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ABSTRACT: In this paper we study the phase behavior of binary blends of charged macromolecules and
ionomers. General formulas are given for the density fluctuations in the terms of the monomer and charge
structure factors of the individual components, and the stability of the system is examined in detail. Cou-
lombic and ionic interactions among the chains are shown to lead to a renormalization of the classical
Flory-Huggins parameters x, and xy. The main result is that polyelectrolytes of opposite charges are
always compatible, due to the strong long-range Coulombic interaction, which can always overcome the
thermodynamic repulsion. In ionomers, where the charges or dipoles are separated by a certain arc length
along the chain, a micro phase separation can occur on length scales determined by the charge/ion distri-

bution.

1. Introduction

The classical thermodynamic theory of polymer blends
shows that is it extremely difficult to mix two or more
polymers together, since the critical value of the so-
called Flory—Huggins interaction parameter x, is propor-
tional to the inverse of the molecular weight N™! of the
polymers. (A physical explanation is given in the text
book by de Gennes.!) Two polymers, A and B say, are

* Permanent address: Department of Physics, University of Leeds,
Leeds, LS2 9JT, U.K.

0024-9297/90/2223-2044$02.50/0

only compatible if the thermodynamic interaction param-
eter xy between them is less than the critical x,.

It is now of great interest to modify polymers and poly-
mer blends in such a way that the blends are more com-
patible over a larger range of concentration and temper-
ature. There are basically two different ways of doing
this: first, the whole blend is modified by the addition
of a third component and second the polymers them-
selves can be modified. Consider for example a binary
blend of A and B species, which is partially compatible,
i.e. in a certain temperature and concentration range. In
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some cases a range of compatibility can be enhanced if a
third component is added to the blend. In the simplest
case the third component is a diblock copolymer of blocks
AB below a critical concentration and molecular weight,
i.e. the critical micelle concentration, CMC. It has been
shown by experiments? and theory® that the phase dia-
grams are altered, that the blend appears morphologi-
cally homogeneous, that mechanical properties are
improved, etc. Moreover it has been shown by a model
calculation that even the use of an arbitrary diblock copol-
ymer XY, where the X and Y parts are not compatible
to the homopolymers A and B, might produce better results
than the AB block copolymer.*® The shape of such a
compatible stablizer is, in industrial applications, more
complex than just that of diblock copolymers, since one
expects additional effects by topological restrictions, such
as entanglements, in very long comblike structures of the
copolymers.

As an example of the second possibility to enhance the
compatibility of polymer blends by modifying the poly-
mers themselves, consider the case when the polymers A
and B contain a few strong attractive monomer units.
An extreme case is two polyelectrolytes, A and B, with
opposite charges and charge neutrality for the whole blend.
A very strong attraction between the two chemically dif-
ferent polymers exists on the length scale of the mono-
mer or on the Kuhn length, and the question arises whether
this attraction is so strong that the polymers are always
compatible or is there still a point at which phase sepa-
ration occurs. In this paper we will show that for the
case of partially charged polymers, i.e. only a few charges
distributed along the chains, the blend can experience a
micro phase separation on length scales less than the radius
of gyration but remains compatible on larger scales. A
similar effect can occur in uncharged blends, which are
compatible at high temperatures, then are cross-linked
permanently by radiation, and then are cooled below the
phase separation temperature. Such a cross-linked blend
exhibits a micro phase separation in length scales below
the mean distance of the cross-links.?

In experimental studies’ polymer chains have been mod-
ified before blending to carry dipoles along the chains.
It has been shown by electron microscopy that morpho-
logically the ionic blend looked homogeneous, whereas
the pure blend without ionic groups is very inhomoge-
neous. Such results have been supported by X-ray scat-
tering.

