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ABSTRACT: We develop a mean-field theory of micelle formation in salt-free solution of diblock copoly-
mers with a soluble polyelectrolyte block and an insoluble neutral block. The so-called three-zone model is
used which is a simplified alternative of the Poisson—Boltzmann approximation. This model allows to
analyze an inhomogeneous distribution of counterions outside the corona (an analogue of Gouy—Chapman
layer and Manning condensation). We study both dilute and concentrated solutions. Conventional spherical,
cylindrical and planar morphologies of “direct” (soluble) micelles are considered in the crew-cut regime (short
soluble blocks). We also analyze the stability of inverse (insoluble) spherical and cylindrical micelles, which
form a dense phase. In this phase, the soluble blocks with the solvent form spherical (cylindrical) cores which
are embedded in a matrix of the insoluble blocks. Phase diagrams of the solution are constructed on the basis
of conditions of the true equilibrium, i.e., they include one- and two-phase stability regions as well as triple
points. We demonstrate that the presence of charged groups practically does not change the phase behavior of
the solution at high polymer concentrations. In this regime, the main factor governing the swelling of the
coronae is the polymer concentration. On the other hand, the role of the charged groups at low polymer
concentrations is very important. The Rayleigh instability prevents formation of nonspherical micelles at low
polymer concentrations. The charged groups promote stability of the spherical micelles: they remain stable at

conditions when the neutral spherical micelles change morphology or precipitate.

1. Introduction

Amphiphilic macromolecules attract considerable attention of
researchers due to their ability of self-organization."> For exam-
ple, diblock copolymers comprising soluble (solvophobic) and
insoluble (solvophilic) blocks form micelles in dilute solutions.*
A dense core of the micelles is formed by insoluble blocks, and
swollen blocks in the corona provide stability (solubility) of the
micelles. The form of the micelles is primarily controlled by the
chemical composition of the copolymer Spherlcal micelles are
stable if the soluble block is long enough.*® Otherwise, cylindrical
(worm-like) micelles, vesicles (closed bllayers) and lamellae are
formed (the so- called crew-cut regime).*® In contrast to the
primary structure of the macromolecules which predefines the
morphologies, the response of a system on stimuli (temperature,
salt and polymer concentration, pH, etc.) allows to steer the
process of self-organization. Such responsive systems mlght be of
interest for many applications including drug delivery,'® nano-
containers for chemical and biochemical reactions, stabilization
of colloidal particles,1 L2 e,

The use of amphiphilic polyelectrolytes as stimuli-responsive
systems has an advantage in comparison with neutral ones.
Polyelectrolytes are known to be water-soluble and contain
charged groups and counterions. The presence of the charged
groups can provide long-range electrostatic interactions and
counterions can be either mobile or bound'*'* depending on the
strength of the electrostatic interactions (i.e., on the dielectric
constant of the medium). Thus, the “polyelectrolyteness” can be
considered as an additional tool to govern the self-organization.

*To whom correspondence should be addressed. E-mail: igor@
polly.phys.msu.ru.
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For example, adding a low-molecular-weight salt screens electro-
static interactions, and the degree of dissociation of weak poly-
electrolytes depends on the local pH value. To control micelle
formation in solutions of diblock copolymers with one neutral
(insoluble) and one charged block, efforts of many researchers
were directed to the studies of electrostatic and electrolyte effects.
Using the scaling approach, Shusharina et al.'>!® studied the
distribution of counterions between the charged corona and the
outer region of spherical micelles in a salt-free dilute solution.
They predicted conditions under which all counterions leave the
charged corona due to entropic reasons (the so-called Pincus
regime), if the fraction of charged units and the concentration of
the micelles are low enough. Highly charged micelles keep most of
the counterions inside the corona to compensate for its electric
charge'>'® (the so-called osmotic regime). An intermediate re-
gime of partial filling of the corona b?/ counterions was analyzed
within the two-zone Oosawa model'’ which assumes homoge-
neous concentrations of counterions within and outside the
corona (step-like distribution function of counterions).'> Mor-
phological transitions between spherical, cylindrical and lamellar
structures were analyzed in the regime of low'® and high'®'? salt
concentration assuming that local neutrality of the system is
fulfilled. In particular, sphere-to-cylinder and cylinder-to-lamella
transitions were predicted to occur for crew-cut micelles,"” 1.e., for
micelles with short enough soluble blocks. Using similar models
with local neutrality, pH-triggered morphological transitions of
micelles with weakly dissociating polyelectrolyte block were
predicted in refs 20 and 21.

