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M. Benmouna,’ T. A. Vilgis,” F. Hakem,! and A. Negadi?
Max-Planck-Institut fur Polymerforschung, Postfach 3148, W-6500 Mainz, FRG

Received March 21, 1991

ABSTRACT: The static scattering properties of mixtures of weakly charged polymers are investigated. The
partial structure factors are calculated using the general matrix equation S-1(q) = S;7(q) + U(q), where S(g)
and Sy(q) are the total and bare structure matrices, U(q) is the interaction matrix, and g is the magnitude
of the wave vector. U(q) is modeled as a sum of the classical excluded volume matrix and the electrostatic
interaction matrix. The case of ternary mixtures of two polymers and a solvent is considered. Mixtures of
charged and neutral polymers and mixtures of polymers having charges of the same or opposite signs are also
investigated. The variations with the wave vector g of various structure factors are examined in some detail

in various conditions of charge distribution.

1. Introduction

The properties of charged polymers are the subject of
intensive studies from both theoretical and experimental
points of view. The combined use of light and neutron
scattering techniques has given a better insight into the
short- and long-range interaction properties of polymer
systems.}? This is particularly true in the case of charged
polymers since the nature of interaction is significantly
different whether one looks at short-range interactions,
which are essentially of thermodynamic nature (or ex-
cluded volume), or long-range interactions, which are
dominated by electrostatic forces.

The static properties of single-polyion systems have been
studied in detail using more or less different models to
represent the electrostatic interactions.®7 All the rep-
resentations lead to the same conclusion that the polyion—
polyion partial structure factor S;;(¢) shows a peak at a
certain wave vector ¢, and this observation was corrob-
orated by various light and neutron scattering experi-
ments.28 This means that in the low g region, the long-
range electrostatic forces determine the behavior of the
scattering function whose amplitude decreases signifi-
cantly as ¢ —0. The question that we would like to address
in this work is how this behavior is changed when one
adds another polymer which is either neutral or charged.
This question was addressed before where the general
formalism for weakly charged polymers was developed
and formulas were given in some particular cases of charge
distributions.® Here we would like to have a closer look
atthe variations with the wave vector g of various structure
factors in order to have a qualitative estimate of the effect
of electrostatic interactions.

The general formalism was based on a straightforward
extension of the classical Zimm formula written in matrix
form!%12 to charged mixtures. We wrote®

SHq) = Sy @) + Ula) (1)

where S(g) is the static structure matrix whose elements
are S;(g) (i, j = 1, 2, ...) and So(q) is the bare structure
matrix. The interaction matrix U(g) is a sum of two
matrices:

U(g) = V + a(g)ffT @)
V is the excluded volume matrix whose elements are the

* To whom correspondence should be addressed.

! Dedicated to Prof. H. Benoit on the occasion of his 70th birthday.

! Permanent address: Physics Department, Institute of Sciences,
University of Tlemcen, Tlemcen BP 119, Algeria.

0024-9297/91/2224-6418$02.50/0

usual parameters v;;

Ui = 1/8y = Xis — Xjs T X5 (3)
where ¢, is the solvent concentration (number of solvent
molecules per unit volume) and x;; and x;; are the polymer
i/solvent and polymer i/polymer j Flory interaction

parameters, respectively. The second term in eq 2
describes the electrostatic interaction

47l
4)
q2 + i (

! is the Bjerrum length = e2/¢kT, and «! is the Debye-
Hiickel screening length

K= 47rlz¢c,- 6

¢ is the concentration of counterions, and we shall assume
in this work that small ions (counterions and co-ions from
polymer and added salt) have valence 1 (1:1 electrolyte)
for simplicity. f is a column vector whose elements f;
represent the apparent valences of monomers i (charge
fraction 0 < f; < 1), and fT is its transpose. For a ternary
mixture of two polyions and a solvent, the bare structure
matrix So(g) is a two by two matrix, but only the diagonal
terms are nonzero, given by