The paper is organized as follows. In the next section
we describe the stability of the polymer blends in terms
of the response of the average density of each compo-
nent to a spatially dependent chemical potential. A diver-
gence of the response indicates the limit of stability of
the blend. By using a spatially dependent chemical poten-
tial, analyzed in terms of its Fourier components, we can
detect the spatial scale at which the blend becomes unsta-
ble and phase separation occurs. Mean field methods
are used to derive the necessary response functions. In
section 3 a detailed application is made to polyelectro-
lytes and ionomers in which we allow for an indepen-
dent spatial distribution of charge and monomer units.
General results are given that show that the stability cri-
terion does depend on a spatial scale, determined by the
strength and distribution of the charges. In section 4
specific applications of the general results are consid-
ered, including the case where the charge distribution
coincides with the monomer distribution (the polyelec-
trolyte) and the other extreme of only one isolated charge
per chain (the ionomer).
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2. Preliminaries—Stability Criteria and the Mean
Field Equations

The mean field method is well-known, We briefly intro-
duce it here mainly to establish precise definitions of the
quantities that we will need later. Consider a multicom-
ponent polymer system. The components are labeled by
the subscripts ¢ and 7. The chains are labeled by « and
8 and different monomers are denoted by i and j. The
total energy U is given by

U= D > V.lr,-rp) 1)

a1 a8 iJ
This can be written in (collective) density variables
p,(q) as

U=>"> W@ @p (-0 (2)
with v
W@ = @/kD) f & V(o) expliar) ()
and
po(Q) = é; ijexp{iqr,-a} (4)

and Q is the volume of the system. The summation cov-
ers all chains belonging to the species ¢. The stability
of the system is tested by means of a spatially varying
chemical potential for each species, u,(r,y), which can
be expressed in terms of the density variables p,(q) as
2ot (@0, (-q).

The grand canonical partition function is then

L= f,HﬂPu(‘I) exp{‘ZZu,(q)p,(—q) -
q 4
S 3 W, @e@e.-a)} 6)
q 0,7

The average densities can be generated by the logarith-
mic functional derivation

(p,(@)) = b log L/bp,(-a)|, = (6)

The stability and hence the compatibility of the blend
are monitored by the linear response A{p(q)) of the aver-
age density of each component to a change, Au,(-q), in
the chemical potential, i.e.

Adp(@) = DS, (@Au,(-a)

where S, is the linear response function. The blend is
stable to density fluctuations of a wave vector q, if S, (q,)
> 0. g, defines a length scale over which the blend can
be considered as compatible. For simple homopolymer
blends the instability occurs at the macroscopic length
scale, g, = 0. However, as we will show, the addition of
an extra structure and interactions in the form of charges
can limit the instability to smaller scales, g5 > 0. The
response function is derived as

(p,(q))
S,(@) =———— (7a)
6#1(_(1) “1=0
and with use of (5) and (6) is directly related to equilib-
rium density fluctuations

S,.(@) = (p,(@)p.(-q)) (7h)

Note that this reduces for ¢ — 0 and ¢ = 7 to the clas-
sical expression of the particle number fluctuations, which
is related to the compressibility in classical thermody-
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namics. To calculate the density—-density correlation func-
tion in (7b), we use the mean field approximation. This
involves the replacement of the full interaction energy,
(2), by a single chain, 7, in a mean field, W_.(q){p,(-q)),
due to all the other chains, i.e.

W, (0o, (@)p,(-q) = W (q@)p (@) (p,(-a)) +
WO'T(q)pa(q) <pf(—q) ) (8)

Using this approximation in the grand canonical parti-
tion function together with (6) and (7) yields a set of
coupled linear equations for the structure factor, i.e.

S.@ =5 @-) S @W. @S @ ©
KA

S°_.(q) values are the unperturbed structure factors, i.e.
the density correlation function without any interaction,
while S_.(q) values are the full structure factors.

These equations lead to the standard random phase
approximation formulae. Consider for example a one-
component system, i.e. ¢ = r and W__= W. It follows
immediately that

S =8"-S'Ws (10)

or

SHg) =S g+ W (11)

which is de Gennes celebrated formula.
The usual result for a two-component blend?

SHq) = S°,Ha) + S°57(q) - 208y (12)
where the Flory xy parameter is here defined as

XF = {/im {(WasWpg ~ Wyp™l/ Weg (13)

will be derived in the next section as a special case of a

more general result. Note that the limit of infinite repul-

sive potentials corresponds to the incompressibility limit.

The question of stability is now answered.! The two-

component blend is stable, i.e. in the one phase region,
if

SHq) >0 (14)

This leads to the usual Flory-Huggins condition x,—xp
> 0 for the binary blend in the limit |gq| — 0, where 2x,
= 1/(¢papas) + 1/(¢gpg). ¢, values are the volume frac-
tions, i.e.

