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Effect of ion pair formation on the structure of polymer micelles

with ionic amphiphilic coronae
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Physics Department, Moscow State University, Moscow 119991, Russia
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We report a theoretical study of micelles from diblock copolymers with an insoluble core-forming
block and an amphiphilic ionic corona-forming block. We calculate the micelle structural parameters
depending on the composition of the coronal block (ratio between the non-polar and ion-containing
groups) as well as solvent quality and polarity for the coronal block. We focus on the effect of
ion pair formation in a low polar corona medium and predict the existence of novel micelles with
ionomer-type coronae. In these micelles most part of counterions is bound with ions in polymer
chains. Two consecutive jump-like first-order phase transitions between different-type micelles can
take place in the solution upon change of hydrophobic/polyelectrolyte balance within the micelle
corona: large micelles with polyelectrolyte collapsed coronae — large micelles with ionomer-type
coronae — small micelles with polyelectrolyte swollen coronae. These transitions are accompa-
nied by non-monotonous change in the micelle aggregation number. New insight into the role of
counterions is important for design of stimuli responsive systems. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4807005]

Il. INTRODUCTION

Self-assembling behavior of block copolymers in selec-
tive solvents has been attracting a considerable attention for
many years.'=> A special interest has been paid to amphiphilic
ionic diblock copolymers that in aqueous solutions form
micelles with hydrophobic non-ionic cores and hydrophilic
polyelectrolyte (PE) coronae. Their solubility in water, di-
versity of morphologies, fast controllable response to vari-
ous environmental conditions (such as pH, salt concentration,
temperature, light, etc.), ability to solubilize hydrophobic sub-
stances make them very promising for many practical appli-
cations, in particular, for gene and drug delivery.4

During the last decades considerable progress has been
made in understanding physical factors underlying the self-
assembling behavior of ionic block copolymers and govern-
ing the structure and morphology of micelles with hydropho-
bic core/hydrophiphilic ionic corona. Block copolymers with
both strongly and weakly dissociating (pH-sensitive) ionic
blocks have been studied extensively and important role of
counterions has been elucidated. The review of the main the-
oretical results and their comparison with the experimental
data can be found, for instance, in Ref. 3.

The new direction in this field is the development of mi-
celles with heterogeneous cores or coronae. This can be done,
for instance, either by introduction of ion-containing groups
into the hydrophobic core of the micelles™® or hydrophobic
modification of the polyelectrolyte corona of the micelle.””
The amphiphilic nature of one of the micelle domains gives
a possibility of an additional subtle control of micellar stabil-
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ity, more pronounced responsiveness and special interactions
with complexing agents.

In this paper we study theoretically the structure of mi-
celle with the corona, formed by statistical copolymer con-
taining non-polar monomer units which are poorly soluble
in the solvent and polar groups capable to ionization in po-
lar solvents and providing micelle solubility. Experimentally
such systems have been studied, for instance, in Ref. 7 where
micelles with hydrophobic polystyrene (PS) core and ionic
amphiphilic corona from charged N-ethyl-4-vinylpyridinium
bromide (EVP) and uncharged 4-vinylpyridine (4VP) units
were considered. It has been shown that at some critical frac-
tion of EVP units a jump-like transition between different-
type micelles takes place in the solution. A simple theoret-
ical approach to explain the experimental results has been
proposed.’

In this paper, we generalize the theory developed in
Ref. 7 to focus on the effect of counterion binding with ion
pair formation within the corona domain. As it has been
shown in Ref. 7 when the solvent is slightly poor for the coro-
nal non-polar monomer units, the concentration of low-polar
polymer within the corona could be rather high, thus, decreas-
ing the average dielectric constant of the corona media and
promoting ion pairing.

The importance of ion pair formation has been previ-
ously demonstrated for various polyelectrolyte systems: the
low polymer polarity and extensive ion binding can promote
the formation of ionomer-type state within the microgel parti-
cles as well as macroscopic gels,'*!? can significantly influ-
ence the phase behavior of polyelectrolyte solutions,'* singe
molecules can also demonstrate dual polyelectrolyte-ionomer
behavior in low polar solvents.'>!® Recently, the formation
of micelles with ionomer-type cores has been predicted the-
oretically and confirmed experimentally.® In this paper, we

© 2013 AIP Publishing LLC
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demonstrate that ion pair formation within the heterogeneous
micellar corona can also lead to a number of novel striking
phenomena.

In Sec. 11, we describe the theoretical model, then we dis-
cuss the obtained results (Sec. III) and formulate the main
conclusions (Sec. IV).