S,'O(Q) = d),‘N,'Pi(Q); i=1,2 (6

where N; is the degree of polymerization of polymer i, ¢;
= x¢, and ¢2 = (1 - x)¢, x being the fraction of polymer
1 and ¢ the total polymer concentration. P;(g) is the form
factor of polymer ;. We shall assume that polyions are
flexible polymers and their form factor can be represented
by the Debye function

alq) =

PA@) = e + ;- 1] (Ta)
a<

The radius of gyration R, is assumed to be governed

entirely by the thermodynamic excluded volume inter-

action, and hence, it can be expressed in terms of N; and

the statistical length of o; by!3
) Ni2v ‘7,‘2

T W R

These assumptions mean that the conformational prop-
erties of the polymer chains are dominated by the
thermodynamic (or excluded volume) interactions and that

v =0.533 (7c)
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the local rigidity which may be due to the electrostatic
potential is neglected. This is a reasonable representation
for weakly charged polymers, which are the subject of the
present investigation. Of course, if one needs tointroduce
the effect of electrostatic stiffness in P;(g) and R, it is a
straightforward matter to do so by using one of the
numerous models available and based on the concept of
persistence length.14

The interaction matrix of eq 2 can be written explicitly
in the case of a binary polymer mixture in solution as

= f12 ef1f2]
efifs f22

where ¢ = 1 if monomers 1 and 2 have charges of the same
sign and ¢ = -1 otherwise. This paper is organized as
follows: In the next section, we discuss the case of a single
polyion in solution made of the solvent, counterions, and
eventually salt ions. This solution is sometimes referred
to simply as the solvent. Only polyions are assumed to
contribute to the scattering; small ions (i.e., counterions
and co-ions) are assumed to be pointlike and contribute
to the screening of electrostatic interaction and to the
overall electroneutrality condition. Although this case has
been studied before,2-7 it is useful to reproduce its main
results within the present model and compare its predic-
tions with those of a mixture of polyions. Insection 3, we
discuss various structure factors which are directly mea-
surable in ternary mixtures of two weakly charged poly-
ions 1 and 2 in solution. We consider successively the
partial structure for S;;(q) which is measured when the
contrast (or dn/dcs) of polyion 2 with respect to the solvent
is zero. We also consider the total structure factor St(g)
which corresponds to the case where the contrasts (or dn/
dc) of polyions 1 and 2 are identical. For each structure
factor, the following cases are investigated: (i) mixtures
of charged and neutral polymers, f; # 0, f2 = 0; (ii) mixtures
of polyions having charges of the same sign, i.e., fi # fo
# 0, ¢ = +1 (the case where f; = fo = fand e = +1 is also
discussed); (iii) mixtures of polyions having charges of
opposite signs, i.e., fi # f2 # 0, e = -1 (here also, the case
where f; = fo = f and ¢ = -1 is discussed separately).
In section 4 we briefly examine some static charge

correlation functions, and in section 5 we present some
concluding remarks.

£fT (8)

2. Scattering from a Single Polyion in Solution

In this case, the matrix equation (1) becomes scalar and
we have

Sq) =S, Mq) + Ula) (9a)
or
So(Q)
Sq=———m
@ = I Tws@ ®b)
Sy(@) = N¢P(q) (9c)
with
U(g) = v + a(@)f? (9d)
Substituting egs 9¢ and 9d into eq 9b yields
S(q) _ P(q) (108)

Ne 1+ (v + al@f)oNP(q)
It is interesting to write this equation in the reciprocal
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form and note that it takes the form
No¢ No¢
V== + a(q)f*N¢ (10b)
S(q) S(q) Jneutral a4 fz
with

[S(Q) neutral  P(qQ) v (100

Let us recall the definitions of some experimental quan-
tities and numerical values used in this work. The second
virial coefficient Ay is related to v by

oN
A= 2
2m

where N, is Avogadro’s number and m is the mass of a
monomer. We shall assume that mg = 184 g/mol for sul-
fonated polystyrene. The molecular weight is M = Nmy
and the polymer concentration in g/cm? is given by

c= ¢m0/‘Nav

To illustrate the variation of Sy;(g) as a function of gR,
within the present model as given by eq 10a, we have used
the following numerical values, which are also used in the
rest of this paper (unless indicated explicitly otherwise):
N =10% 0 = 2.5 A; R, = 135 &; A, = 2.67 X 10 cm®/g?
(orv =30 A3). | =74, which is just an estimate because
it corresponds actually to water at 25 °C. Furthermore,
if we call ¢ the number concentration of salt, the Debye—
Hiickel screening length ! is given by

K = 4xl(fo + dpq,) (11)
due to the electroneutrality condition.

