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The phenomenon of spinodal decomposition in weakly charged polyelectrolyte solutions is studied
theoretically within the random phase approximation. A novel feature of the theoretical approach is that it
accounts for the effects of ionic association, i.e. ion pair and multiplet formation between counterions and
ions in polymer chains, as well as the dependence of local dielectric permittivity on the polymer volume
fraction @. The main focus is on the spinodal instability of polyelectrolyte solutions towards microscopic
phase separation. It has been shown that increasing the binding energy of ions decreases the classical
microphase separation region (possible at low polymer concentrations) due to the effective neutralization
of the chains. A qualitatively new type of microphase separation is found in the presence of a dielectric
mismatch between polymer and solvent. This new branch of microphase separation is realized at high
polymer concentrations where ion association processes are the most pronounced. Typical microstructures
are shown to have a period of a few nanometers like in ionomers. The driving force for the microphase
formation of a new type is more favourable ion association in polymer-rich domains where ionomer-type
behavior takes place. Effective attraction due to ion association promotes microscopic as well as

Received 6th July 2017, macroscopic phase separation, even under good solvent conditions for uncharged monomer units of

Accepted 4th September 2017 polymer chains. Polyelectrolyte-type behavior at low @ and ionomer-type behavior at high @ result in the
DOI: 10.1039/c7sm01340j presence of two critical points on the phase diagrams of polyelectrolyte solutions as well as two separate

regions of possible microscopic structuring. Our predictions on the new type of microphase separation are
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1 Introduction

Microphase separation in semidilute polyelectrolyte solutions
under moderately poor solvent conditions is a unique effect
possible owing to three features inherent to these systems
simultaneously: (I) connectivity of units of one type into long
polymer chains; (II) the presence of non-neutralized electric
charges interacting via long-range Coulomb forces; (IIT) short-
range attractive interactions acting between monomers.
Short-range attraction of monomer units (III) is the driving
force for the occurrence of inhomogeneities. Their growth is
accompanied by an increase in the excess Coulomb energy of
regions enriched with polymer since counterions prefer to be
homogeneously distributed throughout the solution in order to
attain maximal translational entropy. Electrostatics (II) stabilize
the finite size of inhomogeneities. Macroscopic phase separation
is unfavourable because it is accompanied by the trapping of
counterions within precipitate in order to provide electroneutrality.
So precipitation causes a high loss in the translational entropy of
counterions, and the formation of microphase separated structures
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supported by experimental data on polymer solutions, membranes and gels.

turns out to be thermodynamically more favourable. At that,
connectivity of monomer units (I) plays a crucial role in the
formation of nanodomains. It results in the low entropy of polymer
units unable to move independently, so that entropy loss caused by
non-uniform polymer distribution in microphase separated
solution is very low, much lower than that of separated units.
Indeed, in a solution with nanodomain structure the distribution of
low-molecular weight counterions is much more homogeneous
than that of a polyelectrolyte.

The possibility of microphase separation in the solution of a
weakly charged polyelectrolyte under poor solvent conditions
was theoretically demonstrated in a weak segregation limit by
means of the random phase approximation (RPA)."” Under an
appropriate solvent quality, the homogeneous solution is
unstable against fluctuations with the finite wave vectors while
stable against macrophase separation. This results in the formation
of nano-sized domains with characteristic length D = 27/|q,|, and
(o is the limiting wave vector providing the lowest spinodal towards
microphase separation. This effect takes place in solutions with a
low polymer volume fraction @, ® < @;. The spinodal towards
microphase separation disappears in the so-called Lifshitz point
{®y;x} where the corresponding microstructure period diverges,
D — oo. It is clear that the Lifshitz point belongs to the spinodal
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of macrophase separation. In a salt-free solution microphase
separation was experimentally detected in polyelectrolyte gels®*
by means of small angle neutron scattering (SANS). The static
structure factor revealed a maximum at wave vector values
corresponding to the structure period D of about tens of
nanometers.

The theoretical approach proposed in ref. 1 and 2 was later
generalized to the cases of polyelectrolyte gels in poor solvent®”
and solutions of polyelectrolytes with associating groups
(stickers)® where microphase separation was shown to take
place as well. Ref. 9 is devoted to the effect of counterion
solubility on microphase separation in polyelectrolyte solutions.
In ref. 10 the modified free energy of the solution containing
Flory-Huggins contribution was expanded to the fourth order
terms in the vicinity of the critical point. This allowed the
prediction of the stability region of different microstructures,
such as disordered, body-centred-cubic (bcc), triangular and
lamellar, and the plotting of the phase diagram of the solution.

Necklace-type conformations of a single linear polyelectrolyte
in poor solvent can also be comprehended as microphase
separation within a separate molecule.'’ In fact, all three
features (I)-(III) are proper to this system, but in the absence
of any of them necklace conformations are impossible. Without
condition (III), a polyelectrolyte in a good solvent adopts the
usual extended conformation. Excluding feature (II) one gets a
neutral polymer in poor solvent which forms a uniform spherical
globule."” Finally, the lack of connectivity property (I) leads to
the problem of instability of a liquid droplet under charging,
that separates into several smaller electrostatically repelling
droplets moving away from each other at infinite distances."
After the prediction of the necklace-type conformations via
scaling arguments, a similar result was obtained in ref. 14 in
the framework of a variational approach that conceptually
resembles RPA for solutions. The instability of rodlike single
chain conformations towards perturbations with finite wave
length along the backbone resulting in the necklace formation
was demonstrated.

To the best of our knowledge, in all theoretical works
devoted to the investigation of microphase separation in weakly
charged polyelectrolyte solutions/gels within the weak segrega-
tion limit, the effects of ion association enhanced by dielectric
mismatch between the polymer and solvent were up to now
entirely neglected. However, it is well known that the process of
ion pairs and multiplet formation is of great importance in
polyelectrolyte systems, especially in the case of low polar solvents
and high polymer volume fractions."®"® The mixed polyelectrolyte/
ionomer behavior of polymer gels in organic solvents (e.g.
methanol) under ionization'”*° as well as counterion specificity
in polyelectrolyte gel swelling and solution behavior'®'°>* are
striking manifestations of ion association processes. The for-
mation of ion pairs and multiplets was observed in computer
simulations®*** and confirmed experimentally in lumines-
cence®*® and conductivity'”*”*® studies. Finally, theoretical
approaches show that a considerable fraction of counterions
binds with charges in chains even in semidilute solutions and
swollen gels.>>**' For polyelectrolyte solutions, theoretical
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binodals and spinodals towards macrophase separation that
account for ion condensation were constructed in ref. 29, 30
and 32.

The theoretical comprehension of the experimental results
on polyelectrolyte gels and solutions revealed that the effect of
dielectric mismatch between the solvent and polymer resulting
in the dependence of the local medium dielectric constant on
the polymer volume fraction plays a crucial role in ion associa-
tion processes and, hence, the resulting system behavior. Since
pure polymer is much less polar than solvent, dense chain
conformations favour ion binding providing extra energy gain
in the Coulomb interaction of closely-spaced charges. This is
supported by the fact that the majority of counterions in
ionomer melts are not free. Thus, a proper account for the
influence of counterion condensation on microphase separation
in polyelectrolyte solutions requires scrupulous consideration of
the dielectric mismatch effect as well.