Il. THEORETICAL MODEL

We consider a dilute solution of an A-B diblock copoly-
mer with Ny and Np statistical segments in the A and B
blocks, respectively. Both blocks are flexible chains with
the same statistical segment length a. The A block is as-
sumed to be insoluble while for the monomer units of the
B block, the solvent is 6 or slightly poor. Furthermore, the
B block contains a fraction 8 of polar groups that can become
charged in the course of dissociation with the release of low-
molecular-mass counterions. Attraction between the insoluble
A monomer units provides the self-assembling behavior of
the diblock copolymer chains while the presence of charged
groups in the B block ensures its solubility in polar solvents
and formation of finite-size aggregates in the solution instead
of macroscopic phase separation.

Thus, above the so-called critical micelle concentration,
the A-B chains associate and form micelles of an average ag-
gregation number m. We restrict ourselves to the case of a
relatively long coronal B block, Np > N4, then the spheri-
cal micellar core-corona morphology is the most favorable.!”
The core consists of the insoluble A blocks, surrounded by a
corona of the charged B blocks (see Fig. 1). We do not con-
sider any phase separation within the corona possible at some
conditions. It has been shown for star-branched molecules in
Ref. 18.

We suppose that the A and B blocks are strongly incom-
patible. Thus, the width of the core/corona interface is small
compared to the size of the micelle, so that the A and B blocks
are envisioned as grafted to the core surface. Let us denote as
R4, Rg, and R = R4 + Rp the core radius, the width of the
corona, and the total micelle radius, respectively (see Fig. 1).

|

outside
counterion

inside
counterion

ion pair

FIG. 1. Schematic representation of a micelle with a charged corona. Three
types of counterion states are distinguished: bound counterions forming ion
pairs, free counterions within the micelle corona and in the outer solution.
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If the A blocks are completely insoluble, the micelle core con-
tains no solvent and its radius is equal to

3 1/3
RA:a(4—mNA) . (1)

T

This formula can be easily generalized for the case when
the micelle core contains some amount of solvent.

The corona of the micelle is considered as a semidilute
polymer solution with the volume fraction ® of the uniformly
distributed B monomer units. In the first approximation, the
gradient in the coronal polymer density distribution in the
collapsed corona state is negligible and we ignore it in the
swollen state also. Therefore, the space-filling condition reads

N B 3 4 3
m(NA+<D>a—3R, 2)
where the average polymer volume fraction & in the corona
can vary over a wide range depending on the block copolymer
composition and the solvent quality.

The counterions and the ions on the B coronal blocks are
assumed to be monovalent, carrying the elementary charges
Fe. Thus, the number of the mobile counterions per micelle
is equal to the number of the charges in the coronal blocks,
Npmp. For simplicity, we consider a salt-free solution, with
the counterions of the B blocks being the only source of mo-
bile ions. A fraction o of the counterions leaves the corona
due to entropic reasons, resulting in a nonzero electric charge
of the micelle O = emNpfa. We also suppose that some
counterions can associate into ion pairs with the oppositely
charged ions on the chains (see Fig. 1).

The free energy of the micellar solution per one diblock
copolymer chain in k7 units can be written as follows:

Fior = Feclore + Feclorona + Fsurf + Fo_g + Fe + Fagg + Fips.
3)

The first and the second terms are responsible for the
elastic stretching of the A and B blocks in the core and the

corona regions, respectively:'* 2’
2 p2
Freore _ 3i RA @
“ 80 Naa?’
2
corona :E Ry ' 5)
o 2 1\’3(12

The Fy,s term is the energy per chain of the core-solvent
interface

47 R% y
m kT

and y is the surface tension coefficient, so that ya*/kT is the
dimensionless parameter. As mentioned above, the A block is
insoluble and incompatible with the B block. Let the strength
of interactions between the A block and the solvent molecules
is close to the one between the A and B blocks of the copoly-
mer. In this case, y does not depend on the polymer volume
fraction @ in the corona and can be considered as a constant.’
Taking into account the corona-solvent interfacial energy in
the case of the collapsed corona results in some renormaliza-
tion of ¥ and does not change qualitatively the behavior of

Fsurf = (6)
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the system. Moreover, this correction is negligible due to a
moderate insolubility of the corona chains and is omitted.

The next term in (3), F,; _ &, is the electrostatic energy
per chain of the charged micelle. It can be estimated as the
energy of a uniformly charged ball of the radius R:

(BaNp)’
Fost = uOmR—/a' @)
Here u( is the dimensionless parameter, uy = e>legakT,

€ being the dielectric constant of the solvent. In Eq. (7), we
omit the numerical coefficient that is of the order of unity.?"??
This assumption hardly influences main results.

The term F, in Eq. (3) accounts for the translational en-
tropy of the mobile counterions inside and outside the micelle
corona

} aBNgC
F.= Ngp [(1 —a)In((1 —a)p®) +aln <NA + NB>:| '

In this expression, C is the total polymer volume fraction
in the solution, thus, (N4 + Np)a’/C is the volume per one
molecule.

