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ABSTRACT: We present a mean-field theory to describe micelles formed by diblock copolymer with one
neutral and one polyelectrolyte block in dilute aqueous solution. We examine equilibrium parameters of
micelles as a function of degree of polymerization of both blocks, fraction of charged monomers in the
ionic block, and the ionic strength in the solution. In contrast to earlier scaling studies, our theory enables
us to construct phase diagrams of the system and distinguish the ranges of thermodynamic stability of
spherical, cylindrical, and lamellar aggregates. We demonstrate that spherical starlike or crew-cut micelles
are thermodynamically stable in a range of moderate salt concentrations. The morphological sphere-to-
cylinder and cylinder-to-lamella transitions of the aggregates are predicted to occur for crew-cut micelles
upon an increase in salt concentration or/and a decrease in degree of ionization of corona (ionic) block.
The driving force for morphological transitions is the gain in conformational entropy of nonionic core

block.

1. Introduction

Diblock copolymers with hydrophilic and hydrophobic
blocks constitute an important class of polymeric surf-
actants. Their features include the surface activity and
the ability to self-assembly into micellar-like aggregates
and mesophases of different morphologies. Coassembly
of the copolymers with hydrophobic substances gives
rise to micelles with swollen cores. The latter effect
(solubilization, encapsulation) determines an outstand-
ing importance of the amphiphilic copolymers for the
purposes of controlled encapsulation, delivery and re-
lease of drugs, agrochemicals, design of nanoreactors,
etc.

The structure and morphology of self-assembled ag-
gregates of diblock copolymers are determined by the
lyophilic/lyophobic balance in the copolymer chain. This
balance is determined by block copolymer composition
(degrees of polymerization of the blocks) and by the
strength of attractive and repulsive interactions be-
tween monomers in the core and in the corona, respec-
tively.

When the hydrophilic block is charged (and consti-
tutes a polyelectrolyte), the copolymer aggregation
behavior is similar to that of the ionic surfactant. The
most important features of ionic surfactants!? are
determined by the electrostatic interactions between the
hydrophilic groups. The strength of the Coulomb repul-
sion between the ionic groups depends on the ionic
strength of the solution (determined by the bulk con-
centrations of salt and surfactant). An additional “de-
gree of freedom” appears in the case of pH-sensitive
ionic groups (that is, when the degree of ionization can
be varied by changing the pH in the solution). By tuning
the strength of the Coulomb repulsion between the ionic
groups, one can affect the structure and morphology of
the aggregates. Typically, the transitions from spherical
to cylindrical and further to lamellar-like aggregates are
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observed upon an increase in the ionic strength of the
solution due to progressive screening of the electrostatic
interactions.

Amphiphilic diblock copolymers with a polyelectrolyte
block were extensively studied experimentally during
recent years.3~1 The presence of spherical micelles with
a dense hydrophobic core and extended charged corona
was detected by static light scattering (SLS) and small-
angle neutron scattering (SANS) experiments in dilute
solutions of diblock copolymer with a long polyelectrolye
block and a short hydrophobic (aliphatic) block. Other
morphologies, e.g., cylindrical micelles and vesicles,
were detected 14 for ionic/nonionic copolymer with
relatively long hydrophobic blocks.

Numerous experiments were performed on copoly-
mers with partially sulfonated polystyrene (PS/PSS)
block. Because of the large dissociation constant of PSS,
all the sulfonated monomers are ionized in water
solution irrespective of the ionic strength or pH. In
another set of experiments the poly(acrylic)acid was
used as a polyelectrolyte block.® In contrast to sulfonic
acid, acrylic (or methacrylic) acid is a weakly dissociat-
ing polyelectrolyte (pK ~ 4.7), and the degree of dis-
sociation of acidic monomers depends strongly on the
local pH. Most of experiments deal with PAA at suf-
ficiently high pH > pK and large salt concentration.
Under these conditions, the degree of ionization of PAA
block is close to unity for both associated in micelles and
free block copolymer molecules. Remarkably, the situ-
ation is qualitatively different in the solution of lower
pH ~ pK, when the strong interference between ioniza-
tion and association equilibria occurs.