Besides, ionomers can also undergo microphase separation.
However, the driving force for microstructuring in one-component
ionomer melts more likely coincides with that in block-
copolymers®*** and differs from that in weakly charged poly-
electrolytes: it is the connectivity of several types of different
immiscible blocks into a single chain. In the event of ionomers
these blocks are neutral and ionic ones. Theoretical estimations
of domain dimensions in one-component ionomer melts carried
out in the strong segregation limit approximately coincide with
experimental data.*>™®

In the present paper we consider the instability of poly-
electrolyte solutions towards microphase separation with a
glance to the effects of ion association and dielectric mismatch.
Our theory unifies the cases of polyelectrolyte and ionomer
regimes of solution behavior and predicts microphase separa-
tion in both of them. Spinodals of the solution are calculated
within the RPA. The RPA can be correctly applied only to weakly
fluctuating systems because it is one-loop approximation. Since
fluctuations in concentrated polymer solutions, ® ~ 1, are very
weak, the RPA is a suitable tool to study them. The only
inaccuracy may exist in the region of low polymer volume
fractions, & « 1, where the solution is semidilute and the
fluctuations are so high that they cannot be treated within the
RP A.39’40

The paper is organized as follows. In Section 2 the theoretical
model is outlined. Analytical expressions defining solution spinodals
towards macro- and micro-phase separation, corresponding micro-
structure periods and equations determining Lifshitz points are
obtained in Section 3. Section 4 showing the plots of spinodals
towards micro- and macrophase separation is divided into seven
parts, A-G. In the first one (A) we consider the case of ion association
disregarding dielectric mismatch. Section B demonstrates that non-
zero dielectric mismatch may lead to the formation of a new region
of microphase separation. In Section C binodals of the solution are
calculated and plotted, which allows the investigation of thermo-
dynamical stability of the microstructures. Analysis of the monomer—
monomer structure factor of homogeneous solution in the vicinity of
the new critical point is performed in Section D. Section E is devoted
to the influence of counterion type on microphase separation.

This journal is © The Royal Society of Chemistry 2017
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In Section F we discuss how the functional dependence type
for the solution dielectric constant on the polymer volume
fraction, ¢(®), influences our findings. Finally, Section G is
devoted to the data on experimental observations of micro-
phase separation in the new region. The essential results are
briefly summarized in Section 5.

2 Theoretical model

Let us consider a solution of linear flexible polymer chains each
consisting of N monomeric units with the characteristic size a.
The chains contain a small fraction of groups that can dissociate
in the solution with the release of low-molecular-weight counter-
ions. Let us denote as fN the average number of these groups in
the chain, f « 1 for weakly charged polyelectrolytes. The counter-
ions and the ions in the polymer chains are assumed to be
monovalent. We consider the case of a salt-free solution, thus,
the only mobile ions in the solution are counterions and their
number per chain is equal to the number of charged groups in
the chain.

We suppose that the counterions can associate into ion pairs
with the oppositely charged ions in chains. In turn, ion pairs
are able to join into multiplets. Though computer simulations
demonstrate that the structure and dimensions of ionic associates
depend on the charge location both within the counterion and
polymer chain, these microscopic details can be hardly included in
the theoretical model.>**' For simplicity, each multiplet is assumed
to consist of two ion pairs. These processes of ion association can
be described as reversible reactions

24" +2CT 2 24°CT 2 (A'C),. (1)

To investigate the stability of the system with respect to
microphase separation one has to write down the free energy of
the inhomogeneous state of the system as a functional of
smoothed densities. It can be written in the following form:

F:F0+FL+FC+FeI-st+Fagg (2)

The first term in this expression accounts for the non-
electrostatic interactions of the monomer units of the chains
as well as the free energies of the translational motion of the
chains and solvent molecules in the solution. Let ¢(r) be the
volume fraction of the monomer units of the polymer at
the point r, then

B (P2 o0)+ (1 - gty a1 = 06 - 20%(0) )
G

42,43 Here

where y is the Flory-Huggins interaction parameter.
we neglect the counterion’s own volume assuming it is much
smaller than that of the monomer unit. The presumption is
justified for most widely used counterions (e.g. alkali and
halogen ions), while the theoretical treatment of polyelectrolytes
with bulky counterions (e.g. tetraalkylammonium ions) requires an
explicit account for the counterion’s own volume via modification
of the F, term."
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The next term in eqn (2) stands for the specific polymer
contribution to the free energy connected with entropic loss
from the inhomogeneous distribution of polymer concentration
in the system. If the characteristic scale of inhomogeneities in
the system is much larger than the size of the monomer units q,
then this contribution can be written as follows:">*?

7 =) [V (V)] ®

The third term in the total free energy corresponds to the
ideal-gas translational entropy of counterions

l:;;" = %Jn(r) In (@) d3r (5)

with n(r) being the volume fraction; the volumes of both the
counterion and monomer unit are considered to equal a’.

The next contribution in eqn (2) is the free energy of
electrostatic interactions:

Fa-se 1 [[p)p(r) 5 5,
le :ﬁ”ﬁr)h—r’\dzl d&*r (6)

Here p(r) is the volume charge density at position r
e
plr) = 5 fB(1) — n(1)) )

since we assume that the charge of polyions is homogeneously
smeared along the chains. This contribution to the free energy
is due to charge fluctuations in the solution. In the homogeneous
state, due to the condition of the general electroneutrality of the
whole solution, the average value of the charge density is equal to
zero, ie.

(p(e)) = 5 [pl0dr =0 ®)

Finally, the last term in eqn (2) is the contribution to free
energy due to the formation of ion pairs and multiplets consisting
of counterions and ions in polymer chains. This contribution,
taking into account not only energy gain due to ion association
but also its combinatorics and concomitant translational entropy
loss, has the following form:>*44>

Fage
kT

= (o0 22249 s o) - i

+n(r) {pzz(r) + 3qi(r)

+1In(1 — pa(r) — 6[2(1')):| >d3r
)

where p4(r) and g4(r) are the fractions of ions in chains included
into ion pairs and multiplets at point r, respectively. Similarly,
Po(r) and g,(r) are these fractions of counterions. Relationships
Pp1(1) fb(r) = po(r)n(r) and g, (x) fop(r) = ¢»(xr)n(r) are valid due to the
fact that the number of ions in chains and counterions in ion
pairs/multiplets are equal. The values of all the fractions p(r),
q1(r), p2(r) and g,(r) are defined by the laws of mass action

Soft Matter, 2017, 13, 6831-6844 | 6833
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corresponding to the reversible reactions of ion pair and multi-
plet formation:

pi(r)
—qi(r))(1 = pa(r)

= ky(r)n(r) (10)

(1=pi(r) — (1))

q1(r)
—q1(1)*(1 = pa(r)