Figure 1a shows the variation of S{q)/N¢ as a function
of gR, for a concentration corresponding to v¢N = 1 and
various values of the charge parameter f. Figure 1bshows
a similar plot for a given charge parameter f = 0.1 and
various concentrations; Figure 1c shows the effect of salt
concentration. The behavior of S(g)/N¢ asshown by these
three figures is consistent with the results reported earlier
by various authors?® either from theoretical or from
experimental investigations. The main reason for repro-
ducing these results here is to see how they are modified
when adding another polymer which can be neutral,
similarly charged, or oppositely charged. This is the
subject of the next section.

3. Scattering from Ternary Mixtures of Two
Weakly Charged Polymers and a Solvent

The scattering intensity for a ternary mixture of two
polymers 1 and 2 in solution is known as

I(q) = (a, - 5)%S},(@) + (a; - 5)2Sy(q) +
2(a, - 8)(ay - 5)S(q) (12)

where the partial structure factors S;j(g) are the elements
of the matrix S{(q) and a,, a3, and s are the scattering
lengths per monomer 1, monomer 2, and a solvent molecule,
respectively (for light scattering (a; - s) and (az—s) should
be replaced by (dn/dc); and (n/dc)s, respectively). For
simplicity and without loss of generality, we shall assume
that the sizes of both polymers are the same, i.e.

N;=N,=N and Py(q) =P,(q) =P(q) (13a)

We also assume that the quality of the solvent is the same
for both polymers, which are characterized by a thermo-
dynamic interaction parameter of Flory-Huggins type,
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Figure 1. (a) Variation of S(q)/¢N as a function of gR, for
various values of the charge parameter f (see eq 10a). Curves 1-5
correspond to f = 0.1, 0.15, 0.2, 0.3, and 0.5, respectively. The
following parameters are chosen: N =104, 1 =7 A, v¢N = 1; no
added salt. (b) Variation of S(g)/¢N as a function of gR, for
various values of the polymer concentration represented by voN
(see eq 10a). Curves 1-5 correspond to v¢N =1, 2, 4, 6, and 10,
respectivek'. The other parameters are chosen as follows: N =
104, 1 =7 A, f = 0.1; no added salt. (c) Variation of S(g)¢N as
a function of gR, for various values of the salt concentration ¢
(see eqs 10a an(f 11). Curves 1-5 correspond to ¢ = 5 X 1073
g/cm™, 1078, 6 X 1074, 2 X 10, and zero (no salt), respectively.

namely
U =VUp=0 and v,=v+x (13b)

Therefore the base structure factors are

S,%q) = x¢NP(q) and S,%(q) = (1-x)¢NP(q) (l4a)
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and the interaction matrix U(q) is given by

v+ a(Qf, v+ x + ea(Q)fyfy
vHxteal@fyfy v+ al@)f,

where ¢ = +1 if the charges carried by monomers 1 and
2 are of the same nature and ¢ = -1 otherwise. It is
worthwhile to remember that the solvent comprises small
ions (counterions or salt ions) that are assumed to be point-
like and therefore they are structureless; they do not
contribute to the scattering intensity and have no specific
thermodynamic interaction. Their role is to ensure the
global electroneutrality condition and to produce the
screening of electrostatic interactions between polyions.
We shall now discuss in some detail the variations of Sy;-
(g), St(g), and Si(g) with the wave vector ¢ in various
conditions of charge distributions.

3.1. The Partial Structure Factor S;;(q). This
quantity is accessible by scattering experiments if one
chooses a polymer 2/solvent such that as = s or (dn/dc),
= 0. One finds that the scattering intensity is directly
proportional to S;;(q), which can be derived from eq 1
using the simplifications described in eqs 13 and 14. The
result is

S;(@) _ P(@L + [v + a(@)f,2)(1 - x)¢NP(q)}

x¢N D(@)
where x = ¢;/¢ is the fraction of polymer 1 and the
denominator D is obtained as
D = Dypyra + 2 @ONP(@){xf,2 +

(1-x)f," + vx(1 - x)pNP(q)} (15b)
Dreutrais the denominator in the limit of neutral polymers
(fi=fa=0)ie.
Dyt = 1 + VONP(Q) - x(20 + x)¢°N2x(1 - x)PXq)