The term F e in (3) describes the reversible association-
dissociation process between the ions in the B blocks and the
counterions. The concentrations of the charges on the polymer
chains and the counterions within the corona equal to S& and
(1 — @)BD, respectively. We suppose a fraction p of the ioniz-
able groups on the B block stays in ion pairs while the fraction
(I — p) dissociates with the release of counterions. The F g,
term was calculated following our earlier publication:'*

=)

©))

Fuge = NppB |:P+1H(1 —p)+(1—a)ln(1—

The fraction of the ion pairs p is defined as

. 1 « 1\ 1 0

P=1"3 " % (2 2k<1>,3> trop 10
Here k is the dimensionless association constant of
the thermoreversible ion association-dissociation reaction,
k = exp(u)."* The parameter u describes the strength of elec-
trostatic attraction between two oppositely charged monova-
lent ions in an ion pair formed in a media with the dielectric
constant €: u is the ratio between the Coulomb energy of ion
interaction in an ion pair, e2/(ae), to the thermal energy (we
assume that the distance between ions in an ion pair is of the
order of the characteristic size of the monomer units a). Since
the solvent is supposed to be poor for the coronal B blocks,
the concentration of the B monomer units within the micelle
corona can be rather high resulting in a smaller value of the
corona dielectric constant in comparison with that of the pure
solvent, thus, promoting ion pair formation. As in our previ-
ous calculations,'%!! the dielectric constant of the corona me-
dia is adopted to be a linear function of the polymer volume
fraction ®:

€ = eo(1 — Sed), (11)

where de = (€9 — €,)/eq, €, being the dielectric constant of
the pure B polymer.

J. Chem. Phys. 138, 204904 (2013)

Thus, the association constant reads

u
k = exp (ﬁ) (12)

One can see that the association constant and, thus, the
fraction p of ion pairs significantly depend on the concentra-
tion of the low-polar polymer in the corona.

Finally, the last term in the energy (3), Fj,, accounts
for the short-range interactions in the micellar corona re-
gion. This contribution can be written in the framework of
the Flory-Huggins lattice theory.?%2>2* We suppose that non-
polar monomer units of the B block and the ion pairs inter-
act differently with each other and with the solvent molecules
and calculate the F;,, term for this case in the Appendix. The
resulting free energy is dependent on the fraction p of ion
pairs:

Fint = % [(1 - ®)In(1 — &) — x(1 — ppP®*]. (13)

where y is the Flory-Huggins interaction parameter between
the non-ionic monomer units of the B block and the solvent
molecules.

It should be noted that in our approach, we neglect the
electrostatic interactions of ions not associated into ion pairs
within the micelle corona, in Debye-Huckel approximation
they give much smaller contribution to the free energy than
that of translational motion of counterions.>

Besides, in our consideration, we neglect the entropy
of the translational motion of the micelles themselves. This
contribution is much smaller than the entropy of the low-
molecular-weight counterions because the total number of the
counterions in the solution exceeds by far the total number of
micelles: mNgf > 1.

lll. RESULTS AND DISCUSSION

We study conformational transitions in polymer micelles
caused by increasing fraction of the charged groups, B,
within the corona block. The total free energy defined by
Egs. (3)—(13) is a function of three independent variables m,
®, and «. The equilibrium free energy per molecule in the
micelle is calculated via minimization of expression (3) with
respect to these three parameters.

A. Micelles in the absence of ion pair formation

Let us consider first a simple case when there is no as-
sociation between mobile counterions and ions on polymer
chains, thus, all the polar groups in the B blocks are disso-
ciated. The free energy per molecule is described by Eq. (3)
with p = 0 and therefore F,,, = 0. The counterions redis-
tribute between the interior of the micelle and the outer solu-
tion. It should be mentioned that similar situation has already
been briefly considered theoretically in Ref. 7 to explain the
experimental results.” Now we propose a more general the-
oretical model, in particular, we do not restrict ourselves by
only star-like micelle conformations and take into account
difference in short-range interactions between non-polar and
polar groups within the micellar corona. Furthermore, we
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FIG. 2. Corona thickness Rp (a) and core radius R4 (b) in a units, polymer volume fraction @ in corona (c), fraction of counterions in the outer solution « (d)
and aggregation number m (e) as functions of B for N4 = Np = 100, up = 2, ya*IkT = 4.1, and C = 107, Curves correspond to x = 0.5 and x = 0.8.

discuss in detail the main physical features of the system un-
der consideration. This discussion helps to understand the ef-
fect of ion pair formation on the system behavior analyzed in
Sec. III B.

To find the counterion localization as well as the micelle
aggregation number as functions of the fraction of charges
in the polymer chains and the solvent quality, the system of
three equations: dF,,,/dm = 0, dF,,/d® = 0, dF ,,/doe = 0 has
been solved numerically for Ny = Np = 100, ug = 2, ya*lkT
= 4.1,C = 107 and for various values of x and 8. Anal-
ysis shows that the character of the micellar structural rear-
rangement with 8 depends essentially on the Flory-Huggins
parameter .