3 = 2ka(r)f?¢* (1)n(r)

(11)

(1 =pi(r) — (1))

In these expressions k; and k, are the dimensionless associa-
tion constants of the ion pair and multiplet formation reac-
tions, eqn (1). These constants can be estimated as follows:

fa(6) = exp( - £217) (12)
ka(r) = (?)lxp( E}g@) (13)

where Ej,(r) and Ey,(r) are the binding energies of ions in an ion
pair and multiplet, respectively, while the prefactor k, can be
rather roughly estimated as the volume available for the motion
of one of the ions in an ion pair or multiplet at a fixed position
from the other ions. The ratio k,/a’ is of the order of unity and
we put ko/a’® = 1 in the calculations below. The binding energy
of ions in an ion pair can be estimated as the energy of
Coulomb interaction between two charges +e located at a
distance a from each other, E;, = —e’/¢(r)a. Here we assume
that the distance between ions in the ion pair a is of the order
of the characteristic size of the monomeric unit, and &(r) is the
local dielectric constant of the solution at point r. Dielectric
constants of pure solvent ¢, and pure polymer ¢, are different,
so that the local dielectric constant of the solution depends on
the polymer volume fraction at this point, ¢(r) = &(¢(r)). The
energy gain in the course of multiplet formation is directly
proportional to the energy gain in ion paring, E,, = mEj,, and
the value of the numerical parameter m depends on the charge
distribution and the geometry of both charges. For conveni-
ence, the ratio of the Bjerrum length to the monomer unit size
is denoted as u, u = €*/¢(¢)aksT, and its value in pure solvent
equals uo, uo = €*/eqakgT.

It should be mentioned that in our consideration we neglect the
contribution to free energy caused by correlations between non-
neutralized charges in polymer chains and oppositely charged free
counterions, which can be written in the form proposed by Borue
and Erukhimovich in ref. 1. This contribution is known to be
smaller than the free energy of translational motion of mobile
counterions®® when electrostatic interactions are weak, ie. the
translational entropy of counterions dominates over the Coulomb
attraction of opposite charges. In the case of strong electrostatic
interactions, charge correlations accounted for through ion pair
and multiplet formation dominate in the system.

We do not account explicitly for dipole-dipole interactions
between ion pairs as well as ion-dipole interactions®’*®
because the number of ion pairs in a weakly charged system
(f « 1) at low polymer volume fractions is low. In highly
concentrated solutions ion association is strong and the
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majority of ion pairs is involved in multiplets, so that multiplet
formation effectively accounts for the interactions of dipoles.
Whether polymer solution is sol or gel is also disregarded.®
According to Stockmayer, solution gelation takes place at Nfg = 2,%
however it influences the kinetics of solution decomposition rather
than the equilibrium thermodynamics we deal with.

One can easily find that in the homogeneous solution
without fluctuations the volume fractions of the polymer and

o(r) = (¢(r)) =
r)d’r = f®. Owing to the

counterions are equal to the averages,
1,

de)( r)d*r = @ and n(r) = —fn
local electroneutrality, one can find p; =p, =pand ¢, =g, = ¢q
for the case of uniform distribution of polymer and counterion
density in the system. In order to investigate solution behavior,

it is necessary to calculate its binodal and spinodals toward
micro- and macrophase separation.

3 Spinodals of the solution

To study the stability of the solution towards spinodal decom-
position, the free energy functional is expanded in the powers
of fluctuations of volume fractions of polymer and counterions
about their averaged values:

Op(r) = ¢(r) — @ = ¢s(r) (14)
dn(r) = n(r) — f@ = ¢p,(r) (15)

After the Fourier transform of the functions ¢;(r)
0) = 5 10 xpliar) s (16)

forj =1 and 2 and keeping the quadratic terms in the expansion
of the free energy functional in powers of ¢;(r), we obtain the
following expression for the free energy in the random phase
approximation:

F Feq (2n)3J _1 3

' ' —q)d 17
KT kT T G (0)¢;(@)di(—q) (17)

Here Fq denotes the free energy of the uniform state

Fy @ ? 2, .

— =—In®+(1—®)In(l — ) — 3@ + [P In(f D
il v~ et @)in(l = @) =y f@In(f )()
18

+2f¢>{ +3 +In(1-p— q)}

where p and g are given by the laws of mass action, eqn (10) and
(11), written for the uniform state:

ﬁ — ki f®, (19)
= k(f®).

(1-p—q) 20)

Association constants k; and k, are defined by eqn (12) and (13),
and energy gains in ion paring E;j, and multiplet formation Ey,
should be taken at the average value of the polymer volume
fraction, &(¢) = ().

This journal is © The Royal Society of Chemistry 2017
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The components of the matrix G™" are the following:

O 1 1 (qa)? = 4muf?
R N AT,
+f2(g11 +26g+52g)
Gy '(q) = _dmyf 5 +f(g12 +3g) (22)
~ (qa)?
1,y Admu 1
G22 (q) - (q[l)2 +ﬁ +g11 (23)

The first three terms in G;; " are due to the usual Flory-Huggins
contribution to the free energy while the g-dependent fourth term is
caused by inhomogeneities in polymer distribution. The terms
proportional to 1/(qa)® in all matrix elements G ' describe the
electrostatic energy due to charge fluctuations and resultant devia-
tions from the local electroneutrality. The second term in G,, ' is
connected to the entropy of counterions. The contributions g;; and
g1 to the matrix elements are due to ion pair and multiplet formation:

kv 1—=p—q ,, >
g =———"—7=(p" +4pq+3q —q), 24
! p(1+17+3q)( ) 9
ki 1—-p—gq
=4 P79 2¢). 25
gn ) (1+p+3q)(p+ q) (25)

These terms are nonzero even if the dielectric constant of the solution
media is assumed to be independent of the polymer volume fraction,
&(®) = const(®). Finally, terms 3¢ and &’¢ are caused by the effect of
dielectric mismatch on the ion association and have the

following form:
P
Y — 26
S T ki +p+3g)” (26)
q , kg Pky kg 0* kz
_ _ Mg ok 27
o +p+39)" 2k2p(8¢>2 opar) @)

Here for the sake of convenience we denoted the following formula
by o

8]( 1 qk 1 8[(2

= (=L L2 28

f ( 8@ pk2 8@) ( )
The spinodal equation defines the line above which the homoge-
neous state of the solution becomes unstable, ie. the quadratic form
Gi (@)d;(@)pd—q) in eqn (17) ceases to be positively definite. There-

fore, the spinodal equation reads:
G1171C"2271 = (61271)2-

After transformations the spinodal equation S™
the following form:

(29)

"(Iq]) = 0 takes

1 1 (qa)*  4muf?
B PP -
Nt T—e T 120 T (qap
4mtu 2 (30)
@*glzfﬁg
+f2 gll+28g+82g_ Antu 1 =0
( a)? f<1>+g”
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If expression (30) first equals to zero at q = 0 then the solution
separates into macroscopic phases; if it takes place at q > 0
then the homogeneous state becomes unstable with respect to
microphase separation. One can readily get the spinodal for
macrophase separation by substituting q = 0 in eqn (30):