Local violation of electric neutrality in polymer systems due
to entropy-driven escape of counterions® 2> can induce long-
range electrostatic forces. For example, the competition of the
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Figure 1. Examined structures.

(i) long-range electrostatic repulsion of clusters (homogeneous
aggregates without core—shell structure) with the (ii) short-range
attractive forces acting between macromolecules results in the
formation of clusters of different morphologies (spheres, cylin-
ders and planar layers) possessing an optimum size.>*** In this
case, the polymer concentration controls the long-range interac-
tions and the morphology of the aggregates.*** The stabilization
of the optimum size of the clusters is related to the classical
Rayleigh problem of a charged droplet:*® a spherical droplet
whose charge exceeds some critical value is locally unstable and
will spontaneously deform. The equilibrium state of this system is
a set of smaller droplets of a certain size with the charge on each of
them less than the critical one. However, the charge of the clusters
is fully controlled by escaped counterions, i.e., by the average
polymer concentration and the stabilization occurs at larger
length scales in contrast to the “pure” Rayleigh stabilization in
the absence of counterions.”**

Therefore, one can expect that (i) the local violation of electric
neutrality in micellar solutions together with (ii) the composition
of the block copolymer are responsible for the size of the micelles
and their morphology. To the best of our knowledge, the simul-
taneous effect of these two factors on the morphology of the
micelles in solutions of diblock copolymer with neutral (insoluble)
and charged block has not been studied yet.

In the present paper we will develop a theory of micelle
formation in salt-free solution. The local violation of electric
neutrality (partial escape of counterions from the charged corona
of the micelles) will be taken into account within the so-called
three-zone model. One of the zones corresponds to the corona,
and the outer solvent (related to one micelle) is divided into two
zones. The position of the boundary between these two zones is
determined from the minimization of the free energy. Such a
division of the outer solution allows to describe the inhomoge-
neous distribution of counterions outside the micelles that models
counterion condensation®” (cylindrical micelles) and double layer
formation®? (lamellae). Real phase diagrams based on equal-
ities of the osmotic pressures and the chemical potentials of
coexisting phases will be constructed. These diagrams include
dilute, semidilute, and concentrated regimes.

2. Model

Let us consider solution of an AB diblock copolymer with a
neutral, insoluble A block and a weakly charged B block. We
suppose that both blocks of the copolymer are flexible and consist
of identical statistical segments, each of length « and of excluded
volume v~ a’; N and Ng are the numbers of the segments. The B
block contains Np/o charged groups, each of the elementary
charge e. These groups are homogeneously distributed along the
block so that ¢ > 1 is the average number of neutral segments
between two adjacent charged groups along the chain, and 1 /o<
1 is the average fraction of the charged groups. The charged
groups are completely dissociated and counterions, which pro-
vide macroscopic electric neutrality of the system, are mobile.
We consider a salt-free solution where counterions are the only

low-molecular-weight ions of the system. To provide applicabil-
ity of the mean-field theory, let us assume that the solvent is a
O-solvent for the neutral spacers (subchains connecting two
adjacent charged segments) of the polyelectrolyte block and triple
repulsive interactions of the B segments are quantified by the
third virial coefficient C ~ a°. The composition of the copolymer
fis defined as f= Ng/N, N = Np + Ng.

Diblock copolymers self-assemble into micelles of different
morphologies in the selective solvent if the polymer concentration
¢ exceeds the critical micelle concentration (cmc). “Direct” micel-
les consisting of an insoluble core and a swollen corona are for-
med at relatively low values of ¢. We will analyze the thermo-
dynamic stability of spherical, cylindrical and lamellar structures,
Figure 1la—c. “Inverse” micellar structures can be formed at high
polymer concentration values and long insoluble block, Figure 1 d.e.
In this case, cylindrical and spherical structures containing swollen B
blocks and solvent are embedded in a matrix formed by the
insoluble blocks. Analysis of all structures will be done in the strong
segregation regime™ and in highly selective solvent, i.e., the core and
the shell of the micelles are assumed to have well-defined shapes with
narrow interface (A and B blocks are strongly segregated) and
insoluble A blocks form dry (solvent-free) domains.