¢, = 1%,(0)/2 (15)

where [ is the Kuhn length of the polymer, Q is the total
volume, and p,(0) = p,(q=0), i.e. the mean density of
component o. p, values are the number of Kuhn steps
of the s-type chain (degree of polymerization).

3. Charged Polymers, Polyelectrolytes, and
Tonomers

For simplicity we consider a binary (A, B) blend where
both kinds of polymers carry separate charge distribu-
tions. The mean field equations (9) require, as input,
the unperturbed structure factors S°, and S° and the
interaction potentials V4, Vgp, and V,5. However in
addition to the usual monomer—-monomer structure fac-
tors S°,™™(q) and S°;™™(q) there are extra structural
relations to be accounted for in terms of the spatial arrange-
ments of the charges with respect to each other, i.e.
S°%,°°(q) and S°°°(q), and with respect to the mono-
mers, i.e. S°,“™(q) and S°;"™(q). Correspondingly we have
to take into account not only monomer-monomer inter-
actions on and between the A and B chains with inter-
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action terms V_. ™™ but also charge interactions V.
The precise definitions are given below.

3.1. The Structure Factors. (a) Monomer—-Mono-
mer Structure Factors. The spatial structure of the
monomers with respect to each other is described by

paNa
S m,o(@) = ~ Z (expliq(r;," — 15"} (16)
Q olz:]ﬁ
where the r; ,™ values are the positions of the mono-
mers on the ath chain at monomer position i. p, is the
chain lengths as before, and N, is the number of A chains.
The label m denotes monomers. ( ), means an average

based on the noninteracting system. Note that in the
case of long chains this can be rewritten as

S%™™(@) = (1/D)ps"ga™(@) (17)

where p,™ = Np,/Q is the monomer density of compo-
nent A. g,™(q) is the Debye function coming from the
random walk character of the chains, which can be use-
fully approximated by®

Pa
1+ q°R,%/2
where R,? = 1,%p,/6, i.e. the radius of gyration of the
chain in the A component. Similar expressions hold for
the B component.
(b) Charge—Charge Structure Factors. In a simi-

lar way one can define the charge—charge structure fac-
tors, i.e.

g2 (q) ~ (18)

PaSNa

S (q) = & Z (expliq(r;, ~ 1,50  (19)

a8 ‘
W

where the p,© values are the number of charges on the A
chain and N, is the amount of A chains as before. The
r; o° values locate now the charges on the chain A. This
can be written for long chains and for every component
o as

S°,(q) = (1/Qp, 8, (@) (20)

where p ¢ is the charge density and g,° is the structure
factor of the charges. Note that g,°(q) is in general not
given by a formula as in eqs 17 and 18. In the simplest
case where chains contain only charge per chain, g(q) is
a constant: i.e., g(r) is just a delta function locating the
charge at a particular point on the chain.

(c) Charge-Monomer Structure Factors. The inter-
relation between monomers and charges is given by

P Ne  BNo

@ == 2 2 (el -rge (@D
Q

af T afCa
[¥] iy

If we assume that the location of a charge also coincides
with the position of a monomer, then selecting any charge
and summing over the monomer positions in (21) will
produce the term g,™(q). Hence, the monomer—charge
structure factor can be written as

S°2(q) = p,'N,&, @)/ = (1/p, 8, @ (22)

3.2. The Interactions. (a) Monomer-Monomer

Interactions. The interaction terms V,, are given by
eq 3; i.e., we use here explicitly

W, (q) = (@/kT) &R V,2R)e®  (23)

where ¢ and 7 label the components, i.e. A and B, and a
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and b can be a monomer (m) or a charge (c). The mono-
mer-monomer interactions are taken in the pseudopo-
tential form since the short-range repulsion is a good
approximation,? i.e.

V. ™(R) = u, I35(R) (24)

I is the length of a Kuhn segment, so that I® is the vol-
ume of the statistical segment.