The dependences of all the main micelle parameters on
the fraction of the charged groups in the B block are shown in
Fig. 2 for two different values of x: x = 0.5 corresponding to
the ®-solvent and x = 0.8 corresponding to a poor solvent.

The ionic micelle behavior in the case of good or
®-solvent conditions for the coronal block was analyzed in

many theoretical papers and is reviewed, for instance, in
Ref. 3. All the main tendencies observed in Fig. 2 for x = 0.5
correspond well to the previous results. In particular, the coro-
nal radius Rp increases while the micelle aggregation number
m as well as the core radius R4 decrease with B (Fig. 2(e)).
This behavior is due to increasing effective repulsion of the
charged monomer units in the corona.

The nature of this repulsion is different for large and
small micelles. It has been previously shown® that large mi-
celles retain the majority of the counterions (¢ ~ 0), and the
repulsion between the coronal blocks is mainly caused by the
osmotic pressure of counterions (so-called osmotic regime).
In the opposite case when the aggregation number of micelles
is small, counterions leave for the outer solution (¢ ~ 1, so-
called Pincus regime), then there is Coulomb repulsion of the
uncompensated charges in the corona, and the micelles tend
to lower the aggregation number because of high electrostatic
energy per molecule (7). Scaling estimates of the micellar pa-
rameters on the block length, surface tension coefficient of the
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core-solvent interface and degree of ionization for the osmotic
and Pincus regimes can be found, for instance, in review.?

In general, o adopts intermediate values between zero
and unity, thus, in a wide range of ionization degree, f,
none of the limiting cases (osmotic or Pincus) is realized (see
Fig. 2(d)). The fraction of counterions in the solution grows
with 8, smaller micelles possess lower total charge and thus,
more counterions are able to leave the micelle corona at
high B.

At 8 — 0 micelles are not charged, and our results for
the case of the ®-solvent coincide with scaling estimations
for neutral aggregates.>2%27 It should be noted that at low j,
some decrease of o with B is observed (Fig. 2(d)). A sim-
ilar effect usually takes place upon charging of a colloidal
particle,”® a star-branched polyelectrolyte molecule” or a
polymer microgel particle,’ increasing B just causes coun-
terion condensation on a charged object and, thus, reduces
the fraction o of free counterions. However, in case of ionic
micelles, a growth of 8 induces also a micelle reorganization
accompanied by an aggregation number decrease. As a result,
at some B, the total micelle charge begins to decrease that al-
lows more counterions to escape the corona. An interplay be-
tween these two effects makes the dependence of @ on 8 non-
monotonic (Fig. 2(d)). This peculiarity is well-pronounced in
the case of a poor solvent (xy = 0.8, 8 < 0.3) because at low g,
the amount of charged groups is insufficient to affect signifi-
cantly collapsed corona and to induce micelle reorganization.

The main micelle parameters change continuously with 8
in ®-solvent. However, if the solvent is poor for the B block
a jump-like transition between large and small micelles takes
place at some critical value of the ionization degree of the
coronal blocks (see Fig. 2, x = 0.8). It is the jump-like char-
acter of the transition that is the main feature of the micelle
structural behavior in the poor solvent, all other qualitative
regularities that were obtained for the case of the ®-solvent
are valid for poor solvent too.

The corona media is similar to both PE microgels and
single charged molecules in a poor solvent. It has been pre-
viously shown that the presence of charges in polymer chains
causes an appearance of a second minimum of the free energy
and charging results in abrupt transition from the collapsed to
the swollen state (corresponding to two minima of the free en-
ergy) for both gels* and single chains.?! Similar situation is
realized in micelles with ionic amphiphilic corona. At small
B short-range attraction dominates and the micellar corona is
in the collapsed state, the polymer volume fraction & mainly
defined by the volume interactions is much higher than that
in the ®-solvent (see Fig. 2). This leads to smaller elongation
of the coronal chains and promotes the formation of larger
micelles. On the contrary, at high values of 8, the volume
interactions in swollen corona are negligible and the micel-
lar parameters adopt quite the same values for both ® and
poor solvent conditions. At some conditions (in particular,
smaller surface tension of the core-solvent interface) micelle
decay into single molecules can take place in this region (see
Fig. 2(e)).

These results, namely, a jump-like change of the micelle
parameters with the ionization degree, are in qualitative agree-
ment with the experimental studies as well as their theoretical

J. Chem. Phys. 138, 204904 (2013)

interpretation in Ref. 7. Note that due to the presence of two
minima in the free energy a jump-like transition can be also
realized upon change of other system parameters, in particu-
lar, the solvent quality.

