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ABSTRACT: A theory describing the self-assembly of diblock copolymers with a weak (annealing)
polyelectrolyte block and a hydrophobic block is developed. Copolymers with short hydrophobic and long
polyelectrolyte block form starlike micelles in aqueous solution; otherwise, crew-cut micelles are found.
We demonstrate that there is strong coupling between copolymer self-assembly and ionization of the
polyelectrolyte block. At low pH and/or low salt concentration large quasi-neutral micelles with
nondissociated coronae are stable. An increase in salt concentration promotes ionization of coronae and
leads to the decrease in aggregation number. The structural rearrangement occurs continuously for crew-
cut micelles while for starlike micelles the jump-wise morphological transition is predicted. A subsequent
increase in salt concentration results in increasing aggregation number accompanied by weak decrease
in the corona span. An increase in pH leads to decreasing aggregation number and increasing span of
the corona; this rearrangements occur continuously or (in the case of starlike micelles) discontinuously.
The phase diagrams of the micellar solution in salt concentration—pH coordinates are obtained. The
exponents for the corresponding power law dependences and cmc are calculated in the mean-field
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approximation.

1. Introduction

Block copolymers comprising polyelectrolyte and hy-
drophobic blocks (or hydrophobically end-modified poly-
electrolytes) are capable of self-assembly in solutions
and at interfaces, giving rise to micellar-like aggregates
or interfacial monolayers. These systems were exten-
sively studied experimentally during recent years!—8
because of their relevance for colloid stabilization in
polar solvents, design of nanoreactors, and drug-delivery
systems.®~12 The appearance of spherical micelles with
a dense hydrophobic core and extended charged corona
was detected by light and small-angle neutron scatter-
ing (SANS) experiments in solutions of diblock copoly-
mers with a long polyelectrolye block and a short
hydrophobic (aliphatic) block.

Numerous experiments were performed on copoly-
mers with partially sulfonated polystyrene (PS/PSS)
block. Because of large dissociation constant of PSS, all
the sulfonated monomers are ionized in water solution
irrespective of the ionic strength or pH. As a result, the
fraction of charged monomers in the PS/PSS block is
“gquenched” and equal to the fraction of sulfonated
monomers in the PS/PSS block of nonassociated copoly-
mer. Typically, PS/PSS blocks with high degree of
sulfonation were used to ensure the solubility of block
copolymer in water. (At lower degree of sulfonation, PS/
PSS is insoluble due to the hydrophobic nature of
styrene monomers.)

The equilibrium structure of charged micelles in salt-
free solutions was analyzed in a number of theoretical
studies.’®16 In our recent work'” we explored system-
atically the effects of the ionic strength in the solution
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on the thermodynamics of micellization of copolymers
with a hydrophobic and a quenched polyelectrolyte
block. We demonstrated that an increase in the ionic
strength results in the increase in the aggregation
number and, simultaneously, in a weak decrease in the
dimensions of the micellar coronae due to enhancing
screening of the Coulomb interactions between the
corona blocks. Our analysis in ref 17 was based on the
scaling arguments and enabled us to extrapolate the
results for the high salt limit to the quasi-neutral
behavior described by the scaling theory of neutral block
copolymer micelles.181° The predicted exponent for the
power law dependence of micelle size as a function of
the salt concentration was confirmed by recent observa-
tions of Forster et al.®

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 weakly
dissociating (pK ~ 4.7), and the degree of dissociation
of acidic monomers depends strongly on the local pH.
Most of experiments deal with PAA at sufficiently high
pH > pK. Under these conditions, the degree of ioniza-
tion of PAA block is close to unity for both associated
in micelles and free block copolymer molecules. In this
situation the theoretical predictions for micelles with
guenched polyelectrolyte corona blocks still apply. How-
ever, the situation is expected to be qualitatively dif-
ferent in the solution of lower pH ~ pK. As was
demonstrated in refs 20—22 and later confirmed experi-
mentally,2324 the degree of dissociation of weak poly-
electrolyte chains in polyelectrolyte brushes and starlike
polyelectrolytes is significantly lower than in the bulk
of a salt-free solution. The ionization is suppressed due
to higher local concentration of counterions (H™ ions)
“trapped” inside many-arm stars and brushes. Hence,
aggregation of the block copolymer chains into micelles
would affect their degree of dissociation, and strong
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Figure 1. Starlike (a) and crew-cut (b) block copolymer micelle. p > 1 is the aggregation number, Na is the number of monomers
in the hydrophilic block, Ng is the number of monomers in the hydrophobic block, R. is the radius of the core, and Rcorona IS the

outer radius of the corona.

coupling between ionization and the chain association
is expected. An addition of salt, e.g., NaCl, would lead
to progressive substitution of H* ions by Na™ ions in
the corona of micelle, thus promoting its ionization.
Therefore, the effect of salt on the self-assembly of block
copolymers with weak polyelectrolyte blocks is expected
to be more complicated than for copolymers with
quenched polyelectrolyte blocks.

The interference between ionization and association
equilibria is the key point in understanding the self-
assembly of block copolymers with weak polyelectrolyte
block. The goal of the present paper is a systematic
study of the equilibrium properties of spherical micelles
with weakly dissociating coronae. We predict that in
contrast to block copolymers with quenched charges the
coupling of ionization and self-assembly can lead to
jump-wise rearrangements of micelles with annealing
coronae. These abrupt transformations can be caused
by variations in both the pH and the ionic strength in
the solution and constitute the first-order phase transi-
tions. We explore the power law dependences for
structural parameters of the micelles and delineate the
ranges of their thermodynamic stability.

The rest of the paper is organized as follows. In
section 2 we introduce the model of micellization in
solution of ionic/nonionic block copolymers; the general
formalism is presented in section 3. In sections 4 and 5
we consider the structure, thermodynamics of self-
assembly, and morphological transitions for starlike and
for crew-cut micelles, respectively. Our conclusions are
summarized in section 6.

2. Model

Consider a dilute aqueous solution of block copoly-
mer comprising a hydrophobic block (with degree of
polymerization Ng) and a weak polyacid block (with
degree of polymerization Na). Each monomer of the
polyacid can be ionized via dissociation of hydrogen ion,
H*. (For polybases, ionization occurs through protona-
tion of the monomer, and generalization of the model is
straightforward.) The dissociation constant for an in-
dividual acidic monomer is K. Then the degree of
dissociation of the acidic monomers in the bulk of the
solution, oy, depends on the value of pH, i.e., on the bulk

concentration cpyn+ of H ions via the equation

oG K
1—0p  Cps

1)

In addition to block copolymer and H* ions, the
solution contains also monovalent ions of various types,
e.g., Na*, Cl=, OH™, etc., due to added salt, base, or acid.
The solvent (water) is modeled by a continuous medium
with the dielectric permittivity ¢. Water dissociation is
accounted for by the constraint imposed on the respec-
tive bulk concentrations ¢yt and cpon- of HT and OH™
ions. Namely, cpn*Chon- = C+2, Where ¢+ = 10~ ’mol/L is
the concentration of HT and OH™ ions in pure water.