The equilibrium structure of charged spherical mi-
celles in salt-free solutions of diblock copolymers was
analyzed in a number of theoretical studies.’-1° In our
recent work,2° we systematically explored the effect of
the ionic strength in the solution on thermodynamics
of micellization of the copolymer with a hydrophobic and
a strongly dissociating (“quenched”) polyelectrolyte block.
We demonstrated that an increase in the ionic strength
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results in the increase in micelle aggregation number
and, simultaneously, in a weak decrease in the thick-
ness of micellar corona due to enhancing screening of
the Coulomb repulsion between the corona blocks. The
analysis in ref 20 enabled us to relate the results for
charged micelles in the high salt limit to the quasi-
neutral behavior described by the scaling theory of
neutral block copolymer micelles.??~24 The predicted
exponents for the power law dependence of micelle size
as a function of the salt concentration were confirmed
by recent observations of Forster et al.10

The aggregation behavior becomes more sophisticated
in the case of diblock copolymer with weakly ionizable
polyelectrolyte block. As has been demonstrated in ref
21, the interference between ionization and association
equilibria is the key point in understanding the self-
assembly of block copolymers with a weak polyelectro-
lyte block. In contrast to aggregates with strong poly-
electrolyte block, micelles with weakly ionizable corona
can experience abrupt transformations without change
in morphology. Namely, the spherical micelles can
abruptly decrease the aggregation number and change
the shape in response to enhanced corona ionization
caused by an increase in the ionic strength of the
solution. The origin of this effect is the different local
pH inside the weak polyelectrolyte corona as compared
to the pH in the bulk solution.

The goal of the present paper is a systematic study
of the equilibrium phase diagrams that determine the
ranges of thermodynamic stability for charged micelles
of different shapes and morphologies. We focus on the
conditions of relatively high ionic strength in the solu-
tion when the difference between strong and weak
polyelectrolytes is negligible, and the polyelectrolyte
corona is characterized by the same degree of ionization
as a single chain in the bulk solution. We demonstrate
that an increase in the ionic strength of the solution
leads to the sphere-to-cylinder and cylinder-to-lamella
morphological transitions. In contrast to earlier study,?®
we find that these transitions occur when the micelle
has the so-called crew-cut shape (that is, when the
thickness of corona is noticeably smaller than the core
size). We explore the equilibrium parameters of micelles
with different morphologies and delineate the scaling
laws for the transition lines (binodals) that separate
spherical, cylindrical, and lamellar aggregates.

The rest of the paper is organized as follows. In
section 2 we present the theoretical model to analyze
the structure and morphology of diblock copolymer
micelle in dilute aqueous solution. General formalism
is presented in section 3. The corona free energies of
spherical, cylindrical, and lamellar aggregates are
derived in the Appendix. In section 4 we present the
phase diagrams of the system and analyze the equilib-
rium micelle characteristics as a function of salt con-
centration, degree of corona ionization, and degrees of
polymerization of the blocks. The conclusions are sum-
marized in section 5.

2. Model

We consider a dilute aqueous solution of diblock
copolymer, each comprising a hydrophobic block (with
degree of polymerization Ng) and a polyelectrolyte block
(with degree of polymerization Np).

Both blocks are assumed to be intrinsically flexible.
(The statistical segment length is of the order of a
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i=3
Figure 1. Self-assembled aggregates of block copolymers of
spherical, cylindrical, and lamellar morphologies; Na is the
number of monomers in the hydrophilic block, and Ng is the

number of monomers in the hydrophobic block. R is the radius
of the core, and D is the radius of corona.

monomer unit length a, which is taken as the unit
length in our subsequent analysis.) The polyelectrolyte
block is weakly charged, i.e., comprises the fraction o
< (a/lg)? = 1 of charged monomers. Here lg = e?/kgTe is
the Bjerrum length, which is of order 0.7 nm in water
under normal conditions (e is the elementary charge, ¢
is the dielectric constant of the solvent, T is the
temperature, and kg is the Boltzmann constant). The
fraction of charged monomers a is either quenched (i.e.,
depends only on the primary sequence like for partially
sulfonated PS) or can be tuned by the variation of the
pH in the solution in the cases of pH-sensitive (weakly
dissociating, like PAA) polyelectrolyte blocks.2® The
solution contains small mobile counterions which com-
pensate the overall charge aN of each macroion and, in
general case, also co-ions and counterions of added salt.
All mobile ions are assumed to be monovalent. The salt
concentration, cs, in the bulk of the solution determines
the Debye screening length, 1 = (8xlgcs) 12,