(b) Charge—Charge Interactions. We will treat charge
interactions and not dipole interactions for reasons of
mathematical simplicity. The bare interactions are Cou-
lombic interactions; i.e., they are long-range and pseudo-
potential approximations cannot be used. The Coulom-
bic potential is

2Z:1
4rey R
where Z, = Z,, Zy are the charges on the A and B chains,

respectively. ¢, is the vacuum dielectric constant. In ¢
space the Coulombic interaction is given by

V,,“(R) = (25)

22, Q
cc = T 2
Wo @) = ——= 571/ (26)
It is convenient to define intrinsic lengths £, by
2 o éokT (27)
v ZUZPUG

so that the electrostatic self-interactions for each chain
can be written as

W, = (2/p,°)(qt,)* (28)

If we neglect second-order effects, such as induced polar-
izations, higher order quantum effects, etc., we may assume
that the charge-monomer interactions are of the same
type as that given for the monomer-monomer interac-
tions.

We are now in the position to use the general system
of equations (9) in order to calculate the renormalized
structure factors, which will lead to the stability condi-
tions in g space.

Finally let us mention that the case of ionomers can
be treated in a similar way. We have to replace the Cou-
lombic potential by the corresponding dipole-dipole inter-
action ~1/R2 The Fourier transform of this potential
does exist for large distances; i.e., in three dimensions it
is ~1/|q|. Since the range is finite, it can be cutoff at
the range of interaction.

Using the structure factors defined by (16), (19), and
(21) and the interaction potentials, we can write out the
coupled system of equations (9) in matrix form as

1+ SUPRW,™ S W, S W™ SO Wmm

S0 PeW, o 1+ 805Wu™ SO Wi 8%, W, ==

S W g™ S Wp™ 1+ 8% Wgp™ %™ Wpg™
SOBmmWABmm SO BchABcc WAB“ SOBchVBBcc 1+ SOEmWBBmm

Saa™ o=

Sa™ | =] s ] (29)
SAs™ 0

Sp™ 0

The problem of finding the density fluctuation S, ° is
solved by the inversion of the 4 X 4 matrix in eq 29. In
this paper we are primarily concerned with the stability
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of the charged blend, and this will be decided by the deter-
minant of this matrix. If we symbolically represent the
matrix as (1 + S°W), then the stability limit is given by

det (1+8°W)=0 (30)

We use (23) for the monomer interactions, so that from
(22)

W, (@) = Qu,, (31)

The evaluation of the determinant is tedious but straight-
forward and is simplified by writing

U, =Uy+ €, (32)

and working in the limit u, > ¢,, to ensure incompress-
ibility. Without explicitly writing down the details, it is
found that the coefficient of the u,? term vanishes and
hence the leading term in the determinant is of the order
uo. Again after some straightforward algebra the coeffi-
cient of the u, term can be written as

SOAmm + SOBmm -Q 132XF80Amm SOBmm + WABccsoch +
WAACC{XAB - Ql32XFYAB} + WBBCC{XBA - QISQXFYBA} (33)

where

){ch = Sodcc{soamm + Sormm} _ (S(Jumc)z (34)
Yw = Soamm{ Soamm + SO;:C} _ ( SOVmC)Z

and
2xp = ~(1/ Q1% lim {Wy, Wy~ Wp")/ Wag =

U™
1/kT‘2€AB T EAA T EBB} (35)

which is the usual expression for the Flory x-parameter.
If the charges are removed, i.e. W,,°® = 0, then the deter-
minant (30) can be written as

det (1 + S°W) = (8™ + S%™™ - QlaZXFSOAmSOBn(n;()S)

and the stability criterion becomes
Xo(@) - xp(q@) > 0 (36a)
where
QBxo(q) = 1/8%,2 + 1/8%™= (37)

Using the forms (17) for the structure factors, this is writ-
ten as

Xo(@) = 1/(6a84") + 1/ (pgs") (38)
where the ¢’s are the volume fractions of the two com-
ponents. This is de Gennes celebrated result.!

We have chosen to rewrite the full result (33) in a sim-
ilar form to (36a), i.e.

xo*(@) - xg*(q) >0 (39)
where after some rearrangement of (33) we have
Xo*(Q) = Xo{l + T'(q)} (40)

xr*(@) = xpil — Alq)}
The additional information concerning the structure of
the charge distribution is in the functions I" and A, which
introduce a new g dependence and are given by
_8@  g'@ e ga™) —gs"(@)
(@tn)?  (atp)® (aEn)? 0a"ga™(@ + pp™gs™(@)
(41)

I(q)
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A = gA°(q){gA’“(q) o 1}

+gglq_){g3m<q> 5 1}
(CIEA)2 825(q) pa"

(atp)*l g5*(a) pp™

(42)
where p,° is the charge density, i.e. p,° = N_p,°/Q.