B. Effects of ion pairing

Let us analyze now effects of possible counterion binding
and ion pair formation within the low-polar shrunken corona
media. In Fig. 3, we plot the dependences of the main mi-
celle parameters on the fraction of the ionizable groups in the
corona chains. The curves are calculated for a fixed solvent
quality (the solvent is slightly poor, x = 0.55) but for var-
ious values of the parameter §e¢ describing the difference in
polarity between the B coronal polymer and the solvent. The
corresponding curves obtained with disregard of ion pairing
(for p = 0) are also presented in Fig. 3 for comparison.

The system behavior depends essentially on the B poly-
mer dielectric constant. At low values of e when there is
no considerable difference in solvent and polymer polarities
accounting for ion pair formation does not cause any con-
siderable change of the system behavior, compare curves 1
and 2 in Fig. 3. Some counterion binding takes place within
the corona of large micelles (at § < 0.3, the fraction of ion
pairs reaches 25%) leading only to a quantitative change of
the micelle parameters in the region where the value of p is
maximum.

However, in a low-polar corona media, the ionic associa-
tion constant becomes high and the self-assembling behavior
of the micelle solution changes qualitatively. Namely, when
de exceeds some critical value §e*, a new type of micelles ap-
pear in the solution at intermediate fraction of ion-containing
groups (see curves 3 and 4). These new type micelles have
rather dense coronae (Fig. 3(d)) with almost all counterions
being bound in ionic pairs (the value of p is close to unity, see
Fig. 3(c)) demonstrating ionomer-type behavior.

The ionomer-type state of the micelle corona is analo-
gous to that found in polyelectrolyte gels and microgel par-
ticles. Recently it has been also predicted theoretically and
observed experimentally for the micelles with hydrophilic
non-ionic coronae but ion-containing cores.® The reason for
the ionomer-type behavior is the high energy gain AE from
ion pairing within low-polar polymer media. According to
(11), in a dense corona €(®) = €, and the following estima-
tion for AE is valid:

AE ~ ~—_— (14)
e(@)a €pa
The lower is the value of €, , the higher the association con-
stant and the higher the fraction of ion pairs are.

Ion binding is accompanied by a loss in the translational
entropy of mobile counterions. At low ionization degree, the
counterion entropy dominates and large micelles with col-
lapsed polyelectrolyte-like coronae are more favorable in the
solution. Then at some critical §* the energy gain from ion
pair formation becomes larger and the micellar corona trans-
forms into the collapsed ionomer-type state. However, when
B exceeds B** transition to ordinary small micelles with
polyelectrolyte swollen coronae takes place in the solution.
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FIG. 3. Aggregation number m (a), fraction of counterions in the outer solution « (b), fraction of ion pairs p (c), volume fraction of the polymer in corona
@ (d), and total micelle charge in e units (e) as the functions of 8 for Ny = Np = 100, up = 2, yaz/kT =4.1,x =0.55C = 1075. Curves correspond to the
case of no ion binding p = 0 (1) and §e = 0.67 (2), ¢ = 0.69 (3), and e = 0.7 (4).

At high B due to the presence of a considerable fraction of
charged groups in the B blocks interacting through long-range
electrostatic interactions, the short-range volume interactions
play no role in the system behavior. The polymer concentra-
tion in the swollen corona is low thus the value of the dielec-
tric constant is close to that of the pure solvent and there is no
ion pairing in this regime, the mobile counterions distribute
homogeneously in the solution.

Thus, due to existence of a new micelle state at §¢ > Se*,
two types of the jump-like first-order phase transitions can
be realized in the solutions with increasing §: large micelles
with PE collapsed coronae — large micelles with ionomer-
type coronae — small micelles with PE swollen coronae (see
Fig. 4). Conformational transitions in micelles are caused by
changes in the balance of interactions in the micelle corona
and are accompanied by a non-monotonous change in the mi-
celle aggregation number. This non-monotonous behavior is
rather unusual for micelles with ionic corona, though it has
been observed recently for micelles with ionic cores.®

As it could be expected an increase of de favors the ion
pairing in the corona and results in a widening of B-values
area, where the new ionomer state is realized (compare curves
3 and 4 in Fig. 3).

The polarity of the pure solvent is described by the pa-
rameter uy. In Fig. 5, we plot the dependences of the micelle
parameters on B for various values of u,. We fix the value
of the relative dielectric constant ¢ = 0.7 for all curves, and
thus, change of u#y means a change of the polymer polarity
too. It is quite natural that the area of ionomer-type micelles
becomes wider in media of lower polarity (high values of u).