The short-range (van der Waals) interactions between
monomers are modeled in terms of the virial expansion
of the nonelectrostatic free energy. The corresponding
dimensionless second, va, Vg, and third, wa, wg, virial
coefficients are normalized by the factors a=2 and a¢,
respectively. We assume that water is a poor solvent
for the hydrophobic block B so that vg = (g — T)/0g =
—1 < 0, where 6g is 6-temperature for block B. On the
contrary, for monomers of a polyelectrolyte block water
is assumed to be a marginal good solvent so that va >
0. We remark that for hydrophobic polyelectrolytes, like
poly(styrenesulfonate), binary interactions between non-
charged monomers in water are attractive. However, as
long as Coulomb repulsion ensures strong extension of
the polyelectrolyte chains (that is the case at sufficiently
high fraction of charged monomers), this binary short-
range attraction does not affect the chain conformation
and can be neglected.

The third virial coefficients, wa, wg, are virtually
independent of T and are of the order of unity. The virial
coefficients describing A—B monomer—monomer inter-
actions are not relevant in the strong segregation limit
considered here.

When the polymer concentration in solution exceeds
the so-called critical micelle concentration (cmc), the
block copolymer chains associate to form micelles. A
micelle consists of the hydrophobic core comprising
collapsed blocks B that is surrounded by the polyelec-
trolyte corona of blocks A (Figure 1). We assume the
strong segregation limit, i.e., r ~ 1, so that the width of
the core/corona boundary is small compared to the size
of the micelle. Therefore, blocks A and B are envisioned
as grafted to the core/corona interface. The morphology
of micelles is specified by index i. We consider here the
spherical (i = 3), cylindrical (i = 2), or lamellar-like (i
= 1) aggregates.



Macromolecules, Vol. 36, No. 26, 2003

An important structural and thermodynamic charac-
teristic of a micelle of any morphology is the area s of
the core—water interface per copolymer chain. In the
case of a spherical micelle area s determines the
aggregation number p as p = 42R?/s, whereas in the
case of a cylindrical micelle the number of chains per
unit length of the cylinder h™! is expressed as h = s/27R,
where R is the radius of the core.

3. General Formalism

The equilibrium structure and the free energy F per
chain in the micelle of morphology i is determined by
the balance of the excess free energy of the water—core
interface, Finterface(S), and the free energies of the core,
Feore(S), and of the corona, Feorona(S). Here, s is the area
of the core—water interface per chain and i = 1, 2, and
3 for lamella, cylinder, and sphere, respectively. The
collapsed core of the micelle is characterized (see e.g.
ref 27) by the uniform polymer density z. This packing
constraint imposes the relation between the core radius
R and the core interface area s per chain in the
aggregate of morphology i as

iNg

s=s(R)= — 1=123 (1)

To calculate the free energies of micelles, we general-
ize the earlier model?® used to construct the scaling
phase diagram for a neutral block copolymer micelle in
a selective solvent. The polyelectrolyte nature of the
corona is taken into account in a mean-field (local
osmotic balance) approximation, which is applicable in
a wide range of ionic strengths of the solution (in the
salt-dominance regime).20

The value of s = spin corresponding to the minimal
free energy per chain in the aggregate of given morphol-
ogy can be found by minimizing the free energy of the
micelle

F(i)(s) = Fggrona(s) + nggre(s) + Finterface(s) (2)

calculated per one chain.

3.1. Free Energies of the Core and of the Inter-
face. The excess free energy of the core—water interface
per chain in the aggregate of the morphology i is given

by

FO errace(R)KsT = ys(R) = iyNgltR i =1,2,3 (3)
where kg Ty = kgT7? is the surface free energy per unit
area at the core—water interface.