Both blocks of copolymer are assumed to be intrinsi-
cally flexible. That is, the statistical segment length is
on the order of a monomer unit length a, which is taken
as the unit length in our subsequent analysis. We
assume also that the monomer length is on the order of
the Bjerrum length, Iz = e?/kgTe (= 0.7 nm in water
under normal conditions), Ig = a. Here, e is the elemen-
tary charge, T is the temperature, and kg is the
Boltzmann constant. The latter condition ensures that
the effects of the induced electrostatic stiffening of
blocks A can be safely neglected.

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 and vg, and the third, wa and
wg, virial coefficients are normalized by the factors a=3
and a5, respectively. We assume that water is a poor
solvent for the hydrophobic B-block so that vg = —75 =
(0s — T)/0s = 0, where 73 is a relative deviation form
the 6-temperature for the B-blocks. On the contrary, for
monomers of a polyelectrolyte block water is assumed
to be a marginal good solvent so that va = 0. The third
virial coefficients, wa and wg, are virtually independent
of T and are on the order of unity.

When the polymer concentration in solution exceeds
the so-called critical micelle concentration (cmc), the
block copolymer chains associate and form micelles. A
micelle consists of the hydrophobic core comprising
collapsed blocks B which is surrounded by the polyelec-
trolyte corona of blocks A (Figure 1). We employ the
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simplest model of spherical micelle with the following
features: (i) the width of the core/corona boundary is
small compared to the size of the micelle, and therefore,
blocks A and B are envisioned as grafted to the core
interface; (ii) the corona is considered as a semidilute
solution with average polymer concentration c, (the
gradient in polymer density within the corona is ig-
nored); (iii) blocks A and B are assumed to be stretched
uniformly.

The equilibrium structure of micelles is determined
by the balance of the excess free energy of the water—
core interface, Fsurtace(P), @and the free energies of the
core, Feore(p), and that of the corona, Feorona(p), Where p
is the number of chains associated into the micelle. The
equilibrium aggregation number peq can be found by
minimizing the Gibbs free energy of the micelle

F(p) = Fcorona(p) + Fcore(p) + Fsurface(p) (2)

calculated per one chain. Then the cmc can be found as
In cmc ~ (F(pey) — F(p=1))/kgT 3)

3. General Formalism

3.1. Free Energy of Corona. In our analysis we
consider the charged corona of a micelle as a curved
polyelectrolyte brush. To calculate the free energy of the
corona, we employ the combination of the mean-field
and the local electroneutrality approximations. The
latter one assumes that the local excess (number)
density of counterions inside the corona is approxi-
mately equal to the local (number) density of charged
monomers. This condition ensures the local (and the
total) electroneutrality of the micellar corona. As dem-
onstrated in refs 21 and 25—29 and also confirmed
experimentally,3° the local electroneutrality approxima-
tion 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 strong
Coulomb attraction to the polyelectrolyte blocks, most
of the counterions are retained inside the micellar
corona. When the solution contains salt ions, the local
electroneutrality condition yields

Zci, +ac, = ZCH (4)

where cp and a are the (local) concentration of monomers
and the local degree of ionization in the corona, respec-
tively The summation on the right-hand side (rhs) is
running over all the cationic species (i.e., salt ions, cna*,
and hydrogen ions, cy+) while the summation on the left-
hand side (lIhs) is running over all the anionic species
(i.e., salt ions, ccr, and hydroxyl ions, con). The distribu-
tion of co- and counterions between the interior of corona
and the bulk solution is given by the Donnan rule, which
in the case of monovalent ions is formulated as

Ci/Cpi. = CpilCin = exp(eAylkgT) (5)

Here, subscript “b” denotes the bulk values, and Ay is
the difference in the electrostatic potential between the
interior of the corona and the bulk solution. By com-
bining egs 4 and 5, one gets the following expression
for the excess potential inside the corona
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expeAyYlksT) = |1+ (ac/S c)? — ac /S ¢y =
B p Z bi p Z bi
V1+ (0C/D;or)” — OC/D;o, (6)

where @i, = Y iChi is the total concentration of the ions
in the bulk solution regardless of their sign. As long as
the concentrations (or chemical potentials) of all the
mobile ions in the bulk solution are fixed, the relevant
free energy of the corona is the Gibbs free energy,

2
corona

3R N,
Fcorona(p)/kBT =—g T VANACp + _fcorona(Cp’{Ci}i
2N, Cp
{coit)ksT (7)

Here, Rcorona is thickness of the corona, cp is aver-
age concentration of monomers in the corona, and
feorona(Cp,{ Ci} .{ Cui}) is the polyelectrolyte contribution to
the free energy of the corona (per unit volume). The first
term in eq 7 accounts for the uniform stretching of
blocks A with the end-to-end distance Reorona- The second
term is the nonelectrostatic free energy of binary
contacts between monomers. The last term is the
polyelectrolyte part of the corona free energy where

fCOI’Oﬂa(Cp!{ Ci} !{ Cbi} )/kBT =
1 1

colano+ (1 — o) In(l — o) +alncyy, — aIn K]

(8)

The first term on the rhs in eq 8 is due to the
translational entropy of ions in the corona per unit
volume, the second term is the osmotic pressure in the
bulk solution,

Ty = kBTszi = kg T®jy, %)
1

the third term arises from the chemical potentials of
ions in the bulk solution,

t = KT In ¢y + 4] (10)

() are the standard chemical potentials of species i),
and the summation in eqs 8 and 9 is running over all
the mobile ion species. The terms in square brackets
are due to ionization of corona chains. Here, the first
two terms account for the mixing entropy of the charged
and neutral groups on the chains, and the third term is
due to hydrogen ions that were “born” in the corona,
whereas the last term characterizes the “strength” of
an acidic group

KeT IN K = 3y — i = s (11)

The degree of ionization of the corona chains a is
obtained by minimization of the free energy of the
corona, eq 8, with respect to a under the constraint of
local electroneutrality (eq 4) to give

a _ K
1—0o Cys (12)

Equation 12 can also be represented as
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l1-o, C
o b _ “bHt _
T-a a Cn. exp(eAy/kgT) (13)

where qy, is the degree of dissociation of a monomer in
the bulk of the solution. Remarkably, dissociation of the
blocks in the corona is always smaller than that in the
bulk of the solution, o < oy, because cy+ = cpn+. (The
electrostatic potential inside negatively charged corona
is lower than that in the bulk of the solution.)