3. Direct Structures

The equilibrium structure of the micelle is determined by the
balance between (i) unfavorable contacts of the insoluble blocks
with the solvent and (ii) the elastic stretching of the blocks in the
core and the corona. The latter is strongly coupled with the
distribution of counterions: unscreened repulsion of the charged
groups makes the corona swollen in the Pincus regime, and
counterions localized in the corona swell it as well due to their
high osmotic pressure. Quantitatively, the balance is calculated
by minimization of the total free energy of the micelle per chain
comprising the core—corona surface energy F,, the elastic free
energy of the A blocks F,,,.. and the free energy of the corona

Fcorona:

F = Fcore + Fsurf + Fcorona (]-)

The elastic free energy of the extended core blocks per chain
yields™
Ry*
Frppe = bj— b 2
¢ (1—f)Ne? @

where Ry is the radius of the core of the micelle (semithickness in
the case of lamella) and coefficients

7/8,  j=1
by = A*/16, j =2 (3)
37%/80, j =3

correspond to different structures: lamellar (j= 1), cylindrical (= 2),
and spherical (j = 3). The inequalities »; > b, > b mean that
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Figure 2. Volume per micelle is approximated by a sphere, cylinder (a) or planar layer (b) of the radius (semithickness) R;. The radii of the core and
corona are denoted by R and R, respectively. Blue and red dots depict charged groups of the soluble blocks and mobile counteions. The counterions
are distributed inhomogeneously. They occupy three zones (excluding the core) denoted by the radii R;, R, and R;3. The boundary between the second
and the third zones is determined from equilibrium conditions. p;, p», and p; denote different charge densities.

maximum stretching of the A block is achieved in the one-
dimensional structure. In contrast, the surface energy of the
lamella per chain is minimum:

SU(R i(1—f)Nv
Fsurf =Y é 0) = V]( R}(:) (4)
Here SY(R,) is the area of the core—corona interface
23, ji=1
SU(Ry) = { L27Ry, j =2 (5)
4R, j=3

and the aggregation number Q is related to the volume of the core
V¥ through the dense packing condition:

95R), j=1
; 2 P
(L=fINQv = VO(Ry) = { LTR% T =2 ()
?R(JB, j=3

In eq 4, y is the surface tension coefficient related to the thermal
energy kT, so that ya” is dimensionless parameter. £ — oo and
L — o are the area of the core—corona interface of the lamella
and the length of the cylinder, respectively.

Under the strong segregation conditions, the corona can be
envisioned as a curved (j = 2, 3) or planar (j = 1) polyelectrolyte
brush. To calculate the free energy of the corona, we employ the
mean-field approximation which is justified by consideration of
the ®-solvent regime for the neutral spacers of the swollen blocks.
Within this approximation, the corona free energy per chain can
be written as follows:

Fz’orana = Lolast T Fvir + Fel—st + Ftr (7)

Here the first term is responsible for the elastic stretching of the

blocks:
3 [Ro/dr
Felast - ﬁ/R“ (@) dr (8)

where R; — Ry is the corona thickness. This expression is valid
under the assumption that all free ends of the brush are
equidistant from the interface (Alexander’s approximation®").
The local stretching of the block (dr/dn)|, at the distance r from
the center of the core can be calculated from the space filling
condition applied to the thin layer of the thickness dr which is

crossed by Q chains

e(NSV(r)dr = Qdn, Ry<r<R (9)
where ¢,(r) is the concentration of the segments and dn
segments of each block belong to the layer. In our further analysis
we will be concentrated on morphological transitions in the
micellar solution which are known to occur in the crew-cut
regime.** Short soluble blocks provide a weak dependence of
the polymer concentration on the coordinate r (spherical and
cylindrical shapes), and we assume that c,(r) has a constant value,

cp(r) = ¢y

B 30 R gy
Felast - m R S(/)(}’)
3f i1
21— f)°c”
R 5 / .
= ) S0 (”(1 —f)6>’ S
1 - r -1/3 o
2(1—f)6<1 () ) /=0
(10)

where ¢ = ve,, and the space filling conditions for the core, eq 6,
and for the corona, VY(R,) — VY(Ry) = SNOQ/c,, are used.