The elastic free energy of the extended core blocks
per chain yields

FOe(R) R?

TkeT N @
where
a8 i=1
b,=(A%16 i=2 (5)
37°/180 i=3

The latter equation takes into account that the uniform
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core density constraint imposes nonuniform and non-
equal extension of the core blocks.28

We note that the free energy of nonelectrostatic
interactions in the collapsed core does not depend on
the structural parameters of the micelle (it is deter-
mined only by the values of vg = 7, wg, and Ng), and we
omit this contribution from further consideration.

3.2. Free Energy of Corona. Because of the narrow
core/corona interface, we consider the charged corona
of a micelle as a curved (in a spherical, i = 3, or
cylindrical, i = 2, micelle) or as a planar (in a lamellar
aggregate, i = 1) polyelectrolyte brush.2=31 To calculate
the free energy of the polyelectrolyte brush, we employ
the combination of the mean-field and the local electro-
neutrality approximations. The latter one assumes that
the local excess (number) density of counterions inside
the corona is approximately equal to the local (number)
density of charged monomers. This condition ensures
the local (and the total) electroneutrality of the micellar
corona. As demonstrated in refs 29—31 and also con-
firmed experimentally,3233 the local electroneutrality
approximation is justified even in a salt-free solution
provided that the number of polyelectrolyte chains in
the corona is sufficiently large. In other words, because
of the strong Coulomb attraction to the polyelectrolyte
blocks, most of the counterions are retained inside the
micellar corona even in the salt-free regime.

We assume in the subsequent analysis that the
condition of salt dominance®* in the micellar corona is
fulfilled in the whole range of the salt concentrations
considered. As was demonstrated in ref 20, the mean-
field approximation is valid in the salt dominance
regime, unless salt concentration becomes too high.
However, the quantitative deviation from the mean-field
results remains small in the whole salt-dominance
regime. Within the mean-field approximation we can
describe the structure and thermodynamics of the
polyelectrolyte brush similarly to those of a neutral
brush in a good solvent (that is, under conditions when
the repulsive short-range binary interactions between
monomers are dominant). In the case of salt-dominated
polyelectrolyte brush this short-range repulsion is gov-
erned by the screened (by salt) Coulomb interactions
between charged monomers complemented by the non-
electrostatic (excluded volume) interactions. The effec-
tive second virial coefficient calculated per monomer is
then equal to

v =V, + o/Ac, (6)

where va < 1 is the bare nonelectrostatic contribution
to the second virial coefficient. We remark that eq 6 is
based on the mean-field approximation applied below
and follows from additivity of the short-range and
electrostatic interactions. The explicit form of the second
term (the electrostatic contribution) can be obtained on
the basis of the osmotic balance arguments (see e.qg. refs
29 and 36). Upon an increase in salt concentration cs
or/and decrease in the degree of ionization o, v — Va.
Hence, the analysis of the morphology of the micellar
aggregates formed by diblock copolymer with polyelec-
trolyte block is reduced to that of a neutral copolymer
with variable solvent strength for the corona block.

The free energy of the corona of aggregates of
different morphologies is calculated in the Appendix.
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The corona free energy per chain in micelle of morphol-
ogy i yields

FOona(R)KsT =
38/3 ' ﬂ 1/3R4/3 - i+ 2 ﬂ 1,3& (4=i)l(i+2) .
2(4 — i)\iNg 343 \iNg) R23
)
whereas the thickness of the corona is given by
_ i + 2 v 1/3 NA 3/(i+2)
D(R) = R[l + vTE (ﬂ) @] (8)

In the asymptotic limit (zv/Ng)Y3Na/R%3 > 1, corre-
sponding to D > R, eqs 7 and 8 assume the form

Fggrona ~
342 @-iyi+2)[ TV N0 ity @—iy(i+2)
—(i+2 —_— R N 9
2(4 —i) ( ) iNg A ©)

and

1+ 2\ oy \M+2) - ayi42) ini+2)
o~ [ e o

In the opposite limit(zv/Ng)Y3Na/R%3 < 1 corresponding
to D — R <R (i.e., the corona is envisioned as a quasi-
planar brush)

Fne ~ Fe1 + S5 2
and
D-R~ H(l)(l + (l—gi)%m) (12)
Here
Feorona = %BNAVZ’%‘Z’S (13)
and
HO = #NAVMS_”B (14)

are the corona contribution to the free energy and the
corona thickness in the lamellar structure with the area
s per chain.