L (=p=39)f

1
-2 Lt 12(45g + &°
A 7 +p+3) gt/ (W +8g) =

(31)

This result has been earlier obtained by us in ref. 29. In order to
study possible microphase separation in the solution, eqn (30)
should be minimized with respect to q and the value of the
wave vector (o, characterizing critical fluctuations providing
spinodal instability can be found:

p(1+p+3q)
ki(l—=p—q)(1+q)

(qoa)Z: — 4dru

(32)

13 pf¢>

1 3
(1+p+3q) %( ki

The different signs in the square brackets in eqn (32) corre-
spond to the different branches of microphase separation, and
a detailed discussion is given below. The spacial scale D of the
microdomain structure formed in the course of spinodal
decomposition is equal to D = 21/|qo|. At a zero value of (o,
i.e. a zero value of the square brackets in eqn (32), the value of D
tends to infinity, so that microphase separation is macrophase
separation. These points, usually called Lifshitz points, are
given by

@ Ok,

k@(b

1 3 & Ok,
0 +p+39 T@( 5%)—i‘ (33)

The plus sign corresponds to the first smaller Lifshitz point @,
while the minus sign defines the second larger Lifshitz point
@;,~. Below we will consider whether both Lifshitz points, ie.
both branches of microphase separation, exist or not. After
substitution of the limiting wave vector q, into the spinodal
eqn (30) one can obtain spinodals of microphase separation:

L] 1 qa f
_Z)H— +1— 1+qg®
_mf (L—p—q)(+p+3q) S 1-p—q [mu
3 l+gq +3f 1+¢q V3o
2f p Ok q Ok Tud
- (kl 90 koo )| TU POV 5
+ f P Ok L4 q Ok>\’ _[p?® 3pd (Pky kiq 0%ky _
k1 6(15 k2 8(15 k1 8(152 zkzp 8(152

(34)

A spinodal with a plus sign corresponds to the first branch
of microphase separation at low polymer volume fractions,
0 < ¢ < @.". On the contrary, the second branch of micro-
phase separation given by eqn (34) with a minus sign defines
the second branch of microphase separation which takes place

Soft Matter, 2017, 13, 6831-6844 | 6835
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at a high polymer volume fraction ¢ < @ < 1, if it exists.
Indeed, at any reasonable ¢(®) dependence @," < &~ if the
second Lifshitz point @~ exists. The first one, @', always
exists. In eqn (34), when defining the spinodals of microphase
separation, as well as in eqn (30)-(33), the values of the ion pair and
multiplet fractions are defined by laws of mass action (19) and (20)
since we consider the stability of the homogeneous solution.

4 Results and discussion

A Effect of ion association in the absence of dielectric
mismatch

We start considering the case of no dielectric mismatch assuming
&(®P) = & in order to reveal the effect of ion association on the
spinodals of the solution and possible microphase separation in
it. If the dependence of the media dielectric constant on the
polymer volume fraction is disregarded, one can easily find that
8g = 6°g = o = 0 and the association constants are independent of
@, 0k,/0® = k,/0® = 0. Thus, eqn (33) defining Lifshitz points
has the only root corresponding to the plus sign in the right-
hand side of it. This root ¢." and the corresponding ion pair and
multiplet fractions p," and g." are given by the system of three
equations, namely, eqn (19), (20) and equation

3
b =

“ w4 p 30" (#)

In this case spinodals of macro- and micro-phase separation read

1 1 (I-p-3q9) f
e — L —0; 36
Ne T T agprage o B9
1 1 l—p—q)(1+p+3
DL o q f mf(1-p—q)(1+p+3q)
No 1-@ 1+q0 3 1+gq
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respectively. The microphase structure wave vector q, is given by

TP
(1+p+3q9)V nud

(38)

(37)

p(1+p+3q)
ki(1=p—q)(1+¢q)

2= — 4y

(q09)

until @ < ¢, and the structure period D = 27/|qp|.

If one entirely ignores ion association, i.e. assumes p = g =0,
the well-known result for the Lifshitz point &, = 3/nu can be
obtained. Accounting for only ion pairing, p # 0 and g = 0,
results in a shift of the Lifshitz point toward lower values: @, =
3/mu(1 + p)*. Additional accounting for multiplet formation,
both p # 0 and q # 0, leads to additional diminution of @_",
see eqn (35). Thus, increasing ion association causes a decrease
of the region of microphase separation. It results in the down-
wards shift of both spinodals (36) and (37) as well, as shown in
Fig. 1a. This conclusion is rather natural. Indeed, it is known
that the ionization of the neutral polymer broadens the region
of its solution stability and may lead to the unique effect of
microphase separation. Our results shows that the reverse
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process of ion association changes back the behavior of the
system: it gradually starts to resemble a neutral solution rather
than that of a polyelectrolyte, in accordance with ref. 9. One can
also find that the microstructure period D/a grows if ion
association is allowed, see Fig. 1b. This is due to a higher
degree of polymer charge neutralization and, hence, lower
excess Coulomb energy in the microphase separated structure,
which grows with both an increasing polymer ionization degree
and increasing structure period.

E A macro micro
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n only IP e ---
“‘\ IP and M — ---
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=
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)
Fig.1 (a) Spinodals toward macrophase (solid curves) and microphase
(dashed curves) separation; the Lifshitz points are denoted by bold dots; (b)
period of the microphase separated structure, D/a; (c) fraction of ion pairs
p and multiplets g. Curves correspond to the case of no ion association
(black, 'no association’), only ion pair formation (blue, ‘only IP’) and ion
pairing and multiplet formation (green, 'IPand M)atm =3, f= 0.1, ug = 2.5,
N = 1000.
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B Effect of dielectric mismatch

In the previous consideration it was demonstrated that only
one Lifshitz point and only one branch of microphase separation
exist in the event of no dielectric mismatch. To investigate the
number of Lifshitz points in the common case, we substitute
eqn (12) and (13) along with the corresponding dependencies of
energy gains in both association stages on polymer volume
fraction @ in eqn (33). Since k, = k7', we get the following
equation defining Lifshitz points:

1 3 dgy Oe
i b | — | ==*1
(1+p+3q)V7tu<15{ +u(p+mq)82(¢) 0P

The root @," of this equation corresponding to the plus sign
always exists, and the value of @' slightly differs from that in
the case of no dielectric mismatch. The second root ¢;~ emerges
only when (i) the second term in the square brackets is negative
and (ii) its absolute value is high enough. In real systems,
including both gels and polymer solutions, the first condition
is fulfilled since the polarity of pure solvent is usually lower than
the polarity of pure polymer, i.e. 0¢/0® < 0. The absolute value of
the second term is high if the dielectric mismatch is high
enough. It is usually characterised by a value of 8¢ = (g, — &p)/eo,
d¢ > 0 since & > &,. The closer the value of d¢ to unity, the higher
the dielectric mismatch in the system.