With the account of egs 12, 4, 5, and 6, polyelectrolyte
contribution to the free energy can be represented as

fcorona(cpiq)ion)/kBT = _(V 1+ (O*Cp/q)ion)2 - 1)(I)ion +
¢y IN(1 — o) (14)

where o = o(Cp, Pion) is determined by eqgs 13 and 6 as

o 1-— o“b 2
e G (@Cy/ ;o) — aC /P, (15)

Equations 14 and 15 can be expanded with respect
to the parameter ocy/®ion, Which is either large or small
in the low-salt and high-salt asymptotic limits, respec-
tively. As a result, one gets

% Pion ac /@, > 1
1—-a, c,° p/ *ion
o= apr (16)
ab(l -3 1 - ab)), acy/ i, <1
ion
and
fcorona(cw D) KT =
—oc, +¢,In(l — o), ac/P;,,>1
2.2
o, C 17
b_-p + Cp In(l - O.b), acp/q)ion <1 ( )

2¢)IOn

As follows from eq 16, the degree of ionization of the
coronal chains in the low salt limit is much smaller than
that in the bulk of the solution, a < ay, and monotoni-
cally increases with increasing salt concentration. In the
high salt limit o asymptotically approaches the bulk
value, ay.

3.2. Free Energies of the Core and of the Inter-
face. Under uniform extension of blocks B in the core
of micelle, the elastic free energy of the core per chain
yields

Fcore(p) — 3Rcore2(p) (18)

keT —  2Ng

We note that the free energy of nonelectrostatic interac-
tions in the collapsed core does not depend on the
aggregation number p (it is determined only by the
values of vg = 15, wg, and Ng), and we omit this
contribution from further consideration. The equilibri-
um concentration of polymer in the core of micelle is
determined by the balance of attractive pair and repul-
sive ternary contacts between B monomers. With ac-
curacy of a numerical coefficient it coincides with 7g.3!
Then radius of the core is

3pN.\1/3
p B) (19)

Rcore(p) = (4‘7.[‘[8
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The excess free energy of the core—water interface per
chain is given by

4myRy’  315Ng
Fsurface(p)/kBT= pcore = R

(20)

core

where kgTya? = kgTzg? is the surface free energy per
unit area at the core—water interface.

At a given polymer concentration c,, the thickness of
the corona, Rcorona, @and the radius of the core, Reore, Of @
spherical micelle are interrelated as

NJEATE
Reorona = Reore[ |1 T NgC -1
p

(21)

Equation 21 indicates that when the ratio Naze/Ngc, >
1, the micelles have starlike shape with Rcorona > Reore-
When, however, Nata/Ngcp < 1, one finds the so-called
crew-cut micelles with Rcorona < Reore.

3.3. Free Energy per Chain in Spherical Micelle.
With the account of egs 7, 14, 18, 20, and 21, the free
energy per chain in the micelle can be represented as

2 2 /
3|:Zcore + 3Rcore [( + NATB)13 -1 2 +
2Ng 2N, | NgC,

3Ng7g

FlkgT =

T VaANAC, + Ny IN(1 — o) —

q)ion
N . (W1 + (oc /P> — 1) (22)

where o is related to polymer concentration in the
corona, cp, and bulk concentration of ions, ®jon, Via eq
15. Here, the first two terms account for the elastic
stretching of the blocks B and A, respectively, the third
term is the surface free energy of the core—water
interface, and the fourth term describes the short-range
binary interactions between monomers A, whereas the
last two terms are due to the electrostatic interactions
in the corona and translational entropy of mobile ions.

To derive the parameters of an equilibrium micelle
as a function of ap and ®jopn, this free energy must be
minimized with respect to Reore and cp. Minimization of
the free energy, eq 22, with respect to Reore gives the
relation between Reore and ¢, in an equilibrium micelle,

N N, z.\1/3 2) -13
Regre = NBZ’3rBl’3{1 + N—B[(l + NACB) - 1] }
A B%p
(23)

Using the packing condition, eq 19, we find for the
aggregation number in a spherical micelle

_4n ) % N, 75)2/3 B 2) -1
p="73NgTs {1 + N, (1 + NBcp) 1 (24)

By substituting eq 23 in eq 22, we find

F ~
NakgT
97, 23N 13 N N . 7.\1/3 2) 13
i{1+—5(l+ AB) -1 } -
2N, N, Ngc,

VaC, + IN(L — @) — CI::“’”(«/1 + (ac, /@) — 1) (25)
p
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Figure 2. Free energy per chain in a starlike (a) and crew-
cut (b) micelle as a function of the degree of ionization of the
coronal chains for different salt concentrations; a, = 0.5.

where a is still related to ¢, through eq 15. Equation
25 determines the free energy of a micelle (per A-
monomer) as a function of c, or, alternatively, as a
function of a.. If Na, Ng, 7, and va are fixed, the variable
external parameters are ®j,, and o, (we remark that
the latter one depends on cpn+, i.e., on pH in the
solution).

Figure 2 demonstrates typical behavior of F/NakgT
as a function of o (eq 25) for starlike micelles (a) and
crew-cut micelles (b) at various bulk concentrations of
added ions ®j,n. When insoluble block B is relatively
short (Figure 2a), the shape of the F/NakgT vs a curve
essentially depends on ®;,,. At very low concentrations
of added ions F/NaksgT has a single minimum located
at small values of a. In this range of ®j,, the micelles
are relatively large and are “quasi-neutral” (ionization
of the corona is suppressed, oo < ap). As Djon iNcreases,
the second minimum (the metastable state) appears at
relatively large values of a. This minimum corresponds
to noticeably charged micelles with o < ap. The two
minima coexist only in a narrow range of salt concen-
trations, and further increase in ®j,, leads to disap-
pearance of the first minimum and progressive shift of
the second minimum to values of o = ay,. The behavior
of FINaAkgT in Figure 2a clearly indicates that an
increase in ®jon leads to an abrupt transformation of a
quasi-neutral micelle with a. < oy, into a charged micelle
with a =~ ap. When the insoluble block B is relatively
large (Figure 2b), the F/NakgT vs o curve has only one
minimum that shifts progressively to larger values of
o as bulk concentration of ions, ®j,n, increases. Such
micelles rearrange continuously without abrupt trans-
formations.

We now analyze the scaling dependences for the
equilibrium parameters of starlike and crew-cut micelles
under various conditions in the bulk solution.
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4. Starlike Micelles

Starlike polyelectrolyte micelles with Rcorona = Reore
are formed by asymmetric copolymers with short hy-
drophobic and long polyelectrolyte block. In this section
we assume that the copolymer chains are strongly
asymmetric

Ng

NA7/5VA3/5 _L,Blls <1

and form starlike micelles in the whole range of salt
concentrations, including the quasi-neutral (low/high
salt) regimes. By expanding the free energy of micelle,
eq 25, with respect to the parameter Ngcy/Nazg < 1 and
retaining the major term of the expansion, we find that
for starlike micelles

2\4/9
B'B

5/2
NA

In(1 — o) — %(./1 + (ac, /@) — 1) (26)
p

4.1. Quasi-Neutral Micelles. We start the analysis
with the low salt limit, when the chains in the equilib-
rium micelles are weakly ionized, a < ap. Then using
the low salt asymptotics of eq 17, we can represent the
free energy in eq 26 as