The second term in eq 7 is the energy of triple collisions of
monomer units in a @-solvent

F,r = N (11)

which is taken into account within the virial approximation,
where the third virial coefficient C = v?,

The average volume of the system related to one micelle can be
estimated as the total volume of the system divided by the number
of the micelles. Let us approximate this volume by a sphere,
cylinder or planar layer of the radius (semithickness) R; by
analogy to the Wigner—Seitz cell of spatially ordered micelles,
Figure 2. For the derivation of the electrostatic energy F,_, let
us generalize the Oosawa model'” and consider three zones. The
volume accessible for counterions (whole volume excluding the
core) is divided into three zones. The concentration of counter-
ions within each zone is assumed to be constant (step-like
concentration profile). The first zone with radius R; corresponds
to the corona. The polymer-free region is divided into two zones
(2 and 3) and the boundary between these zones with radius R, is
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determined from equilibrium conditions. Let f is the fraction of
counterions in the first zone, so that their total number in the zone
is fSONp/o. The rest (1 — f)QNp/o counterions are distributed
between the second and the third zones: A(1 — f)QNp/o coun-
terions occupy the second zone and (1 — A)1 — B)ONp/o
counterions are localized in the third zone, 0 < 4 < 1. Using
the space-filling conditions for the core and the corona as well as
the definition of the average polymer concentration ¢ in the
solution, V(R3)¢ = ONv, we obtain for the concentration of
counterions

Cel = %ﬁ, R0<l‘<R1
S AML=PB)f o
5 _ o ==+ , R R
«) =T o da=(-fo)—fo T
1-1)(1 -
C = ¢ ( ) ﬁ)f@’ Ry <r<Ry
o c(1-a)
(12)
and for the charge density
4 1-
p = 7661(0 ﬁ>, Ry<r< R
p(r) = Py = —eCe, Ry <r<Ry (13)
p3 = —eces, Ry <r < Rj

Ineq 12, o is defined as VP(R,) = aV(R;), o < 1.
The electrostatic energy of the charged corona and the outer
region can be calculated in a standard way

& .
Fp o =—- dv9) E*(r 14
T 8aksTO Jyowy - vow, 0 04

where E(r) is intensity of the electric field at the distance r and € is
the dielectric constant of the solvent (the polymer volume fraction
in the corona is assumed to be small). The intensity is related to
the charge density via Gauss’s law. For simple morphologies, it
takes the form:

f iSVE = sO(Epr) = 2 A p(r) (1)
E JVi ) — Vi (Ry)

For example, from eq 15 E(r) of the spherical micelle is ex-
pressed as

4 pl(}’3 - R()S), R() <r< R1
JU B
E(r) =35 PR = R®) +po (P = R®), Ry <r <Ry
— p3(R33 — r3), Ry<r< R3
(16)

where the condition of the macroscopic electric neutrality
pL(VY(R) = VO (Ro)) 4 py (VY (Re) = VI (Ry))

+p3 (VO (Rs) =V (Ry)) = 0 (17)

is used. The electrostatic energy of all studied morphologies takes

the form

uUNR>

FE]*SI = 02a2 A(]) (fa (07 C, (X., ﬂ)j’) (]‘8)

where the function A s different for different morphologies.
It has to be noticed that this function depends only on the
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parameters which are denoted in the brackets. The dimensionless
parameter « in eq 18 describes the strength of the electrostatic
interactions, u = ¢*/(ekzTa), and u ~ 1 in aqueous solutions.
Finally, the last term in the free energy of the corona, eq 7, is
the energy of thermal motion of counterions in the zones 1—3:

BIN

‘7 In(cv)

F, = l/ AV ¢ (r) In{c.(r)v} =
Q Vi (Rs) = VW (Ry)
+L1 PUN In(ceov) —|——(1 AL =BIN In(csv)  (19)
o o
The equilibrium free energy of the micelle is calculated via
minimization of eq 1 with respect to the parameters Ry, ¢, o, f3,
and 4. Note that the minimization with respect to Ry can be done
analytically and determines the radius (semithickness) of the core
of the micelle and the aggregation number using the space-filling
condition. The minimization with respect to other parameters is
performed numerically. These parameters are responsible for the
distribution of the counterions between the zones (5, ), for the
swelling of the corona (c), and for the location of the boundary
between the second and the third zones (o).

One important conclusion comes from the form of the elastic
free energies of blocks, eqs 2, 10, and of the electrostatic energy
F.—s»eq 18. All these contributions are positive and proportional
to Ry’ Therefore, both the elasticity of the blocks and the
electrostatic interactions play a stabilizing role preventing the
micelles from aggregation (the growth of the micelles in size (Ry)
increases the corresponding contributions to the free energy).
Keeping in mind that F,,_,; depends on the polymer concentra-
tion of the solution (on the distribution of the counterions
between the corona and the outer solution), one can expect that
the morphology of the micelles is also concentration dependent.
This expectation will be demonstrated in the phase diagrams
below.

