).

Figure 7. Aggregation number of A100B70C100 micelles versus segrega-
tion factor �AC. The minimum corresponds to demixing transition.
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polymers typically make the interface depleted by polymer and
enriched by solvent as compared to the bulk phases.31 This also
holds for the intramicellar interface but only up to a certain
distance from the core (not shown). This indicates that the
contacts between the components A and B are rare in the outer
part of the corona. The local volume fraction of the polymer is
much lower than that necessary for macrophase segregation of
the corresponding homopolymers in solution. Nevertheless, the
interface persists due to the segregation in the inner part of the
corona and the radial stretching of the chains. We will return
to this in the Discussion.

Discussion

As long as there is no lateral segregation in the corona, the
micellization of A100B70C100 triblock terpolymers is similar to
that of A100B70A100 micelles. Any unfavorable interactions
between unlike corona segments just result in a renormalization
of the solvent quality of the corona segments. However, when
the A and C segments repel each other sufficiently, the spherical
symmetry is broken and Janus micelles form. As explained in
the Introduction, the critical interaction parameter for the bulk
system of two equally long polymers (AN, CN) in a common
solvent S is given by �AC

crN�p ) 2. This means that the onset
of phase separation occurs at �p

cr ) 2/(N�AC). Translating this
result to our problem indicates that as long as the volume
fraction of polymer in the corona remains below �p

cr, the corona
must remain laterally homogeneous. Inspection of our results
shows that this is indeed the case. We only find laterally
inhomogeneous coronas when, locally, the polymer volume
fraction exceeds this value.

As discussed above, the highest concentration of corona
segments is found just outside the core. We have checked for
a number of cases where the onset of Janus micelle formation
takes place when this highest volume fraction of corona
segments just exceeds the critical value. The fact that at the
regions further away from the core the volume fraction of
polymer is below the critical value does not prevent the
transition from occurring. Stating it differently, even though only
part of the corona chains are subjected to demixing conditions,
the full chain has to obey to the formation of the demixed state.
The full analysis of this transition will be published elsewhere.

It is of interest to discuss the order of the transition as well.
The demixing of polymers in segregated phases usually occurs
as a first-order transition. However, when the binodal is crossed
at the critical point, the transition is second-order. In our system,
the critical volume fraction is at �A

cr ) �B
cr ) 1/(N�AC). Due to

the symmetry in our terpolymer, it is true that in the mixed
corona �A ) �B at all coordinates. This means that (in this
special case), the demixing can only be initiated by entering

the two-phase region through the critical point. As a conse-
quence, the transition cannot be first-order. This observation is
consistent with the data presented in Figure 7, where the
aggregation number shows a kink at the transition. This means
that the second derivative of the free energy with respect to the
chemical potential of the polymer is discontinuous, implying
that the transition is second-order.

When we would have considered asymmetric terpolymers,
we would have obtained an even more complicated system.
Within the mean-field approximation, we might anticipate a first-
order transition. However, due to the finite size of the micelle,
the height of the free energy barrier in the demixing transition
will remain finite and the Janus-micelle formation is at best first-
order-like; that is, it can only approach this in the limit of
infinitely long chains. This means that an ensemble of micelles
will consist of micelles that continuously fluctuate from mixed
to demixed coronas. Systemwise, this means that the transition
is always smooth.

From macroscopic two-phase systems, we know that the
width of the interface W diverges upon the approach of the
critical point. In our system, the width of the interface cannot
exceed the size of the micelle, and this fact probably will
influence the onset of Janus-micelle formation slightly. Cur-
rently, we cannot estimate the importance of this effect.

The radial growth of the interfacial tension as shown in Figure
8 is of special interest as well. It was shown that the interface
persists all the way to the dilute part of the corona volume
fraction profile. In this region, the chains do not feel each other.
It is noteworthy though that the local polymer concentration,
at places where visually there is a clear interface, indeed can
drop below the (bulk) critical value �p

cr. Only near the core does
the polymer concentration exceed the critical value, and we
believe that these higher polymer concentrations drive the
formation of the interface. The high stretching of the chains in
the radial direction (especially in the dead zone) helps to
maintain the presence of the interface.

From macroscopic interfaces between polymer solutions, it
is known that the interfacial tension γ is an increasing function
of the segregation parameter �AC.18,32 We therefore should
expect that the excess free energy of the interface in the corona
will be an increasing function of the interaction parameter. We
found that this is the case (result not shown). However, from
the above, it is obvious that the total amount of free energy
present in the interface cannot be very high. From the grand
potential density profiles ω(r), it is possible to estimate the
excess free energy of the interface. Typically, we find values
of the order of several kBT per micelle. There are a number of
important consequences of this. As there is so little free energy
needed to create an interface, it must be possible to change the
interface, that is, the shape and position. In other words, the
interface should strongly fluctuate. In our SCF model, we cannot
account for interface fluctuations, but they most likely will be
large (especially near the critical conditions). We mention,
however, that the present calculations were performed for
relatively short chains and low aggregation numbers. In
experimental cases, one may go to larger chains and higher
aggregation numbers and then expect two-phase Janus micelles
as the ground-state micelle.