FIN KT = c, 7+ vac, +

2\4/9
B7B —2/9
2| ©p

8 27)

FINAKgT = —at + In(1 — @) + vac, +

or, using eq 16, as

F(a)/NpkgT = —20 +

2_ 4
a, D, 1-—0a, Ngrg

: 29549 o < a, (28)
NA cI)ion

\
Al—(lb 0.2 ab

At low salt concentration the free energy exhibits a
minimum corresponding to the balance of the second
and the third terms in eq 28. This minimum corresponds
to quasi-neutral micelles (low degree of ionization of the
corona, the excluded-volume repulsion in the corona is
balanced with the excess free energy of core interface).
The parameters of the equilibrium quasi-neutral star-
like micelles are

@, |12 NA5/11VA9/22 o
Rl o 2\2/11 (29)
b (Ng7g°)
(N7, )10
B*B
Peq = ICZETNE T (30)
A A
Reyrony = NA3/5V1/5p1/5 - NA6/11VA1/11(NBTBZ)2/11
(31)
N 7/11_[, 3/11
R 8B (32)

core = o1, U1l
VA" TNy

The corresponding free energy is given by
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2\a/11
NgTg

FINKpT = v, 2 | 0 e % (33)
A

4.1.1. Cmc for Quasi-Neutral Starlike Micelles.
The critical micelle concentration (cmc) is determined
by eq 3. Equation 33 provides the free energy per chain
F(peg) in the equilibrium quasi-neutral micelle,

F(peq)/kBT ~ NAllllVAZIll(NBTBZ)4/11 (34)

As noted earlier, ionization of chains in the corona of
such micelle is suppressed (o < ay) because of the lower
local pH in the corona. However, the degree of ionization
of a single block copolymer chain in the bulk solution is
o = ap. With accuracy of a numerical coefficient, the
corresponding free energy of such a chain yields

F(p=1)/kgT = Ng?37;** + N, In(1 — o)  (35)

where the two terms are the surface free energy of a
collapsed block B and the dominant contribution to the
free energy of the ionization of the polyelectrolyte block
A, respectively. (The contributions due to the stretching
of block A and the intrachain repulsive interactions can
be neglected with respect to the last term on the rhs in
eq 35.)
The cmc is then given by

In cmc,, ~ In cmc, —
N, In(1 — o) ~ —Ng?*75"® = N, In(1 — o) (36)

where subscript “gn” indicates the quasi-neutral state
of the polyelectrolyte micelle and

In Can = NAllllVA2/1l(NBTBZ)4/11 _ NBZ/3_[,B4/3 (37)

is the critical micelle concentration for an equivalent
neutral block copolymer with same lengths of blocks,
Na and Ng, under similar solvent conditions. Equation
36 demonstrates that the cmc for quasi-neutral starlike
micelles is strongly affected by the value of o. When
—Na In(1 — ap) > NZ37p*3, quasi-neutral micelles do
not form at any concentrations of polymer in the
solution (cmcgn > 1).When —Na In(1 — ap) < Ng¥37g*?,
the critical micelle concentration for quasi-neutral (i.e.,
nonionized) polyelectrolyte micelles can be evaluated
(for ap < 1) as

In cmc,, ~ In cmc, + Npoy, (38)

4.2. Charged Micelles. As indicated by Figure 2a,
at a certain concentration of salt ions ®jo, the quasi-
neutral micelles rearrange into highly ionized micelles
with oo ~ ap. Here, acp/®ion < 1, and expansions 16 and
17 provide the following expression for the free energy
of the “charged” micelle,

F(c,)/NaksT = In(L — o) +
abZ NBTBZ 4/9
. N 572

A

Co|Va + c, 7 (39)

on

Apart from the term In(1 — ay), this free energy is
similar to that for a neutral starlike micelle with the
second virial coefficient v substituted by an effective
salt-dependent second virial coefficient Ve = va + op?/
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®ion. The minimum of the free energy, eq 39, corre-
sponds to the balance between the binary repulsive
interactions in the micellar corona (renormalized due
to the additional electrostatic contribution) and the
excess free energy of the core interface. The character-
istics of the equilibrium micelle are given by

2410111
(Ng7g")

= 2 6/ 3/
(Va + 057 Di) llNA H

Peq (40)

2
b

1/5
3/5

Reorona = NA™ 7| VA +

(Dion
2
b

111

NA6/11 VA+ (NBTBZ)Z/ll (41)

P

ion

711 311
Ng" "7

/ /
(Va + 0LbZ/ cI)ion)z llNA1 H

(42)

=
core —

The free energy in equilibrium micelle yields
FINAKT =

! 5/2
A

o~ oy, (43)

N.z 2\4/11
IN(1 — o) + (Vo + 0,2/ D;,,) 2 NB—B ,

4.2.1. Cmc for Charged Starlike Micelles. Equa-
tions 3, 35, and 43 give for the critical micelle concen-
tration

|n(CmC)ch ~ NAllll(VA + abZ/(Dion)Z/ll(NBTBZ)Mll _

NBZ/3TB4/3 — In(cmc)n + NAllll[(VA + abZ/(Dion)Z/ll _

VA2/11](NBTBZ)4/11 (44)

where the subscript “ch” indicates the charged state of
starlike micelles. As follows from eq 44, the charged
starlike micelles could form in the bulk solution (i.e.,
In cmcen < 0) only if the concentration of added ions ®jon
exceeds certain critical concentration ®2 . By setting
In cmceh, = 0 in eq 44, we find

2 2\5/3
o (Ng7g")
Vat—(— =V = 7 (45)
CI)ion NA
and eq 44 can be represented as
Vo 2111 — (ValVe) 2
In cmc,, ~ In cme, |1 — (iﬁ) = A | (46)
Vo 1 — (valvp)

When ®j,, > d)ioon (or Vet < Vp), the (cmc)en approaches
the (cmc),, the critical micelle concentration for an
equivalent neutral block copolymer.

4.3. Transition Quasi-Neutral—Charged Micelles.
As indicated by Figure 2, the rearrangement of quasi-
neutral starlike micelles into highly charged micelles
occurs abruptly (as the first-order phase transition) at
certain value of the salt concentration @j,. Charged
micelles are unstable at ®j,, < ®°  and metastable at
@) < Bjn < ®L,. In a narrow range of salt concen-
trations around @}, large quasi-neutral micelles coex-

on
ist with smaller charged ones. The transition takes place
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CMCa
_____ CMC, . T~
5
q) (Dion

Figure 3. Diagram of states for starlike micelles in C, ®jon
coordinates. The cmc’s for neutral, quasi-neutral, and charged

micelles are indicated; @}, denotes the line of the first-order

phase transition between quasi-neutral and charged micelles
which occurs at C = cmcg, upon an increase in the bulk salt
concentration.

when the two minima of the free energy given by eqgs
33 and 43 are equally deep. By expanding In(1 — ayp) ~
—ap in eq 43, we find that the transition point v is
specified as

2\4/11

211 | 21114] ' VBTB
oy = [V:ff —Va 5/2 (47)
N

In the considered range of ®jgn, Veff = Va + 02/ Dion >
Va, and the last term on rhs in eq 47 term can be safely
neglected. As a result, we find for the transition value
of salt concentration

(48)

The rearrangement of micelles is accompanied by an
abrupt decrease in the aggregation number. In the

transition point, ®ion = ®j;,,, the ratio
p 2 \6/11
Lali+——| >1 (49)
Pch VAcDion

where subscripts “ch” and “gn” indicate the quasi-
neutral and the charged states of the micelle. Subse-
quent increase in salt concentration (®jon > ®j,,) leads
to progressive increase in p according to eq 40.