3.3. Phase Diagram. Equations 2, 4, 3, and 7
determine the free energy per chain in an aggregate of
morphology i = 1, 2, 3 as a function of the core radius
R. Minimization of F® with respect to R gives the
equilibrium core radius R = an')m in aggregate of
morphology i = 1, 2, 3 at given external conditions. By
using egs 2, 4, 3, and 7, one can calculate the free
energy, F®, per chain in the aggregate of morphology i
=1, 2, 3. Equation 8 provides the corona thickness H®
= D — R® for given values of Na, N, 7, and v. The
effective second virial coefficient v is determined by salt
concentration and degree of ionization of the polyelec-
trolyte block according to eq 6.
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Figure 2. Diagram of states for diblock copolymer aggregates
in (v, Na) coordinates. Values of v corresponding to sphere-to-
cylinder and cylinder-to-lamella transitions (boundaries be-
tween different regions) are indicated by boxes and crosses,
respectively.
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Figure 3. Diagram of states in (v, Ng) coordinates. Regions
of thermodynamic stability of spherical (S), cylindrical (C), and
lamellar (L) aggregates are indicated.

The free energy FO = FO(Ryin) is the equilibrium free
energy per chain in the aggregate of given morphology
i. At given values of Na, Ng, 7, and v, the morphology
which has the lowest free energy, F = min{F®}, is
thermodynamically stable. The transition between mor-
phologies i and i + 1 occurs when F® = F@*D, This
condition determines the binodal line between the
neighboring morphologies.

The critical micelle concentration, cmc (that is, the
concentration of unimers in the solution that are in
equilibrium with copolymer molecules in the aggregate),
can be found as

Incme ~ (F — Fo)/kgT (15)

where Fyq is the free energy (standard chemical poten-
tial) of a single copolymer chain (unimer) in the solution.

4. Results

Typical phase diagrams of the system in the v, Na
and v, Ng coordinates are presented in Figure 2 and
Figure 3, respectively. Both diagrams contain the
regions corresponding to spherical (S), cylindrical (C),
and lamellar-like (L) aggregates. A progressive decrease
in the effective second virial coefficient v = a?/cs due to
an increase in salt concentration cs leads to successive
sphere-to-cylinder and cylinder-to-lamella transitions.
Spherical aggregates are stable in a wide range of the
effective second virial coefficient v (or, equivalently, of
salt concentration cs) if Na/Ng = 1 and even for asym-
metric, Na/Ng < 1, copolymer. The ranges of stability
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Figure 4. Ratio of corona thickness H= D — R to core radius
R as a function of the effective virial coefficient v in aggregates
of lamellar (L), cylindrical (C), and spherical (S) morphologies.
Arrows indicate the lamellar-to-cylinder and cylinder-to-sphere
transitions.

of the cylindrical and lamellar aggregates increase with
increasing Ng > Na.

Within each morphology, a decrease in v = o2/cs leads
to the increase in core radius R and the weak decrease
in corona thickness D — R. Slight shrinking of the
corona is the result of two opposite trends: increasing
crowding of the corona chains and decreasing strength
of the Coulomb repulsion between them. Therefore, the
ratio (D — R)/R increases as a function of v (see Figure
4). At the binodal lines in Figures 2 and 3, corresponding
to the sphere-to-cylinder (S — C) and cylinder-to-lamella
(C — L) transitions, the core radius R drops abruptly
leading to elastic relaxation of the core blocks, whereas
extension of the corona chains jumps up. As a result,
the ratio H/R also jumps up in the transition point and
then continues to decrease upon further decrease in v.
As we demonstrate below, it is relaxation in elastic
stretching of the core blocks that causes the sphere-to-
cylinder and cylinder-to-lamella morphological transi-
tions.