In deriving these results we have expressed the Cou-
lombic interaction in terms of the screening length £, 5
defined in eq 27. This result is very general, since only
the structure factors g,”(q) and g,°(q), the charge den-
sity p,°, and the monomer density p,™ of the chains enter
into the final stability criterion. In the next section we
discuss some simple applications of these results.

4. Applications

4.1. Polyelectrolyte Blends. If the charges are ran-
domly distributed along the chains so that they can be
described as a random walk of step lengths [,° and /g°,
then the charge structure factor g °(q) has a form simi-
lar to that of the monomer structure factor g,™(q). With
use of the approximate form (18), we have the structure
factors

m

Pa
mg) = —— A (43)
g1 14 1+ (ql™)ps/12
£:.5q) = Pa (44)

1+ (qly%)’pa/12

where p,™ and p,°¢ are the number of monomers and
charges, respectively, per chain. Similar expressions hold
for the B chain. Since the radius of gyration of the poly-
mer is the same for both the charge and monomer dis-
tribution, i.e.

pA°(1A°)2 = pAm(lAm)2 (45)
then

84"/PA" = 8a°/Pa° (46)

and the function A(g) given by eq (42) is identically zero
{A = 0), so that the original Flory-Huggins parameter xy
is recovered. The enhancement of the stability of the
blend is then entirely contained in the term x,* via the
function I'(q). For simplicity we treat only the case of
symmetric polyelectrolytes, i.e.

g =85"=8 P =pp°=p° (47)
We then find, using eqs 42 and 43
2 C
r(g) = —f;% (48)
hence
1 1 1
Xo(q) = + (p°/p“‘)———} (49)
T e(1-9)lg™) (g®)*
and the stability criterion (38) becomes
1 1
+ (p°/p")——=> o(1 - P)x (50)
£°@) (q8)? r

We see that this is easy to satisfy, at least at small g,
since the first term diverges. Indeed one needs (¢¢)% >
p to effect this criterion, and a critical ¢ is of the order
of the inverse of the Kuhn step length, where (50) breaks
down. Therefore polyelectrolyte blends are always com-
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patible, down to length scales

g0 = El(pp)e(1 - ¢)xel'? (51)
Using (27) the ¢ together with p® = p™ and estimating
p™ as p™I® ~ 1 give
kTip®
2= lz(e"—) (52a)
3 7

Using [ = 10 A, a numerical estimate of the values for
this critical length scale is given by

gt = 3.8 X 107%(p™p%)(1 - p)pxsl?  (52b)

This is less than the Kuhn length, and the blend is com-
patible on all relevant scales. This result is expected and
is somehow trivial, since the strong Coulombic potential
cannot be overcome by relatively weak thermodynamic
forces. A more interesting case is when we have only a
few charges along the chains. We start with the case in
which we have only one charge on the chains.

4.2. Polyelectrolytes and Salt: Debye-Hiickel
Polyelectrolytes. In the presence of simple salt coun-
terions the Coulombic interaction becomes screened and
is replaced by the screened potential, i.e.

Woo = (Q/p)E7/ (g* + &) (53)

where «* is the Debye—Hiickel screening length. The
only change in the stability criterion is then (see eq 50)
the modification

1

1
+ 0P
) £(g* + )
In the same approximations as above we find for the crit-
ical g, value

> ¢(1-)xr (54)

(0" /)91 - $)xF
1-&H(p™/p)e(1 - ¢)xz
Since the range of « is given by L™ < « I, the critical
wave vector, and hence the microphase compatibility of
the blend, can be shifted to any desired value by alter-

ing either the salt concentration (x) or the monomer/
charge ratio per chain (p™/p°).

go > £ (55)

4.3. Special Case: One Charge per Chain. The min-
imum amount of charges is only one charge per chain.
This case can be worked out in a similar fashion. Let us
again consider the symmetric case also. For one charge,
the charge structure factors are trivial, i.e.