Note that the existence and position of the second Lifshitz
point ¢.* depend not only on the value of pure solvent and
polymer dielectric constants, &, and ¢, but also on the inter-
mediate values of function ¢(®) in the whole range of polymer
volume fractions 0 < ¢ < 1. In earlier publications we adopted
linear dependence &(®) = gy(1 — de-®),"> 8194950 and here we
follow this assumption. In order to show that even considerable
deviations from the linear dependence do not strongly affect
the main findings of our investigation, in the very end of this
paper we will consider other dependencies &(®) as well.

In the case of linear ¢(®) dependence and m > 1 it can be
rigorously proven that the second Lifshitz point, if it exists, is
more than the first one, ;" < @, . The relation m > 1 means
that the energy gain of multiplet formation exceeds or equals
that of ion pairing, |Ejp| < |En|. Since a multiplet in the
framework of our model consists of two ion pairs which attract
each other owing to dipole-dipole interactions providing extra
energy gain, condition m > 1 should be fulfilled despite a
possible perturbation of the optimal distance between the
counterion and the ion in the chain within the multiplet. In
fact, it is natural to expect that the optimal distance and mutual
spatial location of an ion and a counterion take place in an ion
pair where sterical restrictions are minimal. Multiplets in real
systems usually contain more than 4 charges, which addition-
ally justifies the assumption m > 1. Thus, under these condi-
tions the square brackets in eqn (39) as a function of @ show a
strictly decreasing behavior because 0¢/0@ = —d¢, ¢(®) mono-
tonically decreases, while ¢, ¥ and p + mg monotonically
increase. Growth of the last term is clear after the representa-
tion p + mg = (p + q) + (m — 1)q since p + q is the fraction of
associated ions in either the ion pairs or multiplets. Both p + ¢q

(39)
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and g monotonously grow with increasing ¢ despite the fact
that p(®) can be non-monotonous and reaches maximal values
at intermediate ¢ before the ion pairs massively join into
multiplets,>*** see Fig. 2c. Since the term before the square
brackets in eqn (39) is always positive, one can conclude that
O < D

Spinodals of the solution toward macro- and microphase
separation accounting for dielectric mismatch and linear ¢(®)
approximation are plotted in Fig. 2, and the values of the

=
@®
S~
o
s=10
0.8 8e=0.6
5e=0.7
0.6
o p g
a 044 \
0.2 —
0.0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 2 Effect of dielectric mismatch on microphase separation at f = 0.1,
ug = 2.5, N = 1000, and m = 3; the curves corresponds to d¢ = O (green),
8¢ = 0.6 (orange) and d¢ = 0.7 (red). (a) Spinodals toward macrophase
(solid curves) and microphase (dashed curves) separation; the Lifshitz
points are denoted by bold dots; (b) period of the microphase separated
structure, D/a; (c) fraction of ion pairs p and multiplets g.
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parameters are the same as in Fig. 1. The curve corresponding
to the case of no dielectric mismatch 6¢ = 0 is added for
comparison and coincides with that in Fig. 1.

First, the increasing dielectric mismatch d¢ causes a downwards
shift of the spinodal in the range of high ¢ and emergence of the
new (second) critical point in this region. This result is supported
by the calculation of binodals of this system revealing two critical
points as well.** The inflection point on the spinodal is located
between two critical points. The spinodal corresponding to the
rather high &¢ lies in the region of good solvent, y < 1/2, at high &,
as one can see in Fig. 2a in the curve for d¢ = 0.7. Polyelectrolyte
insolubility is caused by the fact that ionic dissociation can be
unfavourable if the dielectric constant of the polymer media is
rather low and energy loss under dissociation is too high. Experi-
mental investigations on polyelectrolyte gels revealed that these
gels can be collapsed even in the solvent which is a good solvent or
a @-solvent for its non-ionized neutral chains.”

Second, accounting for dielectric mismatch results in the
shift of the first Lifshitz point @, toward zero, so that the first
branch of microphase separation becomes narrower, see Fig. 2a.

Third, a high enough dielectric mismatch results in the
appearance of the second branch of microphase separation in
the region of high polymer volume fractions, ¢ > &; . Favourable
ion pairing and multiplet formation in the domains with high
polymer volume fraction are the driving force for microphase
separation: association constants k; and k, strongly depend on &
at high ®. At that, some fraction of counterions bind with charges
on the chains and the rest are still able to move freely. Fractions of
charges involved in ion pairs, p, and multiplets, g, are shown in
Fig. 2c. At high @ values and high enough dielectric contrast d¢ the
majority of counterions are bound providing the ionomer solution
structure, whereas the fraction of free counterions, 1 — p — g,
doesn’t exceed 10-20%. Both p and g are defined by solution
concentration @ and independent of the solvent quality y.

A typical structure period corresponding to the second
branch of microphase separation equals several nanometers,
D/a ~ 10, see Fig. 2b. At & — 1 the structure period is finite,
and its value corresponds to that observed in ionomers. How-
ever, in the framework of our theory microphase separation in
polymer melts with a low content of solvent is caused by solvent
redistribution owing to dielectric mismatch. On the contrary, at
® — 0 on the first branch of microphase separation the
microstructure period diverges.

The appearance of the second branch of microphase separa-
tion is possible when the polymer polarity is rather low. It
corresponds to high enough dielectric mismatch 6¢ values. One
can see in Fig. 2a that decreasing ¢ caused a decrease of the
second branch of microphase separation. It entirely disappears
at some 8¢ when @~ =1 and does not exist at d¢ < 8¢'. The
dependence of this critical value of 3¢ on the solvent polarity u,
is shown in Fig. 3, and the inset demonstrates the corresponding
value of u, Decreasing solvent polarity (ie. increasing u,)
requires a decrease of polymer polarity (increase in u,) in order
to provide a remarkable difference between polymer and solvent
media, which is the driving force for strong ion association
in polymer-rich regions and resulting microphase separation.
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d¢e

0.2 T T T T

Fig. 3 Dependence of the critical dielectric mismatch 8" below which the
second branch of microphase separation disappears (i.e. ® =~ = 1) on the
solvent polarity ug at N = 1000, m = 3 and linear ¢(®) dependence. Curves
correspond to the different content of ionic groups f = 0.05 and f = 0.1.

On the other hand, diminution of the solvent dielectric constant
requires a lower relative difference of media polarity. Indeed,
dielectric mismatch 8¢ = 1 — gp/eg = 1 — uo/up, goes down at high
Uy because a moderate amount of low-polar solvent in polymer-
rich regions does not considerably hinder the formation of ion
pairs and multiplets. Finally, one can find that the increasing
degree of polymer ionization causes a slight decrease of 3¢ and
uy, compare the curves for f = 0.05 and f = 0.1 in Fig. 3.
Therefore, a higher degree of polyelectrolyte ionization f pro-
motes an expansion of the second branch of microphase separa-
tion at a fixed d¢, because the total number of ion pairs and
multiplets per chain increases and a higher concentration of
charges in the solution additionally promotes ion condensation
providing lower entropy losses of ions involved in ion associates.