(15¢)

Ulg) = [ ] (14b)

(15a)

and

v, = 0(fy = ¢f)* — 2xefify (15d)

We note that if x = 1 we recover the correct result for the
single-polyion case defined by eq 10a. One of the questions
to be addressed in this section is to see how the curves in
Figure 1 are modified when one adds to polymer 1 a certain
amount of polymer 2. For simplicity, we have chosen a
polymer that has the same dimensions as 1, but they can
be thermodynamically incompatible, and they may have
different refractive indices or scattering lengths in addition
todifferent charge distributions. Withregardsto the latter
property, we shall consider the following distributions:

(a) Mixtures of Charged and Neutral Polymers (f;
= f, £, = 0). Substituting /; = fand f, = 0 in eq 15 yields

Syla)
x¢N
P(@){1 + v(1 - x)¢NP(q)}

Dpeura + 2@FxdNP()fL + v(1 - x)oNP(q)}
which becomes particularly simple and similar to eq 10b
when written in the reciprocal form:

xpN _ [ xdN
Sula) S1(@) Jeutra

The reason for the similarity between this result and the
one in eq 10b valid for the single-polyion system can be
understood as follows. This ternary mixture is comparable

(16a)

+ alq)fx¢N  (16b)
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Figure 2. (a) Variation of Sy,(g)/x¢N as a function of gR, for
a mixture of neutral (f; = 0) and charged polymers and different
values of f, (see eq 16a). Curves 1-6 correspond to f; = 0 (neutral
mixture), 0.075, 0.1, 0.15, 0.2, and 0.3, respectively. The other
parameters are chosen as v¢N = 1, x = 0.8, and x/v = 0.1 (no
salt). (b) Variation of Si1(q)/x¢N as a function of qR; for a
mixture of neutral (f; = 0) and charged polymers (f; = 0.1) for
different values of the composition x of polymer 1 (see eq 16a).
Curves 1-6 correspond to x = 1 (single polyion; see eq 10a), 0.95,
0.9, 0.85, 0.8, and 0.5, respectively. The other parameters are
chosen as v¢N =1 and x/v = 0.1 (no salt).

to a binary polymer-solvent system in which a fraction of
(1 - x) polymers is neutralized (f; = 0), its scattering
contribution is turned off (a; = s), and an interaction
parameter ¥ is turned on, although its effect is somewhat
negligible as compared to the electrostatic interaction in
the numerical conditions used here. To illustrate the
implications of this procedure on the variations of S;;-
(9)/Nx¢ as a function of qRg, we have plotted the latter
quantity in Figure 2a for x = 0.8, x /v =0.1,v¢N = 1, and
various values of /. One observes that the qualitative
behavior of the curves representing the variation of S;;(q)
is similar to that of the binary system (see Figure 1a). In
particular, the peak is not significantly modified as
compared to the single-polyion system. This seems to be
in contradiction with the conclusions of Joanny and
Leibler,* who predicted a quick collapse of the peak when
asmall amount of neutral polymer is added to the charged
system. One may note that our eqs 16a,b are similar to
their result (see eq 41 of ref 4), with slight differences
essentially in the notations. Figure 2b shows S;1(g)/x¢N
as a function of gR; for f; = 0.1, fo =0, veN =1, x /v =
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0.1, and various values of the fraction of charged polymer
x ranging from 1 to 0.5. The peak is still present for all
values of x, which can be understood easily by a close look
ateq 16a. Indeed, one observes that for N = 104 the charge
carried by the polyion has a dominant effect as compared
to the thermodynamic excluded volume interaction, which
means that the electrostatic part in the denominator D is
very large in the low ¢ range. Actually, this contradiction
with the conclusion of Joanny and Leibler is only apparent
since one must compare the total structure factor St(q)
with S(g) for the binary system. One, in fact, finds that
the peak of St(g) disappears quickly by adding a small
amount of neutral polymers (see section 3.2). We shall
not discuss the effects of polymer concentrations and added
salt because they are qualitatively similar to those shown
in parts b and c of Figure 1 for the single-polyion system.
{b) Mixtures of Polymers Having Charges of the
Same Sign (¢ = +1). Let us consider a ternary mixture
of two polymers characterized by charge parameters f;
and f; with ¢ = +1 meaning that the charges carried by
monomers 1 and 2 are of the same nature (or sign). These
two polymers are embedded in a solvent as described
earlier. Putting these properties in eqs 15 gives