Another important parameter defining the behavior of
the micellar solution in the Flory-Huggins parameter describ-
ing short-range interactions within the micelle corona. The
higher the x-values, i.e. the more attractive the interactions
are, the denser and thus, less polar the micellar corona is, this
fact leading to an enlargement of the region where ionomer
micelles are formed (see Fig. 6). Besides, the type of the
phase transition between large PE and ionomer-type micelles
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large micelles with
PE collapsed corona

large micelles with
ionomer-type corona
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small micelles with
PE swollen corona

-8

fraction of charged groups in corona block

FIG. 4. Schematic representation of two consecutive transitions in micelles induced by corona block charging.

changes with x (Fig. 6). When the solvent becomes poorer,
the sharp transition turns into continuous. Corona density in
large PE micelles increases with an increase of Flory-Huggins
interaction parameter x. Therefore, the solvent deterioration
reduces distinctions (e.g., @) between micelle corona in col-
lapsed PE and ionomer states.

It is possible to induce transitions between all three types
of micelles by changing not only 8 but also the solvent qual-
ity. In Fig. 7, we plot m and p as functions of x for a fixed
fraction of ionizable groups in corona blocks. Note, that ag-
gregation number and fraction of ion pairs are monotonous
functions of the Flory-Huggins interaction parameter x (see
Fig. 7). It is quite natural that worsening of the solvent qual-
ity (increase of y) causes shrinking of the corona and thus
increase of m. Then the avalanche-type process of counterion
condensation'®!! sets in and a second transition into ionomer
state takes place.

C. Diagrams of micelle states

Let us summarize the results determining the region of
the system parameters where the new micelle state can exist.
The boundary of this region is defined by equating the free
energies per molecule in different types of micelles. In all our
calculations, we fix Ny = Ng = 100, ¢ = 0.7, ya2/kT =4.1,C
= 1073, The other parameters controlling the phase behavior
are uo, B, and x.

1000

1004

A typical diagram of the possible micelle states in terms
of ug and B is presented in Fig. 8. It is calculated at a fixed
value of the Flory-Huggins interaction parameter x corre-
sponding to poor-solvent conditions for the coronal block.
As we discussed above, we distinguish two types of micelles
in the polyelectrolyte regime where ion pair formation is in-
significant, p ~ 0. These micelles differ in aggregation num-
ber and counterion distribution between the micelle interior
and the solution:

¢ so-called small PE micelles with rather low aggrega-
tion number do not keep their counterions, a large frac-
tion of counterions leave for the outer solution, o ~ 1;

¢ large PE micelle with high aggregation numbers, al-
most all counterions are trapped within the corona,
a~0.

At ug less than a critical value ug only these two types
of the micelles exist in the solution. A continuous transition
from large to small micelles takes place upon increase of the
amount of polar groups in the coronal block.

The third type of micelles can exist in the solution only
when ug exceeds the critical value ug, i.e., the solvent is not
so polar. These micelles are in ionomer regime, their aggre-
gation number is as large as that of the large PE micelles,
but nearly all counterions are kept within the corona and are
bound with the charges on the polymer chains, i.e., the frac-
tion of ion pairs is close to unity, p & 1. The bold line in Fig. 8
defines the region of stability of these ionomer-like micelles

(b)

0,8+

0,64 4

0,4

0,24

0,0 i
0,0 0,2 04 06 08 1,0

i

FIG. 5. Aggregation number m (a) and fraction of ion pairs p (b) as functions of g for Ng = Np = 100, 8¢ = 0.7, ya*/kT = 4.1, x = 0.55,C = 107>, Curves

correspond to up = 1.8 (1),up = 1.9 (2), up =2 (3), up =2.1 (4).
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FIG. 6. Aggregation number m (a) and fraction of ion pairs p (b) as functions of 8 for Ny = Np = 100, up = 2,8¢ = 0.7, ya?IkT = 4.1,C = 1075, Curves

correspond to x = 0.55, x =0.9.

and shows where the jump-like first-order phase transition be-
tween different-type micelles takes place.

Thus, if ug is slightly higher than ug, the growth of the
ionization degree results in the emergence of two successive
first-order phase transitions: large PE micelles with collapsed
corona — ionomer-type micelles with supercollapsed corona
— small PE micelles with swollen corona. There is no forma-
tion of ionomer-type micelles in high polar media (ug < ug)
because the ion pairing is unfavorable.

It should be noted that in our theoretical model, we
assumed that the dielectric constant of the polymer, ¢, is
smaller than the dielectric constant of the solvent €¢. This as-
sumption is valid only when the fraction of ion-containing
groups in the coronal block is much less than unity, since ion
pairs possess permanent dipole moments and give a contri-
bution into the average value of the dielectric constant of the
media within the micelle corona. Thus, in Fig. 8, we restrict
the diagram by g < 0.5.

The bold line in the diagram depicting the location of
the first-order phase transition terminates at 8, ug’". It means
that two minima of the free energy corresponding to the large
PE micelles and ionomer micelles merge, and the transition
between the two types of micelles becomes continuous with
a sharp but continuous growth of the ion pair fraction upon 8
increase.