In the case of high polymer concentration, when the micelles
are densely packed, the expression for the total free energy has to
be modified. First of all, we keep the spherical, cylindrical and
planar forms of the micelles (i.e., we neglect the deformation of
the coronae under the packing). Also we assume that interpene-
tration of the coronae is negligible due to the high stretching of
the corona-forming blocks (interpenetration would increase the
stretching). The average volume per micelle in the solution
becomes equal to the volume of the micelle, i.e. the second and
third zones disappear and all counterions are localized within the
corona making it neutral. Therefore, =1, F,,—,, =0, and ¢ is no
longer a minimization parameter: it is related to the average
polymer concentration via

fo
= 2
= p(1-/) 2

It is clear that within our model the transition into the concen-
trated mode is “smooth” and, therefore, binodal lines on phase
diagrams have also to be smooth.

4. Inverse Structures

The crew-cut micelles can be unstable if the length of the
soluble (charged) block becomes less than some certain value. In
this case, long insoluble blocks can form dense coronae of the
micelles and short soluble blocks together with the solvent form
loose cores (“lakes” or “channels” with “seaweeds”). Taking into
account insolubility of such micelles, one can expect formation of
nanostructured precipitant: the “lakes” and the “channels” em-
bedded in a dense polymer matrix. In this paper we will analyze
two morphologies of the inverse micelles: spherical and cylind-
rical, Figure 1d,e. The formation of polymer—solvent interphase
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Figure 3. Two kinds of the core of the inverse structures: a hollow core with the soluble blocks on the periphery (a), and a filled core (b). The hollow core

is locally charged (being totally neutral) and the filled core is locally neutral.

does not cost energy, if the polymer is soluble. Therefore, we can
analyze the stability of two structures of the soluble core: the B
blocks occupy only periphery forming hollow core, Figure 3a,
and they fill in the whole volume of the core more or less
homogeneously (filled core), Figure 3b. In the first case, the core
is locally charged (being totally neutral) and the filled core is
assumed to be locally neutral.

The free energies of the inverse micelles are calculated in a
similar way as those in the case of the direct structures. The elastic
free energy of the corona is calculated within Alexander’s ap-
proximation, eq 8, assuming that the polymer volume fraction is
equal to unity. The elastic free energies of the hollow core and of
the filled core are calculated assuming a constant polymer
concentration with equations analogous to eqs 8 and 2, respec-
tively. The volume of the hollow core is also divided into three
zones, Figure 3: the electrostatic energy and the entropy of the
counterions are calculated like those ineqs 18 and 19. Finally, the
electrostatic energy of the filled core equals zero, the counterions
are distributed uniformly over the core, and the energy of the
excluded volume interactions in the ©-solvent is calculated by
eq 1.

5. Phase Diagrams

Phase diagrams of the diblock copolymer in the selective
solvent are obtained in a standard way by equating the chemical
potentials and the osmotic pressures of coexisting phases. The
chemical potential, «, and the osmotic pressure, 7, of the micellar
solution (or inverse micelles) are calculated using the equilibrium
free energy of the micelle per chain, F, g, which is the minimum
of eq 1 (and analogous expressions for the inverse structures):

l a((pFequiﬁb) 7= (/)_2 aFequilib
N b N 9o

Fopuitin = min F 21
P Ry ertn 1) @)

IL{:

We will fix the parameters N = 1000, u = 1, ya2 =0.33 in all our
calculations. These values correspond to the aqueous solutions
and strongly selective solvent.

A series of phase diagrams in the variables: average polymer
volume fraction ¢ and chemical composition of the copolymer
(fraction of the soluble B block) f'= N/N for different values of
the fraction of charged units 1/ is presented in Figure 4.