Figure 3 demonstrates schematically the location of
the transition line @}, and the critical micelle concen-
trations, cmcg, and cmcen, in the C, ®jo, plane (C is the
concentration of block copolymer in the solution). When
polymer concentration C < cmcgn, micelles do not form
in the range of ®o, to the left of the cmce, line. As the
cmcen line is intersected, the charged starlike micelles
appear in the solution.

When polymer concentration C > cmcgyn, quasi-neutral
micelles are found in the range of low ®j,,. At the
transition concentration ®i,, = @}, these micelles
abruptly rearrange into smaller but stronger charged
micelles that progressively increase in size as ®jon
increases. Alternatively, the decomposition of large
qguasi-neutral micelles into smaller charged ones (cross-

ing of the @} (aw) line may be induced by an increase
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q)ion

q)ion

q)ion

Olp

Figure 4. Diagram of states for starlike (a) crew-cut-1 (b) and
crew-cut-2 (c) micelles in ®jqn, oy coordinates. The bold lines
indicate the lines of the first-order phase transitions between
quasi-neutral and charged star like micelles (a) or between
osmotic annealing crew-cut-1 and charged starlike micelles (b).
The equations for the boudaries between the regions are
presented in Table 3.

in pH (i.e., in ap). Subsequent increase in pH leads to
continuous decrease in the aggregation number and
increase in the span of the corona.

Figure 4a demonstrates the diagram of the states of
starlike micelles in the ®on, oy, coordinates. We delin-
eate four regions denoted as Sgn, Sqn, Sch, and M. In
region Sqn, the starlike micelles are quasi-neutral, and
their structural parameters are given by eqs 29—32. The
dashed line divides region Sy, in two parts. To the left
of the dashed line, the cmcy, is virtually unaffected by
the polyelectrolyte nature of the corona chains (it
coincides with cmc for equivalent neutral copolymer).
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Table 1. Parameters of Equilibrium Spherical Micelles

regions p o Reore Rcorona

Sqn (NBTBZ)lO/ll/VAG/llNAS/ll [(abq)ion/(l — (Xb)]llz X NB7/llTB3l11/VA2/llNA1/11 NAﬁlllvAllll(NBTBZ)Z/ll
[NA5/11VA9/22/(NB‘[BZ)ZIM]

Sch (NBTBZ)lO/ll/NAC‘a/llVeffG/ll p NB7/11TBSI11/Veﬁ2/11NAllll NAGlllVeffllll(NB'L’Bz)Z/ll

CClgn Np278/5/v 465N A9/5 [(oDion/(1 — ap)]M2 x Ng7al5/va2/5N A3/ N p4/5y 5 L572/5
[(NAVA3/2/TBZ)]1/5

CClos {low/(1 — ab)](NAq)ion/Té)}z (NBZTBlG/NAg) X (NBTBS/NA3) X NAZ((‘Dionerz)[ab/(l — ayp)]
{[(X — ow)/onDion)}® [(1 — ow)/apPion)]?

CCle Np2758/5/VerS5EN A9/5 ap Nazat5/N a5V N 45y g4¢L/57525

CCan N|§>,‘L'B2 {[((lb/(l - (lb)] X NBZI3TB]‘/3 NAVAl/3NB_1/g‘[B4/9
(I)ionNBll3TB4/3)} 2/3

CCZDS NBTBz {[(ab/(l — ab)] X N82/3181/3 (NAVA1/3)[(abq)ionNBl/&[BfAB)]1/3
(I)ionNBll3/TB4/3)}2/3

CCZch NBTBZ o NBZIBTBUS NAVeﬁllaNB—UQTBMQ

Table 2. Critical Micellar Concentrations P P
regions In cmc + (Ngrg?)?3

Y ~d)6/ll

Schy Sqn, NAl/llVeﬁZ/ll(NBTBz)Alll

San —Na In(1 — o) + NaY1va211(Nprg?)4/1t

CClqn —Na In(l - O.b) + NA3/5VA2/STB4IS D D

CCleh, CClgn Na35ve2/S7545 fon ion

CCles —Na In(1 — o) + Na3(Dionow)?rs* R copona Rcore | ~p?

CC2qn ~Na In(L — ap) + (Neze?) + N

NAVa2/3Ng 207,89 o ~
CC2s —NaIn(1 — o) + (Ngz8?)*® — —— R, | -0 ez
NA(Qb(I)ionNBIBTB_AB)m coronq T /=
CC2ch, CC24n (NB782)Y® + NaVe?®Np 297580
CDian D

Table 3. Boundaries of the Regions in the Phase
Diagrams (Figures 3)

regions boundary
Sen—M Dion = ap?NaY?(Np7p2) 53
S(:h_Sqn Dijon = OFjon = 0~b_7/2(NBTBZ)2NA_5
Sch—San Dion = ap?/Va
Sqgn—M ap = Na~*3(Nprg?)23
Sqn_sqn’ (I)ion ~ ab(NBTBZ)4/11NA710/11VA79/11
Sch—CClos Dion = P¥ion = ap "?(Ne78?)°Na~>
Sch—CClen Dion = ap?NaPr3Ng ™58
CClh—CClgn Dion = aw?/Va
CC1lh—CClgs Djon = ‘L’BZ(NA(lbllz)_1
CCl1,s—CClyn Dion = 181PVAYS(NASayp) L
CClqn—CClyn Dion = apre?>(Nava®?)~25
CC24jn—CC2s Dion = VaT®3(0pNp23) 1
CC2,—CC2¢ Djon = ahl/2T54/3NB_l/3
CC2:h—CC24n Dion = apZ/Va
CC2,5s—CClos Dion = 78"PNp8(0p,Na¥2) L
CC1lih—CC2eh Dion = ap?rgBNp3Y2Ng—5/6
CC24jn—CC2yn ion = ap2Npg 137543

To the right of the dashed line, the cmcy, is shifted
according to eq 38.

In region S¢n, the corona blocks are charged, a ~ oy,
and the parameters of equilibrium micelles are given
by eqs 40—42. The bold line separating regions S¢, and
Syn is the line of abrupt rearrangement of the micelles,
®ion = @} (ap). In region Sy the corona blocks are
ionized, o &~ ap, but the electrostatic interactions are
strongly screened due to high salt concentration. As a
result, the structural parameters of the micelles are the
same as in region Sgyn.