In Fig. 9, we plot a series of the first-order phase transi-
tion lines for various values of the the Flory-Huggins inter-
action parameter x. An increase in y, i.e., worsening of the

(a)

4500 A

3000

1500

0,0 0,5 1,0 1,5 2,0

solvent quality results is the downward shift of these lines.
This effect has a clear physical meaning. Both solvent quality
and solvent polarity decrease make the formation of a dense
micelle corona as well as counterion binding more favorable.
Thus, the ionomer-type micelles remain thermodynamically
equilibrium even in a polar solvent (at rather low values of
up), if the x value is high enough.

It is clear that if the solvent is poor for the coronal block
then at small fraction of charges the micellar dispersion could
be unstable and micelles could precipitate from the solu-
tion. Besides, at some conditions other micelle morphologies
(i.e., cylinders or lamellar structures) could be more favor-
able. Though the analysis of aggregate diverse morphologies
and macroscopic phase separation is not the main objective
of our study, it is useful to give some remarks on this issue
supporting spherical micelle model. First, direct experimental
observations of micelles with hydrophobic ionic coronae have
lately demonstrated stability of spherical aggregates in the
case of equal lengths of the blocks.” Second, a recent theoreti-
cal consideration showed that the presence of charged groups
in the soluble block enhances vastly the stability of spheri-
cal micelles at low polymer concentration versus cylindrical,
lamellar structures and precipitate. Even though the length of
core block exceeds the length of the corona one by several
times, spherical micelles are still thermodynamically stable.!”
Furthermore, according to our results both the ionomer-
type and PE micelles carry a significant electric charge (see
Fig. 3(e)) promoting their stability in the solution.

(b)

0,8-
0,61
0,4

0,24

0,0
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FIG. 7. Aggregation number m (a) and fraction of ion pairs p (b) as functions of x for Ny = Ng = 100,ug = 1,8¢€ = 0.78, ya?®/kT = 4.1, = 0.25,C = 107>,
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ionomer-type

large or
PE 0

FIG. 8. B — ug diagram of micelle states for the fixed value of Flory-Huggins interaction parameter x = 0.7. Micelle types (large PE, small PE, ionomer-type)

are depicted on the diagram.

In this paper, we restrict ourselves to the case of a salt-
free solution. Addition of salt has been recently observed ex-
perimentally to promote micelle precipitation.”-® The larger
the micelle charge is, the higher micelle stability against salt
is. We believe that at some conditions addition of salt may
induce corona chains shrinking and transition from small
PE micelles to aggregates with dense corona similar to salt-
induced contraction of polyelectrolytes in poor solvents.3>

In the framework of our theoretical approach, only ther-
modynamically equilibrium micelles have been examined.
However, aggregates with strongly insoluble core block of-
ten appear to be kinetically frozen. For instance, polymer mi-
celles with polystyrene core in aqueous solutions are known
to be under kinetic control.! This fact may lead to some
discrepancies between theoretical results and experimental
observations.”

It is worth noting that finite-size effects may play a no-
ticeable role in micellar solution behavior.?’ According to the
presented theory, transitions between different types of mi-
celles are abrupt first-order phase transitions. However, near
the transition point, the system may stay in a thermodynam-
ically unfavorable state, i.e., two types of micelles are able
to coexist when the difference in free energies of different
micelle states is of the order of the temperature. Such experi-

3,0
x=0.55
2,5
> 7=0.7
2,0
1=0.9
1,5 T T T T |
0,0 0,1 0,2 0,3 0,4 0,5

FIG. 9. First-order phase transition lines of the solution for different values
of Flory-Huggins interaction parameter x. Curves correspond to x = 0.55,
x = 0.7, x =0.9. Critical points are depicted by bold dots.

mental methods as light scattering and electrophoretic mobil-
ity measurements allow to observe average values of micelle
parameters among members of the ensemble. Thus, a jump-
like transition is actually observed as continuous one.>

IV. CONCLUSION

We develop a mean-field theory to study the struc-
ture of micelles formed by diblock copolymers with insolu-
ble/amphiphilic ionic blocks in a salt-free dilute solution. The
core of the micelles comprises the insoluble blocks while the
corona has an amphiphilic ionic nature containing non-polar
and ionizable groups. We suppose that the solvent is slightly
poor for the non-polar monomer units, thus, there is an inter-
play of the short-range attractive interactions and long-range
Coulomb interactions within the corona. We study conforma-
tional transitions in the micellar aggregates with the change
of the balance between these two types of interactions caused
by changes in solvent quality, solvent polarity, and fraction of
ionizable groups.