Three kinds of direct (soluble) micelles and four kinds of
inverse (insoluble) micelles are predicted to be stable in the
selective solvent (white areas in the diagram). Stability regions
of nonaggregated molecules (below the critical micelle con-
centration) and homogeneous precipitant (at exponentially small
fvalues) are not depicted in the diagrams because they occupy

Figure 4. ¢ — fphase diagrams of the copolymer for different values of
the fraction of charged units 1/0: ¢ = 5 (a), and 15 (b). Shaded area
corresponds to the phase coexistence.

vanishingly small areas. Shaded areas correspond to the phase
coexistence, and the fractions of the coexisting phases are deter-
mined using the Maxwell rule. In contrast to neutral micellar
solutions® or to theoretical models of charged micelles employing
the local electroneutrality condition,®”*'® %" the morphologies of
the micelles are controlled by the polymer concentration. For
example, only the spherical micelles are stable at low polymer
concentration whereas cylindrical micelles and lamellae can
coexist with the spheres forming dense enough phases (bottom
parts of the diagrams in Figure 4). The reason for that is the local
violation of electric neutrality of the system. Despite the three-
zone model allows condensation of counterions near the cylinders
and planar layers, the condensation is incomplete because of the
thermal motion of the counterions. Therefore, the electrostatic
energy of the cylinders and the planar layers can be decreased
only via the decrease of the distance between them. It has to be
mentioned that the electrostatic energies of an infinite cylinder
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Figure 5. Simplified ¢p—fdiagram of a neutral copolymer (0 = o) in the
selective solvent obtained by equating free energies of different mor-
phologies. N = 1000 and ya* = 0.33.

and a plane logarithmically and linearly increase with the distance
from them.” Therefore, approaching cylinders or lamellae to
each other, i.e. making the phase denser, one can decrease the
electrostatic energy. The electrostatic origin of instability of the
cylinders and lamellae at small polymer concentrations can be
demonstrated also by the shift of the cylinders and lamellae stabi-
lity regions toward smaller values of ¢ with the decrease of the
fraction of charged units (increase of o), Figure 4a,b.

As mentioned above, the electrostatic interactions together
with elasticity of the blocks play a stabilizing role (both F,,,.,
Fouus» and F,._, are positive and proportional to Ry?). This effect
can also be extracted from Figure 4. Fixing the polymer con-
centration and decreasing the composition f, one can see that
stronger charged spherical micelles (o0 = 5) become unstable at
lower value of f'than less charged ones (o = 15).

Transitions spheres — cylinders — lamellae — inverse cylinders —
inverse spheres with the increase of ¢ in the upper part of the
diagram are induced by steric interactions between the micelles.
When the coronae of the micelles are in contact with each other,
their swelling is determined by the average polymer concentra-
tion, eq 20: the higher the concentration, the denser the coronae.
In other words, increasing the concentration of the system makes
the corona-forming blocks less stretched which leads to the cas-
cade of the transitions.

Inverse spherical micelles with hollow core can coexist with the
direct spherical micelles at low polymer concentration. Also this
phase can coexist with inverse cylindrical and spherical structures
having filled core at high polymer concentration. In has to be
noticed that the inverse structures with the filled core have larger
area in the ¢ — f'phase diagram than those with the hollow core.

Making the soluble block neutral, one can achieve stability of
both cylinders and lamellae (which will be transformed into
vesicles) at low polymer concentration. A simplified diagram of
aneutral copolymer (0 =eo) in a selective solvent (poor solvent for
one block and ®-solvent for another block), based on equalities
of the free energies, is presented in Figure 5.

Despite the simplified method of construction of this diagram, two
main conclusions can be drawn from the comparison with the
diagrams of charged copolymers. First, the presence of charged
groups practically does not change the phase behavior of the solution
at high concentration. Here, the main factor governing the swelling
of the coronae is the polymer concentration. Second, (i) the Rayleigh
instability,”® preventing the formation of nonspherical micelles at low
polymer concentration, and (ii) the enhancement of the stability of
the spherical micelles (a shift of the boundary toward smaller f
values) at low ¢ are clearly detectable upon charging the copolymer.

The diagram for the neutral copolymer has a qualitative
correlation to the experimental one obtained for PEO—PB di-
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Figure 6. Phase portrait for the PEO—PB diblock copolymers in water
as a function of composition (W pgp) and the concentration of copoly-
mer in solution.* Solid lines mark the morphology boundaries and thin
horizontal lines identify regions of morphology coexistence. Spherical
(S) and cylindrical (C) micelles, and vesicles (B), were characterized at
low concentration by cryo-TEM. Cubic (fcc and bee), hexagonal (H1
and H2), lamellar (L), and network (N) morphologies were identified
based on SAXS and cryo-SEM. Reprinted with permission from Jain,
S.; Gong, X.; Scriven, L. E.; Bates, F. S. Phys. Rev. Lett. 2006, 96,
138304. http://dx.doi.org/10.1103/PhysRevLett.96.138304. Copyright
2010 American Physical Society.