To directly prove, in experimental situations, the existence
of the Janus state of micelles is a major challenge.33 In most
cases, it will require labeling of the corona chains. This always
has the potential effect of perturbing the structure. From Figure
6a, we see that there is a deviation from sphericity of both
the core and the corona. Because of the high surface tension of
the core-solvent interface, the core is almost spherical. Close
inspection, however, shows that the core is an oblate ellipsoid.
For micelles with a lower core-solvent interfacial tension, such

Figure 8. Angular distribution of volume fractions of monomers A
(solid lines) and C (dashed lines) at distances r ) 12 and r ) 30 from
the center of A100B70C100 micelle. �AC ) 1.
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as complex coacervate core micelles,11 the deformation of the
core may be much more easily observable. The overall volume
fraction profiles of the corona, however, indicate that the overall
shape of the Janus micelle is a prolate ellipsoid. Such deviations
from sphericity are the direct consequence of the interface in
the corona and are the signature for Janus micelles. Finally, we
have argued that in some cases the transition from mixed to
demixed coronas can be triggered by increasing the aggregation
number. For a given system, this may occur as a result of the
increase in polymer (or micelle) concentration. Of course, for
this to be operational, one needs to be sure that the aggregation
is reversible, that is, that the core is not frozen in a glassy state.
Again, complex coacervate core micelles may be the system of
choice to observe this prediction.

Conclusions

Using a numerical self-consistent field approach, we
studied the micellization of ANBMCN triblock terpolymers in
a selective solvent. The B block forms a dense core and the
two A and C blocks form a highly swollen corona. Using a
cylindrical two-gradient coordinate system, we were able to
study the transition in the corona from a lateral homogeneous
(for low values of �AC) to a phase segregated corona (above
a threshold value of �AC). The transition was shown to be
rather abrupt but not jumplike. For a given micellar concen-
tration (fixed translationally restricted grand potential), we
found that below the transition the aggregation number
decreases with increasing repulsion between A and C, whereas
above the transition there is an increase in aggregation
number. The kink in the curve of g(�AC) shows that the second
derivative of the free energy to the chemical potential is
discontinuous, pointing to the second-order phase transition.
The interface between A and C rich phases has several
peculiarities. The interface widens with increasing distance
from the core. Near the core, a true interface exists with a
finite (local) interfacial tension and a small accumulation of
solvent between the two phases. In the periphery of the
corona, the A and C chains are only separated because they
are forced to be separated near the core. Another peculiarity
is that the orientation of the molecules in the A and C rich
phases are parallel to the interface. In the regime of strong
segregation, we find that neither the core nor the overall
micelle remains perfectly spherical. This is noteworthy
because the lengths of the corona blocks were chosen as
sufficiently large to prevent nonspherical topology for
micelles with a homogeneous corona to form. One of the
interesting findings was that the transition from a mixed to
segregated corona can be induced by increasing the aggrega-
tion number. As the micelle size is a weakly increasing
function of the overall micelle concentration, we anticipate
that the occurrence of Janus micelles may depend (in some
cases) on the polymer concentration in the system. Near the
transition point, the first appearance of Janus micelles is
accompanied by a weak segregation between the two polymer
segments, and diffuse interfaces with an ultralow interfacial
tension. In this regime, we expect that thermal fluctuations
can disrupt the two-phase structure and induce a multiple
domain structure of the corona. For strong segregation,
however, the two-face Janus structure should be the ground
state.

Appendix I

In this Appendix, we show that the free energy, eq 11, of the
system consisting of a triblock terpolymer ANBMCN and a solvent
S is equivalent to the free energy of a triblock copolymer
AN
/BMAN

/ in a solvent. The nonzero interactions between blocks
A and C (�AC > 0) can be accounted for by using renormalized

interaction parameters of the monomer A/ with the block B and
the solvent. The derivation relies on the a priori assumption
that the volume fractions of the monomers �A(r) and �B(r) are
equal to each other at all r (this is not true for micelles with a
segregated corona). As a consequence, structural and thermo-
dynamic properties of the mixed terpolymeric micelles are the
same as those of micelles formed by AN

/BMAN
/ copolymers with

modified interaction parameters.
The density of the free energy of interactions, eq 12, may be

written as a sum of contributions from each pair of monomers

f int(r)) fAS(r)+ fBS(r)+ fCS(r)+ fAB(r)+ fBC(r)+ fAC(r)
(23)

For brevity, below we will drop the spatial coordinates. Each
item in the sum has the form

fxy )
1
2

�xy(�x〈�y -�y
b〉 +�y〈�x -�x

b〉 ) (24)

and due to the symmetry of the triblock and the equal fractions
of A and C, �A ) �C, eq 23 reduces to

f int ) 2fAS + fBS + 2fAB + fAC (25)

Using the incompressibility condition �A + �B + �C + �S )
1, we eliminate the dependence of fAC on �C

fAC )- 1
4

�AC(�A〈�S -�S
b〉 +�S〈�A -�A

b 〉)-
1
4

�AC(�A〈�B -�B
b 〉 +�B〈�A -�A

b 〉)+ 1
4

�AC〈�A -�A
b 〉 (26)

The last term is linear in �A and therefore does not influence
the optimization procedure. The first term of eq 26 can now be
included in fAS of eq 25, and the second term of eq 26 can be
included in fAB of eq 25, leading to

f int ) fA/B + fBS + fA/B (27)

where fA/S and fA/B are defined by eq 24 with �A/ ) �A + �C )
2�A and �A/S ) �A - (1/4)�AC and �A/S ) �AB - (1/4)�AC.

The conformational part of the free energy eq 11 is not
affected by this substitution.
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