To address this issue in more detail, we consider two
asymptotic limits, D > R (corresponding to the so-called
starlike micelles) and D — R < R (corresponding to the
so-called “crew-cut” micelles).

4.1. Starlike Micelles. Structural characteristics of
micelles in the starlike regime can be obtained by
balancing the interfacial free energy Finterface given by
eq 3 and the asymptotic form of the corona free energy
given by eq 9. The contribution of the core blocks, Feore,
in this regime is negligible. In particular, the free energy
of the star like micelle is given by

2il(3i+2)
M A 1(9)
Fi~3

3i+2
(4 _ i)(i+2)/(3i+2)

@i+ 2)

|
iNB)Z(i—l)/(SH—Z)

(i + 2)2(1i)/(3i+2)(_

- y2i/(3i+2)V2/(3i+2)NA(47i)/(3i+2)

(16)
while the size of the micellar corona is given by

4—i i/(3i+2) . i X i
D & I (I 4 2)(2|+3)/(3|+2)3—4(|+l)/(3|+2) x

yi/(3i+2)vll(3i+2)NA(i+3)I(3i+2) 17)

( iNB)(i—l)/(BH-Z)
v
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One can easily check that, for starlike micelles of all
the morphologies with D® > R® (i = 1, 2, 3), F® < F@
< FM as long as v > (Ng/1)*3Na~"3y23, Hence, for
aggregates with large corona, D > R, the spherical
starlike micelles are thermodynamically favorable. This
is due to the geometry of the corona, minimizing the
overlap and the repulsive interaction between the
coronal blocks. Here, the contribution due to extension
of the core blocks is negligible.

4.2. Crew-Cut Micelles. Structural and thermody-
namic properties of the crew-cut, D — R < R, micelles
can be obtained by using eq 11 for the corona free
energy. As is seen from eq 11, for crew-cut micelles the
dominant contribution to the corona free energy is the
same for aggregates of all the considered morphologies,
whereas the correction terms appearing for i = 2 and 3
account for the difference between spherical and cylin-
drical morphologies. (In a spherical corona the chains
are less crowded and experience weaker repulsion than
in a cylindrical corona.)

As follows from minimization of the free energy (see
also Figure 4), the morphological transitions occur in
the range of conditions where D — R <R, that is, when
the micelles have the crew-cut shape. Therefore, we can
use the expansion of the free energy of the corona, eq
11, to derive approximate analytical expressions for the
binodal lines as a function of molecular weights of
blocks, Na and Ng, and degree of corona ionization o.
For crew-cut micelles, the free energy acquires the
following form

_ i _ 1 N2Vt iyN 2
M) A pWpey — E =1 1NA "8 R®
F F~(s) 2N, + R + b; Ng

i=1,2 3 (18)

where s = s0)(R) as given by eq 1. Here, the first term
is the free energy of planar corona. The second (nega-
tive) term is the correction due to the cylindrical or
spherical shape of the micelle. In framework of the
mean-field approximation, it does not depend on core
radius R but varies with micelle morphology. (For
spherical micelle, i = 3, a decrease in the corona free
energy due to the curvature is larger than for cylindrical
micelle, i = 2.) The third term is the surface free energy
of corona/core interface, whereas the last term describes
the elastic stretching of the core blocks. We note that
in the crew-cut regime the core contribution (the last
term on the right-hand side in eq 18) is still small with
respect to the first (the main) term in the corona free
energy. Therefore, the equilibrium radius of the micelle
is determined predominantly by the balance of the first
and the third terms in eq 18, whereas the forth term
induces only small correction.