We focus on the role of counterions in the system behav-
ior. Owing to the micelle corona charge, the distribution of
counterions in the solution is strongly inhomogeneous. Trans-
lational entropy of counterions completes with their attraction
to the charged micellar aggregates resulting in accommoda-
tion of a large fraction of counterions in the micelles. The nov-
elty of our approach is that we account for counterion binding
with ion pair formation within the micellar corona. While in
a swollen hydrophilic corona, the fraction of ion pairs is neg-
ligible, in a polymer dense hydrophobic corona ion pairing is
expected to be significant.

Taking into account a progressive counterion binding
within collapsing in a poor solvent micellar corona, we pre-
dict a new type of micelles in the solution. The corona of these
micelles has an ionomer-type structure, i.e., it contains a large
fraction of ion pairs. The region of stability of ionomer mi-
celles increases with a decreasing solvent quality and polarity.

Another important result is the prediction of two first-
order phase transitions between different-type micelles upon
increase of the fraction of ion-containing groups in the
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micellar corona: large polyelectrolyte micelles with quasineu-
tral coronae — large ionomer micelles — small charged mi-
celles.

The obtained theoretical results could explain the exis-
tence of two types of micelle species from PS-b-P(EVP/4VP)
copolymers observed in Ref. 7. Large and small micelles were
formed upon addition of water into solutions of these copoly-
mers in dimethylformamide/methanol nonselective solvent.
Coexistence of micelles of two different sizes can be at-
tributed to the two minima in the free energy appearing due to
ion aggregation within the micelle corona.

Direct observation of ionomer-type micelle is a challeng-
ing task. A possible system could include micelles from poly-
carboxylic acids as coronal blocks perhaps not in aqueous
solutions but in a less polar solvent, for example, methanol.
Titration, for instance, with sodium methoxide will induce
substitution of H* ions by Na* ions in carboxylic groups.
The degree of dissociation of COO~Na™ should depend on
the local dielectric constant of the corona medium. One could
expect that formation of ionomer-type micelles can be trig-
gered by the high binding constant of the Nat counterions
to the ions on PE coronal chains in a low-polar medium. In-
stead of Na™ other counterions with different binding affinity
to COO™ groups could be used and the role of counterion na-
ture on the micellar solution structure could be elucidated.

APPENDIX: FREE ENERGY OF SHORT-RANGE
INTERACTIONS WITHIN THE MICELLE CORONA

The free energy of the short range interactions in the mi-
celle corona can be expressed in terms of the Flory-Huggins
lattice theory.?-?*2* In general case, when there are k types of
molecules in the mixture, with the degrees of polymerization
M,M, > 1,n=1,2, ...k), Fi, has the following form:

n=k

””a _Z 2 P+ meq>2

n=1 n=1
n=k m=k

+ Z ZXnm (Dn cI>m ’

n=1 m=l1
m<n

(AD)

where the first term accounts for the free energies of trans-
lational motion of the various type molecules in the system
and the other ones describe their interactions, x,,, are the so-
called Flory-Huggins interaction parameters.

According to the incompressibility condition

(A2)

Let us consider a micelle corona as a solution containing
three interacting components taking in mind polymer units
not forming ion pairs (non-ionic as well as charged) (p), ion
pairs (i), and solvent molecules (s). Describing thus the coro-
nal media, we neglect non-Coulomb interactions of the coun-
terions and their own volume here. Note, that the solvent
molecules are unimolar, M; = 1, and the other components
do not possess an entropy of independent translational motion
within the corona. Thus, the total free energy of the system
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equals

ine @ =(1—®)In(1 — )
Fina” _ | n(l —
T V

1
+ E[X”@f + xi P} + prq%]

+Xsicbscbi + Xqu>x¢)p + Xipq)icb[r (AS)

Here @ is the total polymer volume fraction, thus,
the volume fraction of the solvent molecules is equal to
Oy =1—-&; P, = P(1 — pp) and ®; = pBP are the volume
fractions of the non-polar monomer units and the ion pairs,
respectively; x ., are the Flory-Huggins parameters of inter-
action between the mixture components (n, m = s, i, p). After
some transformation we get

Fip a’
T V

= (1 —®)In(1 — )

—[(1 = pB)Xsp + PBXsi + pB(PB — D)X pil®
+ [xipB + x5p(1 = pB) — X

Xss] P + =
where  Xum = Xum — (un + Xmm)/z’ no# m. The -
independent term, /2, in the free energy can be omitted.
The linear in & term is similar to that accounting for the en-
ergy gain from ion pair formation in F .

Let x;; = 0 because both ion pairs and solvent molecules
are polar. Dielectric constant of the dry polymer is rather low,
and the contacts between the nonpolar polymer units on the
one side and the polar ion pairs and solvent molecules on the
other side are unfavorable. Thereby, it is natural to assume
that both ¥, > 0 and %,; > 0. For the sake of simplicity, we
suppose {sp = Xpi = x. Then the Flory-Huggins free energy
reduces to

Fint a’

7y = (1= ®)n(l - @) -

. (Ad)

x(1—ppyd*.  (AS)
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