Su(‘l)

ToN [P(@){L + [v + «(@)f,](1 - x)¢NP(@)})/

1D eutral + @ @SNP(@)lxf,? + (1 - 0)f,2 +
vex(1 - 2)pNP(q)}] (17a)
Dreutral 18 given by eq 15¢, and v, is

v, = (f, ~ )% = 2xfif> (17b)

The variation of Sy1(q)/x¢N as a function of gR; is
illustrated in Figure 3a for f; = 0.1 and different values
of fo. The concentration is fixed by voN = 1, and the
interaction parameter is chosen such that x /v = 0.1. The
qualitative behavior of the curves is not really affected by
these choices of ¢ and x. We also assume zero added salt
concentration. Interestingly enough, one observes that
the peak tends to disappear as f; increases from 102 to
0.1. This can be understood from eq 17a, where one sees
that the electrostatic contribution, which is important since
N is large, appears both in the numerator and in the
denominator D. Therefore there is some sort of cancel-
lation in the small ¢ range. This behavior is even more
apparent when one chooses f; = fo = f with e = +1. It is
interesting to note that in this case S;;(g) takes a very
simple form which is the same as in the neutral case but
with a modified excluded volume interaction parameter
v which becomes

V(@) = v + O((Q)fz (18a)
Therefore, letting f; = fo = f in eq 17a yields
S;(q)
S = [P@IL+ u,g(@)(L - x)sNP@I]/

[1 + 0@ SNP(Q) - X[20,4(q) + x]x(1 - 2)$*N*P*(q)]
(18b)

This result is illustrated in parts b and c of Figure 3.
Figure 3b shows how the variation of S1;(g) as a function
of the wave vector g is modified when the effective excluded
volume parameter veg(g) changes from the constant value
v to the g-dependent quantity v + a(q)f? with increasing
values of /. In Figure 3¢, we have plotted S;;(g)/x¢N as
a function of gR; for fi = f; = f = 0.1 and various values
of x. One observes essentially that if 5% of the chains do
not contribute to the scattering intensity, the peak tends
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Figure 3. (a) Variation of Sy1(q)/x¢N as a function of gR; for a mixture of charged polymers with ¢ = +1 (charges of the same sign)
with f; = 0.1 and different values of f, (see eq 17a). Curves 1-6 correspond to f; = 0 (polymer 2 is neutral), 0.01, 0.03, 0.05, 0.075, and
0.1, respectively. The other parameters are chosen as v¢N = 1, x = 0.8, and x/v = 0.1 (no salt). (b) Variation of Sy;(q)/x¢N as a
function of qR, for a mixture of similarly charged polymers (see eq 18b) and various values of f = f; = fo (e = +1). Curves 1-5 correspond
to f = 0 (neutral mixture), f = 0.075, 0.1, and 1 = f = 0.2, respectively. The other parameters are chosen as VN = 1, x = 0.8, and
x/y =0.1(nosalt). (c) Variation of S1;(q)/x¢N as a function of gR, for a mixture of similarly charged polymers (see eq 18b) and various
values of the composition x. Curves 1-5 correspond to x = 1 (single polyion system; see eq 10a), 0.95, 0.9, 0.85, and 0.8, respectively.
The other parameters are chosen as f; = f; = f = 0.1, v¢N = 1, and x/v = 0.1 (no salt).

to disappear and the curves are significantly changed. The
next question to be addressed is to see how these
predictions are modified when ¢ = -1 or when the charges
carried by monomers 1 and 2 are of opposite signs.