Finally, in region M the micelles are unstable, and
only free ionized chains (with oo = ay) are found in the
solution for any polymer concentration. The power law
dependences for the micelle parameters and the cmc’s
are summarized in Tables 1 and 2. The equations for
boundaries between various regions of the diagram of
states are collected in Table 3. In Figure 5a we present
schematically the evolution of the aggregation number
and radius of the corona for the star like micelles upon
variation of salt concentration.

a) b)

Figure 5. Schematic dependence of the aggregation number
and radius of the corona on the salt concentration for starlike
(a) and crew-cut 1 (b) micelle.

5. Crew-Cut Polyelectrolyte Micelles

The crew-cut micelles with Reorona << Reore are formed
by copolymers with comparatively long hydrophobic
blocks. The corona of a crew-cut polyelectrolyte micelle
can be viewed as a quasi-planar polyelectrolyte brush,
as long as Reore > Reorona- The ionization—recombination
balance and the structural properties of a planar poly-
electrolyte brush were discussed in detail in ref 20.
Here, we focus on evolution of crew-cut micelles caused
by an increase in the bulk salt concentration ®jon.

By expanding eq 25 with respect to parameter Nazg/
Ngcp < 1, we find that with the accuracy of numerical
coefficients

F TlesNBua I NAth 1/3
= 1+ > +
NakgT Na l NgC,
q)ion 2
VaCp +In(1l—-0o) - c W1+ (acp/CI)ion) —1) (50)
p

Depending on the ratio Nazg?/Ngcy?, we distinguish two
different types of crew-cut micelles. When Natg?/Ngcy?
> 1, the stretching of blocks A in the corona still
dominates over the stretching of blocks B in the core.
As a result, the equilibrium parameters of such micelles
are determined by the balance of the free energy of the
corona and the surface free energy of the core. We refer
to such micelles as crew-cut-1 (CC1) micelles. When,
however, Natg?/Ngcp? < 1, the stretching of blocks B
dominates, and the equilibrium parameters of such
micelles are determined by the balance of the free
energy of the core and the surface free energy. We refer
to such micelles as crew-cut-2 (CC2) micelles.
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5.1. CC1 Micelles. We start with moderately asym-
metric block copolymers with relatively long block A so
that

519, ~2/3_ —2/9 517, ~317_ 17
Ng™Va “7g =" < Na < Ng™'vy "'z (51)

Inequalities 51 ensure that Reye > Rcorona, @and the
stretching of blocks A dominates over the stretching of
blocks B in both low/high salt regimes. By retaining the
second term in figure brackets in eq 50, we find for the
free energy of CC1 micelle

a3
F 4:!

N ks T NA2/3Cp2/3

T VaC, TIN(1 — ) —

(Ilion(«/l + (ac /Py — 1) (52)

p

In the low-salt limit, ®j,n < a,Cp, the corona chains are
weakly ionized. The degree of ionization, o, progres-
sively increases with increasing concentration of salt;
see eq 16. Making use of eq 17.1, we can represent the
free energy, eq 52, as

2/3
—2/3
Cp

(53)

2
F(@)/NpksT = —a + In(1 — ) + V,C, + (Ni

By expanding In(1 — o) ~ —a and using eq 16 which
relates c, to a, we finally represent the free energy, eq
53, as a function of a single variable o:
F(a)/NpkgT = —2a +
v Qy q)ion
Al-a, o2

2/3

2
1- ab TB 0~4/3 (54)

ab NAcl)ion

At low salt concentration the ionization of the corona is
suppressed, and the first term in eq 54 is negligible. The
structure of micelles is determined by the competition
of steric repulsions (the second term) and the excess free
energy of the core interface (the last term) to give

1/2 3/2\1/5
abcbion NAVA
o= 1 a > (55)
b Tg

By using eqgs 16.1, 21, and 23, we find the equilibrium
parameters of the quasi-neutral CC1 micelle,

NBZTBB/S
qu - 6/5N 9/5 (56)
A A
Reorona = NAMEVAUSTBZ/5 (57)
N.z 1/5
R 5B (58)

core = “ "5 355
VA" Ny

These dependences coincide with those for a micelle
formed by a nonionic AB diblock copolymer (in the
mean-field approximation). The condition

Ng

— B 5 (59)
NA7/5vA3/5_L,Bll5
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ensures that Reore > Reoronas 1.€., that the quasi-neutral
micelles have the crew-cut shape. As we see below, an
increasingly important contribution of the electrostatic
interactions in the intermediate range of salt concentra-
tion leads to a decrease of the ratio Reore/Rcorona-

As long as the salt concentration remains sufficiently
low,

2
23!

Na

6/5
1—o
D b 1/5

(Dion < CI)ion = Q. A
b

an increase in ®j,, does not affect appreciably the
structure of the micelles but leads to increasing degree
of ionization of the coronal blocks according to eq 55.
An increase in salt concentration promotes the ioniza-
tion of the corona blocks, and as a result, the first term
in eq 54 begins to dominate over the steric repulsion at

®Dion = tbf(ﬂ The structure of the equilibrium micelle is
now determined by the balance between the osmotic
pressure of counterions in the corona and the excess
interfacial free energy of the core. The degree of ioniza-
tion of the A-blocks in the equilibrium micelle now

increases with the salt concentration as

o = oy I\IACI)ion
T\l g2

2

(60)

With increasing degree of ionization of A-blocks the
osmotic repulsion in the corona increases, and therefore,
the aggregation number rapidly decreases as

N Berle(l - ()Lb)6
NA9 O‘bq)ion

n

Peq (61)

Here, the micellar corona is equivalent to a quasi-planar
polyelectrolyte brush in the annealing osmotic regime.2°
The extension of the coronal chains is therefore given

by

D, o1
V2N, = N2 —2 P (62)

R
g 1~ 0y

corona = @&

i.e., increases with increasing salt concentration, while
the size of the core

R (63)

core =

NB‘L‘BS(l - (IB)Z
NA3 abq)ion

decreases with increasing salt concentration due to a
decrease in the aggregation number (eq 61). As a result,
the ratio Reore/Rcorona decreases with increasing salt
concentration as ~1/(®ijon)°.