Notwithstanding that the second branch of microphase
separation predominantly lies in the region of good solvent
7 < 1/2, all three conditions (I)-(IIT) necessary for microphase
separation are fulfilled. Connectivity of units (I) is evident.
Long-range electrostatic interactions (II) are provided by the
counterions and charges on the chains that are not bound, and
their fraction 1 — p — g is nonzero even in rather concentrated
solution. Finally, short-range attraction of polymer chains (III)
in good/@-solvent is induced not by conventional volume
interactions but rather by @-dependent energy gain in ion
association. Emergence of domains enriched with polymer
strongly encourages ion pairing and multiplet formation, so
that the entropy losses caused by non-uniform polymer density
distribution are outbalanced by the energy of Coulomb inter-
actions of bound ions in these domains. It is important to
stress that this mechanism provoking homogeneous solution
instability takes place only at nonzero high enough de. Other-
wise, at least in the framework of our theoretical model, ion
association leads to neither emergence of the second critical
point at high & nor appearance of the second branch of
microphase separation because it does not induce effective
polymer—polymer attraction. Curve d¢ = 0 corresponding to zero
dielectric mismatch is shown in Fig. 2.
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C Solution binodals and thermodynamically equilibrium
microphase separation

Microphase separated structures occur to be thermodynamically
equilibrium in the region where the spinodal of microphase
separation is lower than the binodal of macrophase separation
of the solution. The binodal of macrophase separation is given
by the equality of osmotic pressures IT and chemical potentials u

of the phases:
(®P1,pr,q1) = 11(9P2,p2,42)
(40)

ﬂ(@] s P1s ‘]1) = ,“(@271727 q2)

Here chemical potential and osmotic pressure read

';
ha” 9 (Fq) _ 1 L0 e
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(41)
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(42)
with association constants k, = exp(—e*/e(®)a) and k, =

exp(—me’/e(P)a).

The binodal and spinodal of macrophase separation as well
as the spinodal of microphase separation at u, = 1, dielectric
mismatch 8¢ = 0.8, m = 3 and linear ¢(®) dependence are plotted
in Fig. 4. It is seen that regions of thermodynamically equili-
brium microphase separation exist in both semidilute and
concentrated polymer solutions.

It is also worth noting that the binodal of macrophase
separation in Fig. 4 has three local extrema points: two minima
correspond to critical points and a maximum being the triple

2.0
0 A —— Macrophase sep. spinodal
{ - - = Microphase sep. spinodal
1.5, Binodal
1

1.0

0.5

0.0+

-0.54 thermodynamically equilibrium
microphase separation
"1 .0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
)

Fig. 4 Solution binodal of macrophase separation (red solid curve) and
spinodals toward macrophase (black solid curve) and microphase (black
dashed curve) separation at f = 0.1, ug = 1, N = 1000, 8¢ = 0.8, and m = 3.
The bold dots are Lifshitz points. Two regions of thermodynamically
equilibrium microphase separation are marked as shaded area.
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point of the solution. This result derived for the first time in the
framework of our model in ref. 29 was later confirmed in
theoretical calculations combining the Flory-Huggins approach
with liquid-state theory methods and generalized to the case of
polymer blends.’* Spinodals of the solution of polymer in ionic
liquid were also theoretically shown to reveal the second critical
point and triple point only when the dielectric contrast between
the solution components is high enough.”*

D Solution structure factor

In order to get detailed information about the structure of the
solution when it is close to the microphase separation conditions, it
is useful to calculate and plot the solution structure factor S(|q])
which can be experimentally measured by scattering techniques.
At f=0.1, up = 1, N = 1000, d¢ = 0.8 and m = 3 the solution critical
point toward microphase separation of a new type has coordinates
®., = 0.92 and y., = —0.80. Below the critical point, ie. at y < yer,
the solution remains homogeneous but the monomer-monomer
structure factor S(|q|) should reveal a maximum at finite wave-
length owing to the strong concentration fluctuations.

We plot two series of curves demonstrating the effects of the
solvent quality (Fig. 5a) and polymer volume fraction in the
solution (Fig. 5b) on the solution structure factor S(|q|), which

—0=0.85
@ =0.88

S(lal)

lala

Fig. 5 Solution structure factor S(|lq|) of an ion-containing polymer
solutionat f = 0.1, ug = 1, N = 1000, d¢ = 0.8 and m = 3 below the solution
critical point toward microphase separation (®; xc,) = (0.92; —0.8): effects
of (a) the solvent quality at a fixed solution concentration ¢ = 0.92 and
(b) the solution concentration at a fixed solvent quality y = —1.2.
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was calculated from eqn (30) defining the inverse function
57*(|q|). Solvent deterioration corresponding to increasing y
leads to peak growth, while the position of the finite wavelength
peak remains unchanged, see Fig. 5a. As soon as the spinodal
line is reached, the S(|q|) function diverges. At that the solution
critical point towards microphase separation lies in the region
of good solvent since y < 0. A change of solvent quality can be
experimentally achieved by solution cooling or heating,’
depending on the polymer and solvent type.

The influence of the polymer concentration, that can be
altered in experiment by the addition of low-molecular-weight
solvent, on the structure factor S(|q|) is twofold (Fig. 5b). First,
the more the difference between the polymer volume fraction @
and the critical point coordinate @, the lower and broader the
S(|q|) peak. Second, a decrease of the polymer volume fraction
causes a very weak shift of the peak position towards lower
wavelengths. This result coincides with the dependence of the
microphase separated structure period D on the polymer
volume fraction @ in the region of the microphase separation
of the new type, #;,~ < @ < 1 (see Fig. 2b), where D is almost a
constant function of @ except for the narrow vicinity of the
second Lifshitz point @, according to the structure period
divergence, D — 0.

Matching our theoretical predictions on S(|q|) with real
experimental data on polyelectrolyte solutions using SAXS
and SANS is rather complicated since the majority of experi-
mental works deal with dilute and semidilute rather than very
concentrated solutions.’’ Nevertheless, the structure of very
concentrated aqueous salt-free solutions of poly(sodium styrene
sulfonate) (NaPSS) was studied independently by two groups,”°°
and they came to similar findings. As soon as the volume fraction
of polyelectrolyte exceeds 40-60 vol%, discontinuous transition in
the solution takes place. It is accompanied with an abrupt shift of
the scattering peak position to |q| ~ 3.5 A7, i.e. 2/|q| = 1.8 nm,
which then remains almost unchanged under further solvent
removal.”>>® At that, there exists a region of very high polymer
volume fractions (below =~ 80 vol%) where the system is still
solution rather than hydrated amorphous NaPSS powder,>> so
that our thermodynamical theory is applicable. Theoretical pre-
dictions shown in Fig. 5 on both a very slight shift of the S(|q])
peak position toward higher g values with the growth of polymer
concentration *** and a maximal peak height to width ratio
realized at intermediate @ values™ are supported by experimental
results. This concentration range where the S(|q|) peak position is
virtually independent of g is usually considered as a separate
regime of polyelectrolyte solution behavior called the hydrated
melt of swollen regime, and our theory apparently describes it.