block copolymers in water> which is a good solvent for the PEO
block and a poor solvent for the PB block, Figure 6. Except for
the network morphologies, which are not analyzed in our theo-
retical studies, relative positions of spherical micelles (S and fcc in
Figure 6), cylinders (C and H;), lamellae (B and L), inverse
cylinders (H») and inverse spheres (bcc) correspond to the calc-
ulated ones. It is worth to be mentioned here that we do not study
spatial ordering of the spherical and cylindrical micelles with the
increase of the polymer concentration. That is why we relate ex-
perimentally detected disordered spherical micelles + fcc struc-
ture, cylindrical micelles + hexagonal structure, vesicles + lamel-
lae to spherical, cylindrical, and lamellar structures, respectively.

The ¢—o phase diagrams are presented in Figure 7. The
spherical micelles are always stable in a dilute solution at high
fraction of charged groups, 1/0. In the case of a lower fraction of
soluble groups, Figure 7 a, the gradual decrease of the fraction of
charged units (increase of 0) at a fixed polymer concentration
first leads to a phase coexistence of the spheres with lamellae
(cylinders). Upon further increase of o, the system precipitates
forming inverse spherical micelles with hollow core. Thus,
neutralization of such a system promotes precipitation and one
can say that a copolymer with f'= 0.03 is “tuned” on the for-
mation of inverse micelles. On the contrary, the gradual neutra-
lization of the copolymer with = 0.06 in the dilute regime,
Figure 7 b, results in the coexistence of the spheres with lamellae.
Taking into account the slope of the boundary of the lamellar
phase, one can expect that complete neutralization of the system
(0 = o) should result in a stable lamellar phase. The argument
supporting this expectation is that the neutral copolymer with /=
0.06 always forms lamellac in dilute solution, see simplified
diagram, Figure 5. Therefore, we can say that such a copolymer
is “tuned” on lamellae. In the concentrated regime, the neutraliza-
tion of the copolymer does not play an important role and the
morphology is primarily controlled by the polymer concentration.

The radius of the micelles (corona) or the semithickness of the
lamella, R;/a (red), is plotted in Figure 8 as a function of the
average polymer volume fraction ¢. In contrast to neutral
copolymers® and to models of charged micelles with the assump-
tion of local neutrality,®*'* 72" the size of the spherical micelles
increases with ¢ rather than remaining constant. This effect has a
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Figure 7. ¢—o phase diagrams of the copolymer at different values of
the fraction of soluble units f: /= 0.03 (a), and 0.06 (b). The shaded
areas correspond to the phase coexistence.
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Figure 8. Radius of the micelles (semithickness of the lamella), R/a
(red), and semidistance between the micelles, R3/a (blue), as functions of
the average polymer volume fraction, ¢. Breaks and overlaps of these
lines correspond to the phase separation regions. R, and Rz are constant
in these regions. 0 = 5 and /' = 0.031.

clear physical meaning and is related to the entropy of counter-
ions and electrostatic interactions. The increase of ¢ leads to a
decrease of the intermicellar distance, Rs/a (blue) in Figure 8.
Therefore, the distribution of counterions between the zones
becomes more homogeneous (let us remind that the distribution
is fully homogeneous when the coronae are in contact with each
other) and the difference in the osmotic pressures of counterions
inside and outside the corona diminishes. Also, the electrostatic
repulsion between noncompensated charged units in the corona
decreases because of the increasing number of counterions inside
the corona. All these effects result in the decrease of swelling of
the corona-forming blocks. Therefore, to maintain the swelling,
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Figure 9. Volume fraction of counterions c.a’ at the distance r/a from
the center of lamella (blue, f = 0.025), cylindrical micelle (green, f =
0.035), and spherical micelle (red, f/ = 0.04). All these distribution
functions are calculated at fixed value of polymer concentration, ¢ =
0.35. Black vertical dotted lines correspond to the semidistance between
the micelles (R3/a).

more molecules aggregate increasing thus the size of the micelle.
The thickness of the cylindrical micelles is smaller than the one of
the spherical micelles, Figure 8. This effect is primarily controlled
by the elasticity of the core-forming blocks and by electrostatic
interactions. The elastic free energy of the A block, eq 2, and the
electrostatic energy, eq 18, which are proportional to the square
of the radius of the core Ry, are higher for cylinders. Therefore, to
lower these contributions, the radius of the core of the cylinder
(and overall thickness) has to be smaller than the radius of the
sphere. The same arguments can be applied to explain the
difference in the thicknesses of cylinders and lamellae. Compar-
ing R; and R;, we can conclude that for the particular choice of
the parameters in Figure 8 (6 = 5 and f = 0.031) phases with
densely packed aggregates are formed only starting from lamellar
structure at high ¢ (converging blue and red lines).