The annealing osmotic regime holds as long as o <
o, i.€., in the range of the salt concentration ®j,, <

@@ where the crossover value is given by

(I)_(Z) — _L,BZanl/Z(l _ ab)S/GNAfl (64)

on —

At Ojpn = CIDI(S,)1 the blocks A in the corona reach the
maximal degree of ionization, o ~ ay, and the maximal
extension, Rerona = ap?Na. On the contrary, the ag-

gregation number reaches its minimal value and is
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equal to

(NBTBZ)Z
(‘leA)3

P, =
(Note that pe,,,@ coincides with the aggregation number
for a quenched polyelectrolyte micelle with oo = oy, in a
salt-free solution.’>~17) The ratio Reore/Rcorona alS0 passes

through a minimum at ®@:

Rcore . NBTB 65
R ) = 2. 32 (65)
corona/ min,®;, (2 NA oy

At larger salt concentrations, @i, > @2 - the corona
is found in the salt dominance regime. Here, anCy/Pion
< 1, and the free energy of the micelle, eq 52, is given

by

F(c,)/NaksT = In(L — o) +
)

ion

2/3

v, + c, 7 (66)

NA
With increasing salt concentration the electrostatic
interactions in the corona get progressively screened
while the degree of dissociation of the coronal blocks
remains virtually unaffected (it weakly increases ac-
cording to eq 16.2). As a result, the aggregation number

in the optimal micelle (corresponding to the minimum
of the free energy, eq 66), increases as

Cp

NBZTBBI5
Peq = (67)
“ (Vat abzl cI)im)%'\'AQ/5
together with the core radius
NBTBﬂS( OLbz -2/5
Reore = vV, + (68)
core NA3/5 \ A cbion

while the span of the corona weakly decreases as

2
b

1/5

R 752" (69)

4/5
corona = N | VA T

P

ion

In the range of salt concentrations ®2 < ®j,, < ap?/va
the electrostatic contribution to the vess dominates over
the steric one, and Vet = Va + 0%/ ®@jon = 0p2/Dion. At
higher salt content, ®j,, > ap?/va, the electrostatic
interactions get screened off, and the micelles are found
in the quasi-neutral regime, described by eqs 56—68.
The described scenario of the continuous rearrange-
ment of micelles upon variation in the ionic strength

holds if Reorona << Reore in the whole range of the salt

concentrations (including <1>f§,)1 where Reore aNd Reorona
reach their minimal and maximal values, respectively).

The condition Reorona << Reore AN, however, break down
at relatively high values of oy, > NgZ37523Na~43. In this
range of oy, the stronger electrostatic interactions in the
corona transform CC1 micelles into starlike micelles
when bulk concentration of salt reaches the value of ®j,
= @], (eq 48). This rearrangement occurs abruptly (as
the first-order phase transition) when the coronae of
CC1 micelles swell in the osmotic regime (®jon, >

ion/*
The equilibrium parameters of the micelles after the
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transition coincide with those for charged starlike
micelles (eqs 40—32).

Our results for CC1 micelles are summarized in the
diagram of the states in Figure 3b. One finds here
regions CClyn, CClgn, CClosm, CCleh, and Sch. In region
CCl1qn the micelles are quasi-neutral. (The dashed line
indicates the value of o, above which the cmcg, deviates

from cmc, according to eq 38.) Line CI),%E1 separates
regions CCly, and CClgsm. In region CClesm the coronae
of micelles swell due to increasing ionization of the
chains. The bold line indicates the transition line ®jq,
= @] (ap) where weakly ionized osmotic crew-cut mi-
celles abruptly transform into strongly charged starlike
micelles (region Sgn). In region CClg, the charged

micelles acquire a crew-cut shape. Line CD,((?] separates
regions CClysm and CClg,. Crossing this line does not
lead to abrupt transformation of micelles.

The evolution of the aggregation number, the degree
of dissociation, and the extension of the coronal chains
in a crew-cut micelle with increasing salt concentration
are schematically presented in Figure 5b.

5.1.1. Cmc for Crew-Cut-1 Micelles. By using egs
3 and 35 and the corresponding expressions for micelle
free energies, we find cmc for all the regimes of CC1
micelles. The results are summarized in Table 3. We
emphasize that, in contrast to the nonmonotonic be-
havior of equilibrium parameters of CC1 micelles, the
cmc decreases monotonically as bulk salt concentration
®jon increases, namely

In(cmc) ey =
const — N*(0,Pj0/757(1 — atp), Djo, < D)
const’ + Nx"°zg " (v + 0,7®100)*, > @)

(70)
5.2. CC2 Micelles. When the length of insoluble block
B is large enough so that

NBSIQVA72/3T872/9 > NA (71)

the stretching of blocks B in the core dominates over
the free energy of the corona in low/high salt regimes.
Here, Natg?/Ngcy? < 1, and the second term in square
brackets in eq 50 can be safely omitted. The free energy
of micelle is then given by

Fo 23N
N kgT Ny

In(l — o) — (I::ion(«/l + (/Do) — 1) (72)

P

1 VG, T

where o is related to ¢, via eq 15. Here, radius of the
core (eq 23)

Royre = 75 3N (73)

core

and the aggregation number

3
Rcore TB

2

Peq = =175 Ng (74)
eq hJB

do not depend on ay, and ®jn, and the corona of micelle

constitutes a quasi-planar ionizable brush with area s

= Reore?/p = N8548 per chain. The parameters of the

corona, o and Rcrona, are, therefore, given by the
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corresponding expressions for an annealing planar
brush. Namely, in a quasi-neutral (dominance of non-
electrostatic interactions in the corona) regime

Rogrona = NV 3878 = NLv, BN, 20,40 (75)
o = (04, P10 Ng g~ ) (76)
and
2/3N 1/3
FIN KT = —2—B v, 2P 80N,2° (77)

Na

In an annealing osmotic regime for the corona (that
starts when salt concentration ®jo, > oy vaNg=237583),
the height of corona is given by

R NAalIZ ~ NAVA1/3(ab(I)i0nNBl/3TBf4/3)l/3 (78)

o~
corona

whereas o increases with an increase in @, according

to eq 76. Here, the free energy in equilibrium micelle is
given by

2/3 1/3
B VB U3 —4/3\2/3

FINpKgT = N, — (0, PinNg 75 ) (79)

In the high salt regime (which starts when ®j,, >

®®), the degree of ionization approaches its bulk

value, a ~ ap, and the radius of the corona is given by

2

Vp+—

13
~13
N(S) =

2

R

o~
corona

1/3
NAN B—l/9_[B4l9 (80)

The equilibrium free energy of the micelle yields

2/3N 1/3

B B
FIN kT = N,

2
Vot ——

213
—2/9_ 8/9
Ng 775 +

In(1 — o) (81)

The described scenario holds for weakly charged
polymers (an < Ng¥37523Na~1). Such copolymers form
CC2 micelles in the whole range of ®;,n. When oy, >
Ng37523Na1, an increase in salt concentration can
transform CC2 micelle into CC1 micelle. The corre-
sponding diagram of the states is presented in Figure
3c.

5.2.1. Cmc for Crew-Cut-2 Micelle. Following the
same lines, we calculate the critical micelles concentra-
tions for all the delineated regimes. The cmccc, follows
the same trends as cmccc:. The results are summarized
in Table 3.

6. Discussion and Conclusions

We developed a mean-field theory which describes
micellization in solutions of diblock copolymers with one
hydrophobic and one weakly dissociating (annealing)
polyelectrolyte block.