Though in initial theoretical considerations we assumed the
polyelectrolyte to be weakly charged, f « 1, the proposed
approach can be applied to the case of very concentrated
solutions of highly charged polyelectrolytes. Indeed, the dielectric
constant of hydrated bulk is low, so that ionic association is
strong and the concentration of free counterions increases with
fvery slow. E.g. at parameter values corresponding to Fig. 4 and 5
quarter of the counterions are free for f = 0.1 while only 5%
are free for f = 1, ie. a ten times growth of ionic group
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content results in only a twofold increase of the free counter-
ions number.

It also has to be mentioned that experimental dependencies
of scattering intensity reveal a large peak near g = 0 which is
caused by large-scale inhomogeneities with long relaxation times
(slow modes).* Since our theory is purely thermodynamical, this
peak is not shown in Fig. 5.

E Counterion specificity in microphase separation

The existence and width of microphase separation regions and
the position of Lifshitz points depend on the different system
parameters. Decreasing polymer polarity u, (ie. increasing
dielectric mismatch 8¢ at a fixed u,) and/or decreasing solvent
polarity u, at a fixed polymer polarity %, and/or increasing the
fraction of charged units f favour ion pairing and multiplet
formation, so that both Lifshitz points ¢;" and &~ shift left. At
that, the first branch of microphase separation becomes narrower
while the second branch gets wider.

Increasing the ratio between energy gains in multiplet
formation and ion pairing, m = E,/Ejp, has a similar effect on
the solution spinodals, see Fig. 6. The shift of the first Lifshitz point
&' is rather small because in the region of low @ ion association is
hindered and does not strongly affect system behaviour. In the

2.5+

2.0

1.5
1.0
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Fig. 6 Effect of the ratio between energy gain in multiplet formation and
ion pairing m = En/Eig: m = 2 (violet), 2.5 (blue) and 3 (green). Solution
spinodals toward macrophase and microphase separationatf= 0.1, up = 1,
N =1000 and 3¢ = 0.8 are solid and dashed curves, respectively. Bold dots
are Lifshitz points.
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region of low @ spinodals of both microphase and macrophase
separation are weakly affected by the value of m. On the contrary, at
a high content of polymer, ion binding starts to play a crucial role,
and the shift of the second Lifshitz point is much higher. Different
values of m can be treated as the values corresponding to different
counterions. It is known that energy gain in ion association
depends strongly on the dimensions of counterion and charge
distribution. E.g. a small counterion with symmetric charge dis-
tribution and a bulky counterion with charge located at its interface
reveal approx. equal energy gain in ion pair Ej,, but the energy gain
in the course of multiplet formation in the second case is much
lower because of a high sterical repulsion.* Thus, ion association
with these counterions can be described in terms of different
m values.

F Effect of functional form of ¢(®) dependence

In the above consideration we adopted a linear approximation
of the ¢(®) dependence. In fact, the real dependence can deviate
from this law. To investigate the effect of the &(®) functional
form, we use the following generalized dependence &(®) =
go(1 — d¢-@™). Dielectric constants of pure solvent ¢(@ = 0) = ¢,
and pure polymer ¢(® = 1) = ¢, are fixed at a fixed 8¢ and do not
depend on n. The value of n defines the shape of the depen-
dence: n = 1 results in the linear approximation, while n > 1
and n < 1 correspond to convex and concave ¢(®) functions,
respectively, see Fig. 7a.

The behavior of the dielectric constant as a function of @ is
most important in the region of high ¢ where ion association
processes are strong. At n = 0.7 the values of the derivative 0g/0®
are relatively high at low @ and small at high @, and vice versa at
n = 1.2, see Fig. 7b. Therefore, in accordance with eqn (39) the
volume fraction @, " is the largest at high n. Similarly, higher n
values provide a larger shift of the second Lifshitz point
towards high ®. However, the principal result of our considera-
tion is almost independent of the shape of &(®), i.e. n value:
microphase separation is possible not only in the region of low
@ but also at high ®. Thus, the second branch of microphase
separation is the common result irrespective of the particular
assumptions used in the theoretical model.

Experimental results on mixtures of low-molecular-weight
liquids demonstrate that deviations from the linear law for ¢(®)
are usually moderate,”” though theoretical models®” predict
that dependence ¢(®) should be influenced by molecule dimen-
sions and geometry. For instance, in mixtures of water (¢ = 78)
with methanol (¢ = 32) at T=293.15 K the dielectric constant of
the mixture &(®cy,on) is slightly lower than the linear
approximation,®®*® i.e. &(®ci,on) is concave, but it fits quite
well with the generalized power law. The n value is only slightly
lower than unity, n ~ 0.81, and lies within the range consid-
ered in Fig. 7.

Here it is suitable to point out that the theoretical predic-
tions about the second branch of microphase separation and
the position of the Lifshitz points are justified owing to the
applicability of the random phase approximation to the con-
centrated polymer solutions. RPA underestimates fluctuations
in the region of semidilute solution, & « 1, so that in this
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D/a

Fig. 7 (a) Dependencies &(®) = gl — 8e-P") at 6¢ = 0.8 and n = 0.7
(concave, blue), n = 1.0 (linear, green) and n = 1.2 (convex, red). (b) Spinodals
of polyelectrolyte solution toward macrophase (solid) and microphase
(dashed) separation corresponding to these dependencies; (c) microstructure
period D/a.

narrow range of concentrations some inaccuracy in spinodal
equations should take place. However, this fact does not
influence the main results of the developed theory.

G Experimental confirmation of the microphase separation
induced by ion association

A direct confirmation of our theoretical results on the possibi-
lity of the new type of microphase separation is the microphase
separated structures observed in water swollen perfluorosulfonated
ionomer (PFSI) membranes containing 13% of ionic groups, either
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in the form of acid or neutralized with Li* counterions.>
Depending on the temperature, these membranes absorb dif-
ferent amount of water. At low (room) temperature membrane
swelling is weak, so that it contains only 33 vol% of water.
Under these conditions both SANS and SAXS spectra of
the membrane reveal a maximum at a finite wave vector
|q| =0.13 A™* (D = 4.8 nm) called the ionomer peak.*® Moreover,
scattering intensity I(|q|) demonstrates ~|q|™* asymptotic
behavior at high |q| indicating the formation of a microphase
separated two phase structure according to the Porod law.®>°!
Moderate temperature growth providing extra water absorption
by a weakly swollen membrane causes its reorganization with
inter-cluster distance D growth and solvent redistribution
rather than its affine swelling.>®

Experimental observations of microphase separation in the
region @ < @', ie. its first branch, were for the first time
achieved in the case of polyelectrolyte gels which were immersed
in moderately poor solvent and remained swollen.*>* The second
branch of microphase separation, ¢ > ¢@;, corresponds to a
rather dense system, so that microphase separation induced by
ion association might have a place in collapsed rather than
swollen polyelectrolyte gels.