The distribution of counterions around the micelles (lamellae)
is shown in Figure 9. The space on the left-hand side from each of
the functions (where c. = 0) corresponds to the core which is
inaccessible for counterions. Maximum, intermediate and mini-
mum values of each function are the concentrations of counter-
ions in the first, second and third zones, respectively. The black
vertical dotted lines depict the boundaries of the cells (semi-
distance between the micelles, R3/a). As one would expect, the
maximum concentration of counterions arises in the corona (for
all morphologies) to decrease the charge of the soluble blocks.
The zone adjoined to the corona (the second zone) has a higher
concentration of counterions than the third zone to compensate
for the still remaining charge of the corona. If we compare c.; and
¢.» among different morphologies, one can see that each of them
decreases from the lamellae to the spheres, Figure 9. On the
contrary, ¢ increases. Therefore, the lamellar structure has the
minimum fraction of osmotically active®® counterions (most of
them are passive, i.e., condensed), and the spheres have the
minimum fraction of the condensed counterions. Such a distribu-
tion is the consequence of the electrostatic energy dependence of
different morphologies on the volume. The energy of the sphere is
finite even in the infinite volume. Therefore, the counterions have
a relatively high degree of freedom. The electrostatic energy of an
infinite charged plane grows linearly with the distance from it.
Therefore, counterions must be condensed to provide a finite
value of the energy, i.e., they possess much lower mobility than
counterions of the spheres. These results are fully consistent with
recent SCFT studies.” In the latter paper, an analysis of the
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counterion distribution in salt-free solutions of spherical poly-
electrolyte brushes and polyelectrolyte stars (brush of high cur-
vature) was performed on the basis of the Poisson—Boltzmann
approximation. The authors demonstrated that in both cases a
majority of the counterions are localized inside the brush (or star)
provided that the grafting density is sufficiently high (the chains
are radially stretched like in micelles). Furthermore, in the case of
a weakly curved (or planar) brush, a strongly inhomogeneous
distribution of “escaped” counterions outside the brush (Gouy—
Chapman layer) was observed. In contrast, for polyelectrolyte
stars the counterions outside the corona are distributed more
uniformly.

In most of the theoretical studies of micelle formation by
diblock copolymers, there is no distinctions between lamellae
and vesicles (closed bilayer). The latter are experimentally
observed at small polymer concentrations. In our approach,
the electrostatic contribution to the free energy of the vesicle is
essentially different from that of the lamella. In the present
paper, we analyze neither the stability of the vesicles nor that of
finite-size worm-like micelles whose electrostatic energy is
different from that of the infinite cylinders. This will be done
in forthcoming publications.

6. Conclusions

We have developed a mean-field theory of micelle formation in
a salt-free solution of diblock copolymers with a polyelectrolyte
block. The so-called three-zone model was used which is a
simplified alternative of the Poisson—Boltzmann approximation.
This model allows to analyze the inhomogeneous distribution of
counterions outside the corona (an analogue of Gouy—Chapman
layer and Manning condensation). Both dilute and concentrated
regimes were analyzed. Phase diagrams including phase co-
existence regions were constructed. In addition to conventional
“direct” micelles (soluble spheres, cylinders and lamellae), “inverse”
cylindrical and spherical structures were predicted to be stable.
These predictions are consistent with experimental observa-
tions.>>** We have shown that the presence of charged groups
practically does not change the phase behavior of the solution at
high concentration. In this regime, the main factor governing the
swelling of the coronae is the polymer concentration. On the
other hand, the role of the charged groups at low concentrations
is very important. The Rayleigh instability*® prevents the forma-
tion of nonspherical micelles at low polymer concentration. Also
the charged groups enhance the stability of the spherical micelles:
they are stable, having short enough soluble blocks whereas the
neutral micelles precipitate.
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