In framework of this model we obtained the power
law dependences for the equilibrium parameters of
spherical micelles (the aggregation number, the corona,
and the core sizes) and for the cmc as a function of
molecular weights of the blocks, Na and Ng, and of the
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pH (via ap) and the ionic strength in the bulk solution.
Our previous results (ref 17) indicate that for micelles
with quenched polyelectrolyte blocks the exponents
yielding from the mean-field theory are slightly different
from the values predicted by the consistent scaling
model. However, the quantitative difference between the
mean-field and the scaling exponents is almost below
the accuracy of any experimental measurement. At the
same time, all main qualitative trends in the behavior
of the system are correctly described by the mean-field
theory. We therefore believe that our simple model
captures the main features of micelles with annealing
polyelectrolyte blocks as well.

As was demonstrated earlier (ref 17), in the case of
block copolymers with quenched polyelectrolyte blocks
the addition of salt to the micellar solution leads to (i)
decreasing cmc, (ii) increasing aggregation number in
the equilibrium micelles, and (iii) weak decrease in the
span of the micellar corona formed by polyelectrolyte
chains. The physical origin of these effects is progressive
screening of the Coulomb repulsive interaction in the
micellar coronae upon an increase in the salt concentra-
tion.

The general picture of salt-induced evolution of the
annealed polyelectrolyte micelles is dramatically differ-
ent from that for the quenched polyelectrolytes micelles
and is more complicated. An increase in salt concentra-
tion leads not only to screening of the Coulomb interac-
tions but also to the enhanced ionization of the poly-
electrolyte blocks in the corona. The latter effect is
analogous to salt-induced ionization of polyelectrolyte
chains in polyelectrolyte brushes?® and the coronae or
star-branched polyelectrolytes.?1:22

However, in a marked contrast to brushes and star-
like polymers, the ionization—recombination equilibri-
um in annealing micelle is coupled to the association—
dissociation self-assembly. As a result, an increase in
salt concentration leads to the nonmonotonic variation
in the aggregation number and in other structural
parameters of the equilibrium micelles.

At low (vanishing) salt concentration (and sufficiently
low pH, i.e., small o) large quasi-neutral micelles are
formed. Because of high polymer density in the corona
the ionization of blocks A is strongly suppressed, and
the corona is fairly noncharged. In this regime the
growth of micelles is opposed by the nonelectrostatic
(steric) repulsion between monomers, and the micelles
have the same structure as nonionic block copolymer
aggregates.

An increase in the bulk salt concentration leads to
progressive ionization of the corona blocks due to release
of hydrogen ions from the corona and their substitution
by sodium ions. (cf. refs 20—22). As a result, osmotic
repulsion between the corona blocks gets stronger. This,
in turn, leads to the decrease in aggregation number
and simultaneous increase in the radius of the corona.

For crew-cut micelles with long insoluble block B the
decrease in aggregation number upon an increase in the
salt concentration occurs continuously. Here, an in-
crease in osmotic repulsion in the corona is balanced
by a corresponding increase in the excess free energy
of the core interface until corona blocks reach the
maximal degree of ionization, a = ay,.

In contrast to crew-cut micelles, in starlike micelles
a decrease in the aggregation number is accompanied
by such strong enhancement in the osmotic repulsion
in the corona that it cannot be balanced by an increase
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in the free energy of core interface. As a result, at
certain critical salt concentration ®j,, the quasi-neu-
tral starlike micelles become unstable and dissociate
into smaller ones, in which the corona blocks are ionized
up to o =~ ap. The same transformation can happen also
for crew-cut micelles with short insoluble block B. In
framework of our mean-field model, the jump-wise
rearrangements of micelles occur as the first-order
phase transitions.

Further evolution of micelles upon an increase in the
salt concentration is similar to evolution of micelles with
quenched blocks with oo = oy (i.e., the aggregation
number increases whereas the extension of the corona
blocks decreases due to enhancing screening of the
electrostatic interactions by added salt).

An increase in pH (i.e., in ap) leads to increasing
ionization of the coronal chains and, as a result, to
decreasing aggregation number. Both occur either con-
tinuously or abruptly (the latter is the case if the line
D (ap) is crossed).

Altogether, we predict a nonmonotonic variation of
all the structural parameters of the equilibrium micelles
as a function of salt concentration: the aggregation
number passes through a minimum, while the span of
the micellar corona passes through a maximum. This
evolution is either continuous (in the case of crew-cut-2
micelles and weakly charged crew-cut-1 micelles) or
discontinuous (for starlike micelles and strongly charged
crew-cut-1 micelles). In the latter case we expect abrupt
decomposition of large quasi-neutral micelles into smaller
strongly ionized ones and the coexistence of small and
large micelles in a narrow range of salt concentrations.
The degree of ionization of blocks A in the corona
increases upon an increase in the bulk salt concentra-
tion either continuously or with a upward jump depend-
ing on the type of micelle rearrangement (continuous
vs abrupt scenario).

The described above charge “annealing” effects are
expected to be important for low or moderate pH < pK,
while at high pH blocks A are strongly ionized, o = oy,
and the behavior of block copolymers with quenched
polyelectrolyte blocks is recovered. At low salt concen-
tration an increase in pH from pH < pK to pH > pK
affects considerably ®joy; i.e., ionization is partially
suppressed in the neutral range of pH (cf. ref 22).

Verification of our theory is a challenging experimen-
tal problem. A proper choice of block copolymer would
be of crucial importance here. The predicted effects of
nonmonotonic variations in micelle parameters and
jump-wise transitions are inherently linked to equili-
bration of micelle structure. Therefore, “popular” block
copolymers with PS as a hydrophobic block would not
work here. A number of experimental observations
suggest that due to high Ty of PS, the micelles with PS
core are essentially nonequilibrium. (They do not rear-
range in response to variations in the ionic strength in
the solution or temperature.) Copolymers with “softer”
hydrophobic block (such as, e.g., PtBS) are more suitable
candidates to produce the equilibrium micelles. Recent
experiments of Forster et al.® performed on PSS/PtBS
copolymers (starlike micelles with quenched polyelec-
trolyte blocks) demonstrated a good agreement between
the predicted!” and measured exponents for micelle
hydrodynamic radius vs salt concentration dependence.
This observation seems to indicate the equilibrium
nature of micelles comprising PtBS core block. There-
fore, copolymers that have PtBS hydrophobic block
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linked to a weak polyelectrolyte block (e.g., PAA, PMAA,
PVP, etc.) could be promising candidates to check our
theory.

As emphasized earlier, the salt-induced nonmonoto-
nicity in micelle characteristics is coupled to the en-
hancement of corona ionization. This ionization “flex-
ibility” could add a novel pattern in the interfacial
behavior of annealing polyelectrolyte micelles. In par-
ticular, a charged interface would enhance ionization
of an oppositely charged micelle. Because of a decrease
in co-ion concentration near the interface, such a micelle
is found under effectively different pH promoting extra
ionization of the corona blocks. As a result, the charge
on the interface can trigger abrupt transformations of
micelles with short insoluble blocks and therefore lead
to a sophisticated surface pattern. These effects will be
considered in a forthcoming publication.
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