Minimization of the free energy, eq 18, gives with the
accuracy of quadratic terms

. 2 .
O §31/5N ars 25,265 _ 1 — 1 Np've i%
) A 2i Ng i32/5 2
y o5 .
Lo i=1.2309)
A

The approximate expression for binodal line correspond-
ing to the transition from morphology i + 1 to i
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Figure 5. Values of the effective virial coefficient, v*, corre-
sponding to sphere-to-cylinder (boxes) and cylinder-to-lamella
(crosses) transitions as a function of the number of monomers
in the core block, Ng. Values of Na corresponding to different
curves are indicated. The slope 10/9 is shown by the dotted
line.
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Figure 6. Values of the effective virial coefficient, v*, corre-
sponding to sphere-to-cylinder (boxes) and cylinder-to-lamella
(crosses) transitions as a function of the number of monomers
in the corona block, Na. Values of Ng corresponding to different
curves are indicated. The slope —16/9 is shown by the dotted
line.

(i= 2, 1) is then given by

Ng'% )29[2iGi +1) IREE
v N, 1610 }/5? 325 (by, (1 + 1)° - bi'z) (20)
A T

In Figures 5 and 6 the binodal lines (obtained from the
precise expressions for the free energy F®) are plotted
as a function of Na and Ng in the logarithmic coordi-
nates. They indicate good agreement with exponents
10/9 and —16/9 that follow from eq 20. We therefore
conclude that the critical ionic strength of the solution
(salt concentration cs) corresponding to abrupt trans-
formations of charged micelles is given by the power law
dependence

10/9
2 NB

~ NA1619 (21)

]

V =~

Cs

5. Discussion and Conclusions

We have developed a mean-field theory which de-
scribes micellization of diblock copolymer with one
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hydrophobic and one polyelectrolyte block in dilute
aqueous solution. The theory enables us to predict the
ranges of thermodynamic stability and coexistence lines
(binodals) for aggregates of different morphologies. We
note that our model does not account for the finite size
of cylindrical and lamellar micelles and considers only
infinitely large aggregates. We also ignored the problem
of possible solution instability associated with the
cylinder-to-lamella transition. Similarly to neutral block
copolymers,3® the van der Waals attraction between
lamellas can cause the aggregation of block copolymer
and precipitation of lamellar mesophase in the sedi-
ment.

We demonstrated that, similarly to conventional ionic
surfactants, the polymeric ionic surfactants can form
aggregates of spherical, cylindrical, and lamellar mor-
phologies with progressively increasing salt concentra-
tion provided that Ng > Na. For No = =Ng, the
spherical aggregates are thermodynamically optimal at
any salt concentration. The transformations between
aggregates of different morphologies are the first-order
phase transitions that occur upon an increase in salt
concentration or/and variation of the pH of the solution
(in the case of the pH-sensitive ionic blocks).

The physical mechanism for these transitions is
similar to that for low molecular weight surfactants. The
dominant terms in the free energy (that determine the
structure of aggregates) are the (screened Coulomb)
repulsion between the coronal blocks and the excess free
energy of the core—water interface. With increasing salt
concentration repulsive interactions between the coronal
blocks are decreasing. As a result, the optimal surface
area per chain decreases and the optimal aggregate size
increases. This leads to progressively increasing penalty
due to extension of the core blocks.

Transformation of the spherical micelles into cylindri-
cal aggregates (and at higher salt concentration, the
transition of cylindrical aggregates into lamellas) leads
to relaxation of the core blocks (reduction in their elastic
stretching) at almost constant surface area per chain.
We emphasize that it is this relaxation of core blocks B
that gives rise to the transitions between micelles of
different morphologies. Therefore, it is not surprising
that these transitions occur in the regime of crew-cut
micelles where corona thickness D — R < R. In the crew-
cut spherical and cylindrical micelles, the leading (cor-
responding to the zero curvature) term in the free
energy of micellar corona is the same for all the
morphologies, and the difference between the free
energies of spheres and cylinders appears only as the
first-order correction in curvature. The interplay of
these correction terms with the free energy of elastic
stretching of the core blocks (that is also a lower order
term in comparison to the corona contribution and the
excess free energy of the core/corona interface) deter-
mines the transition (binodal) line separating different
morphologies. The crew-cut structure of micelles at the
transition point allowed us to obtain simple analytical
(power-law) dependences of the binodals on the param-
eters of copolymer chain (the lengths of blocks N and
Ng and the degree of corona ionization o).