Ref. 62-64 were devoted to the study of inhomogeneities in
collapsed gels of poly(acrylamide-co-diallyldimethylammonium
bromide) immersed in water/ethanol mixtures. In the solution
containing 60% of ethanol and 40% of water this gel demon-
strated a collapse not affected by kinetic aspects. Though it is
known that kinetically frozen structures appear within these
gels in pure ethanol, in a 40:60 water/methanol mixture the
gel volume was controlled by thermodynamics since both
preliminary dried gel and preliminary swollen in pure water
gel reached the same swelling ratio being immersed in this
mixture. The gel was collapsed, with a low content of solvent
within it (~50%), and a high value of the small angle neutron
scattering exponent u = 3.5 for scattering intensity I(|q|) =
|q| " in the range 0.1 nm~' < |q| < 0.47 nm ™" was found. This
u value is close to 4, which corresponds to the formation of
microphase separated structures within the gel according to the
Porod law,°>°" and these structures are under thermodynami-
cal rather than kinetic control.*>"**

These experimental results coincide well with our theoretical
analysis. Assume a = 0.7 nm, which is of the order of persistent
length for many carbon-chain polymers, and find that %, = 1
corresponds to pure water since the Bjerrum length in water
I, = 0.7 nm, while low polar organic solvents provide higher w,.
Thus, the dielectric constant of a 40% water and 60% ethanol
1.7, while that of pure polyacryl-
amide is much lower, epay & 5. Since experimentally investi-
gated gels contained a low fraction of ionic groups, their
dielectric constant in dried state should be slightly higher.
Thus, dielectric constant values of solvent and polymer ensure
a high dielectric mismatch ¢ ~ (0.8-0.9) which provides the
existence of microphase separation, in accordance with theore-
tical predictions. The spatial scale of experimentally detected
inhomogeneities of 2-10 nm also accords well with theory, see
any plot for the microphase separated structure period in Sections

mixture emix & 47, Le. Uy X
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B, E and F. The existence of microphase separation only in the
case of concentrated solutions/collapsed gels with a volume
fraction of polymer higher than ~50% was also confirmed
experimentally: microphase separated structures in the gel at
lower than 60% content of ethanol in the mixture were not found
except in the case of the gel that was still highly swollen, that
corresponds to the first branch of microphase separation @ <
@, *.%2% On the other hand, much higher than 60% content of
ethanol caused the formation of kinetically frozen domains.

Thus, experimental observation of microphase separation
happened to be a complicated experimental task since it
is difficult to reach the required conditions, namely, dense
collapsed polymer gel in low polar solvent still being under
thermodynamical control. Moreover, the content of ionic units
should also be appropriate. In ref. 62-64 microphase separation
was detected only in gels with 10% content of diallyldimethyl-
ammonium bromide units, while lower contents, 5% and 2%,
broke the effect. These data are also supported by theoretical
analysis: decreasing the fraction of ionic groups f weakens the
effective short-range attraction of monomers (condition (III) for
microphase separation) caused by ion pairing and multiplet
formation and results in the shift of the second Lifshitz point
@, to still higher polymer volume fractions.

Finally, agreement between our predictions and experi-
mental data®®>° on the highly concentrated solution structure
factor S(|q|) discussed in Section D is another justification of
the developed theory.

5 Conclusion

In this paper we theoretically analyse instability of weakly
charged polyelectrolyte solutions with respect to macro- and
microphase separation. Spinodals are calculated within the
RPA and account for possible reversible association of counter-
ions and ions in polymer chains into ion pairs and multiplets.
Furthermore, the dielectric permittivity and, hence, association
constants describing ion binding are supposed to depend on
the local volume fraction of the polymer being less polar than
pure solvent. This approach allowed us to describe not only
polyelectrolyte-type behavior typical for semidilute solutions
but also ionomer-type behavior realized in concentrated solu-
tions of low-polar ion-containing polymers.

Possible switching between polyelectrolyte-type and
ionomer-type behavior of polyelectrolyte solutions with increas-
ing polymer concentration results in the presence of not only
two critical points on the phase diagrams but also two regions
of microphase separation. The first critical point as well as the
first region of microphase separation found by Borue and
Erukhimovich' and later by Joanny and Leibler* correspond
to the classical phase behavior of semidilute polyelectrolyte
solutions studied previously within the Flory-Huggins
approach supplemented by counterion translational entropy
and electrostatic interactions with a disregard of any ion
pairing. We demonstrate that indeed ion association processes
are weakly expressed in semidilute polyelectrolyte solutions in

This journal is © The Royal Society of Chemistry 2017
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polar solvents. As expected, minor ion pairing leading to partial
chain neutralization only slightly shifts the spinodals as well as
binodals of macroscopic phase separation into the region of
better solvent conditions and simultaneously diminishes the
region of microphase separation stabilized by translational
entropy of counterions and electrostatic interactions.

On the contrary, ion association plays a crucial role in
concentrated polymer solutions where the medium dielectric con-
stant ¢ is low. The appearance of the second critical point on the
phase diagram of polyelectrolyte solutions as a manifestation of the
avalanche-type ion association with increasing polymer concen-
tration @ has been previously predicted in ref. 29 while the second
branch of microphase separation is found for the first time in this
work. The driving force for phase separation is the progressive
energy gain from ion pair and multiplet formation with increasing
@ which causes effective attraction between monomer units of
polymer chains destabilizing the homogeneous concentrated
solution even in good solvents. It is translational entropy of mobile
counterions that favours formation of microstructures instead of
macrophases. Indeed, there is a higher energy gain from ion
association in polymerrich domains while free counterions dis-
tribute more or less homogeneously throughout the solution, with
microscopically modulated density. In such a way counterions gain
more entropy of translational motion in comparison with the
macroscopically separated case when they are forced to stay in
one of the phases in order to fulfil the condition of macroscopic
phase electroneutrality.

The second branch of microphase separation is shown to
appear when the dielectric mismatch between polymer and
solvent is rather high. At the same time, at decreasing solvent
polarity and/or increasing fraction of ion-containing groups in
polymer chains the critical dielectric mismatch, below which
microphase separation disappears, decreases. It is revealed
that not only the value of dielectric mismatch but also the
functional form of ¢(®) dependence somewhat affects the
position of the solution critical points and microstructuring
region width. However, in real polymer-solvent mixtures one
could expect deviations of ¢(®) dependence from the linear one
to be moderate, so that the principal findings of this work
remain valid.

Calculated binodals of polyelectrolyte solutions demon-
strated the possible thermodynamic stability of microscopically
segregated regions not only in semidilute polyelectrolyte-type
but also concentrated ionomer-type solutions. The experi-
mentally found microphase separated structures in water swollen
Nafion Li* membranes containing 67 vol% of polymer™ as well as
inhomogeneities in polyelectrolyte gels collapsed in 40 : 60 water/
ethanol mixtures®*®* should be considered as a confirmation
of our theoretical predictions, although the detection of nano-
structures in concentrated ion-containing solutions is a challenging
future task.
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