8S=8"=1 pa=pp=1 (56)
and the symmetric chain properties

8" =gp" =8 PA"=Ps =D (67)

The stability criterion (39) becomes, using the approxi-
mate form (18) for the structure factors

2 I*p }
14—~ 1 >
X°{ q?gz} "“"{ e+ tpyi) 0

This can be rearranged as

Xo~ XF} 4 2( 1 1 )} 4
=it 2l =+=) > -— 58b
Xo {q ¢ R* g £°R? (58b)
For xz < xo, the inequality is always satisfied for all ¢
and the system, as expected, is stable. However, when
XF > Xo» the uncharged blend would phase separate,
whereas with the presence of one charge per chain the
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stability criterion (58b) becomes

4 of 1 | 1 4 Xo
rog(L+d)> Lo
q q RZ 22 E2R2 XF ~ Xo
and compatibility can still be maintained on scales greater
than ¢, ", where g, satisfies (58c) as an equality. When
the term xp — X, is small, the ¢* term dominates and g,
is given by

(58¢)

qc—l = (RE/2)1/2{§}_‘ _ 1}1/4 (59)
0

In other words the compatibility scale for x> x, is deter-
mined by the geometric mean of the Debye length £ and
the radius of gyration R of the polymer chains as well as
the closeness to the original phase separation point at x,
= xp. The length scale £ is given by eq 27, and setting
R?% = NI2/6 gives

£ = R(6¢,kT1/Z%)

Hence misciblility of incompatible polymers can be
achieved with the addition of one charge Z per chain on
a spatial scale greater than

gt = R{3e0le /(22Y) (? - 1) ;1/4 (60)
0

For example, if we take a monomer length scale as [ =
10A, T=300K,Z=e=1.6X10"°C, and xp = 1.1x,,
then the compatibility scale is given as ¢, =~ R/10.

At larger values of the wave vector g, i.e. ¢%/2p/12 »
1, the stability criterion (58) becomes

2 2
xo{l + —ngz} - Xp{l + _ngz} >0 (61)
i.e.

Xo—Xxr>0 (62)

which is the usual criterion for uncharged blends. In sum-
mary, for the case of one charge per chain it is possible
for the blend to be unstabie to density fluctuations on
wavelength scales smaller than the size of the chain if x,
< xp. At the same time the system remains stable on
larger scales.

The case of several charges per chain can be treated
by the general formulas (40), (41), and (42) for the gen-
eralized x* values, i.e. xo* and xg*. The simplest approach
is to say that the charges are nearly equidistantly dis-
tributed along the chain. Therefore the charges along
the chain can be described by a random walk with another
step length [, with [ ° > [.,®, but the same end to end
distance as the chain. Thus the distance between the
charges introduces a new length scale in the blend, which
will be the relevant length scale for the micro phase sep-
aration. That means that above [_° the blend will be com-
patible whereas below [_° phase separation will take place.

5. Conclusion and Discussion

We have presented a mean field theory of charged poly-
mer blends that is formally identical with a generalized
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A-B copolymer problem, where the species A and B con-
sist of different units. The structure factors and inter-
action potentials between all the units must be speci-
fied, which in the mean field equations leads to four cou-
pled linear equations. In this paper we considered, from
the outset, some of these units as charged units and
included the possibility of partial screening by addi-
tional small molecule counterions. The overall charge
neutrality of the system and the charge product nature
of the Coulombic potential lead to some simplifications.
For a binary blend of homopolymers the usual Flory-
Huggins criterion for the phase separation, i.e.

Xo > XF
is generalized to a g-dependent form

xo*(q) > x¢*(q)

where the ¢ dependence comes from both the structure
and the interactions. In the case of a continuous charge
distribution on both species, i.e. polyelectrolytes of oppo-
site charges, we showed that xz(q) — xr and that x,*(q)
is enhanced as g2 and compatibility is always ensured.
The application of our result to the other extreme of just
one charge or dipole per chain, i.e. ionomers, showed that
both xg*(g) and x*(g) were ¢ dependent and that if x,
< xp, then phase separation would take place on scales
smaller than g, determined by the geometric mean of
the polymer chain size and the Debye screening length.
For reasonable values of the parameters this size is less
than the size of the chain. For scales greater than ¢,
the presence of a single charge per chain ensures com-
patibility for xg > xo,. Thus the theory predicts a mor-
phological parameter, i.e. the critical g, value, which gives
a compatible length scale. More complicated charge dis-
tributions involved more complicated algebra, but the
principle result would be the same as that given by the
simple charge distributions chosen here.
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