The transitions between charged micelles of different
morphologies were considered earlier in ref 25. In
contrast to our findings, the sphere-to-cylinder and
cylinder-to-lamella transitions were localized in ref 25
in the starlike regime of charged aggregates. The origin
of this discrepancy is an inadequate extrapolation of the
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asymptotic expressions for the free energy of a starlike
corona (valid only in the limit of D > R) to the range of
D = R. As a result of such treatment, the free energies
of the spherical, cylindrical, and lamellar starlike mi-
celles intersected at D > R, giving rise to improper
location of the sphere-to-cylinder and cylinder-to-lamella
transitions. As emphasized earlier, the driving force for
morphological transitions is the successive relaxation
of elastic stretching of the core blocks in the row
sphere—cylinder—lamella. Without this effect, the spheri-
cal micelles would be stable at any salt concentration.
Indeed, if the full expression for the corona free energy
valid at any value of D/R < or > 1 (eq 7) is balanced
with the surface free energy, we find F® < F@ < FD at
any arbitrary value of the effective virial coefficient v.
When, however, the elastic stretching of core blocks Fore
is taken into account, the transition between different
morphologies appears in the crew-cut regime.

The general picture of salt-induced evolution of ag-
gregates formed by diblock copolymers with an anneal-
ing (weakly dissociating) polyelectrolyte block is more
complicated. In our previous study?! we focused on the
spherical micelles with annealing polyelectrolyte corona.
The aggregates of different morphologies were not
considered. We demonstrated that when pH = pK, the
degree of ionization of polyelectrolyte blocks in the
chains associated into spherical aggregates and in the
individual chains (unimers) in the solution are different.
An increase in salt concentration leads not only to the
screening of the Coulomb interactions but also to the
enhanced ionization of the polyelectrolyte blocks in the
corona. The latter effect is analogous to salt-induced
ionization of the polyelectrolyte brushes3® and the
coronas or star-branched polyelectrolytes.3738 As a
result, at relatively low ionic strength in the bulk
solution, the salt-induced transitions between different
morphologies are expected to have the “inverse” suc-
cession. That is, an increase in salt concentration will
give rise to the lamella-to-cylinder and the cylinder-to-
sphere transitions. These effects will be considered in
details in our forthcoming publication.
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Appendix

Following ref 39, we can present the free energy of a
micellar corona (per chain) as

i 3 ,p(dr S D i-
Fggrona/kBT = 2_82‘/;? (ﬁ) dr +v F'/;? sz(r)rl tdr
i=1,23 (A1)

where the first term accounts for the entropy loses in
the nonuniformly extended chain, while the second term
account for the osmotic interactions with the effective
second virial coefficient v.
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Using relation between local chain extension, dr/dn,
and the local polymer density, cy(r)

: (A2)

Cp(r) = <A

dn (R)i*l
sdr

we can present eq Al as

. i-1
FlanelkeT = [} 5] sar (A9

where f {cy(r)} is the free energy density in the corona.
The polymer density profile cy(r) in a free (nonconfined)
corona can be found from the condition of vanishing
osmotic pressure

o f{eN} _

acy(r)  cy(r)
(which can be also obtained from the local force balance
condition*® assuming that the elastic tension at the

chain ends is negligible, that is always the case for long
chains) that leads to

cp(r):(é)m(%)z“_”/3 i=1,2,3  (A5)

(A4)

Substituting eq A5 into eq Al and taking into account
eq 1, we find

8/3 _
M __3 v \13_ 4 (9)(4—0/3 B
FCOrOna 2(4 _ i)(i NB) R R 1 (AG)

The thickness D of the corona can be determined from
the normalization condition

D r\i—1
IA cp(r)(ﬁ) sdr =N, (A7)
that leads to the following equation

3453 (iNB)1/3R2/3[ D\(i+2)3 1] .
it2\ov/ N, ﬁ) -

to give

D i + 2 ov |3 Np |02
_:’ ( ) R2’3] (A8)

R 343 iNg

The final expression for the free energy of the corona
yields

F((:Igrona:

8/3 1/3 - 13 N, \@-(i+2)
T 1 M I o e -1
2(4 — )\INg 33 \INg/ R

(A9)
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