(¢) Mixtures of Polymers Having Charges of Op-
posite Signs (¢ = -1). The expression of Sy1(q)/x¢N is
still given by eq 15a where the denominator D is unchanged
except for v, which becomes

Ue = U(fl + f2)2 + 2Xf1f2 (19)

To see how this modification can change the shapes of the
curves, we have plotted in Figure 4a S11(q)/x¢N as a
function of gR; for fi = 0.1 and different values of fs.
Surprisingly enough, one sees that the shapes of the curves
are comparable to the ones obtained for similarly charged
polymers (¢ = +1). Therefore, the modification introduced
through eq 19 is not really significant. This is due to the
fact that we are examining S;;(q) and we shall see later
that the total structure factor is much more sensitive to
the charge distribution than Si;(q). In the special case
where f; = f; = f and ¢ = -1, one can easily verify that
S11(q) takes the same form as in the neutral limit but with
modified g-dependent v and x parameters. The result is

Su(Q)

0N - [P(@){1 + v Q) (1 — x)pNP(q)}]/

(1 + Ue(@)ONP(Q) - Xer(@) [20,4(Q) +
Xoip(@)]2(1 - x)p*N?P2(q)] (20a)

where ves(q) is given by eq 18a and x.s(q) is obtained as

Xerr(@) = x — 2e(@)f (20b)

This means that while the excluded volume interaction is
enhanced, the interspecies polymer interaction due to a
possible incompatibility is reduced by the electrostatic
forces. This is clear because the excluded volume inter-
action is dominated by the intrachain interactions which
are enhanced by the electrostatic repulsion while the
incompatibility is due to interspecies, interchain inter-
actions. This behavior is illustrated in Figure 4b as far as
the variation of S;;(q) with the wave vector is concerned.
It shows that S;;(g) is reduced significantly in the low g
range due to the effect of electrostatic attraction, which
may be an indication of the compatibilization between
the two polymer species. It is useless to mention that
S2:(q) and Si5(q) can also be investigated in the same
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Figure 4. (a) Variation of S1,(g)/x¢N as a function of gR; for
a mixture of polymers having charges of opposite signs (see eqs
15a and 19) for f; = 0.1 and various values of fo. Curves 1-6
correspond to f; = 0 (polymer 2 is neutral), 0.01, 0.03, 0.05, 0.075,
and 0.1, respectively. The other parameters are chosen as v N
=1,x=0.8,and x/v = 0.1 (nosalt). (b) Variation of S;;(q)/x¢N
as a function of gR for a mixture of oppositely charged polymers
(f1 = f2 = f, e = —1; see eq 20a) and various values of f. Curves
1-6 correspond to f = 0 (neutral mixture), 0.075, 0.1, 0.15, 0.2,
and 0.3, respectively. The other parameters are x = 0.8, vpN =
1, and x/v = 0.1 (no salt).

conditions as we did for S;;(q). This is perhaps not as
useful as the total structure factor St(q) or the charge
correlation functions which may be directly accessible
experimentally and their behavior with ¢ is much more
interesting. This study is the subject of the next sections.

3.2. TheTotal Structure Factor St(q). Iftheindices
of refraction or the scattering lengths of the two polymers
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Figure 5. (a) Variation of St(g)/¢N as a function of gR; for a
mixture of charged (f; = 0) and neutral polymers (f; = 0) and
various values of f; (see eq 23a). Curves 1-6 correspond to f; =
0 (neutral mixture), 0.075, 0.1, 0.15, 0.2, and 0.3, respectively.
The other parameters are chosen as x = 0.8, voN = 1, and x/v
= 0.1 (no salt). (b) Variation of St(q)/¢N as a function of gR

for a mixture of charged (f; = 0.1) and neutral polymers (f; = 050

and various values of the composition (see eq 23a). Curves 1-6
correspond to x = 1 (single polyion system; see eq 10a), 0.95, 0.9,
0.85, 0.8, and 0.5, respectively. The other parameters are as in
(a) (no salt).

are equal, then the scattering intensity I{g) is proportional
to the total structure factor St(g):

I(@) = (a - 5)*Sq(q) (21a)
where St(q) is

ST(Q) = Su(‘l) + 522(Q) + 2812(‘1) (21b)
Inthe simplifying assumptions of eqs 13 and 14 one obtains

Srt(a)
T @ - 2 - a@U, - 1 X

x(1 - x)¢NP(@)}]/ D(q) (22)

where the denominator 2 is given by eqs 15. Now, it
would be interesting to examine the behavior of St(q) in
the conditions of charge distributions discussed above in
connection with S;1(q).

(a) Mixture of Charged and Neutral Polymers (f;
= f, £, = 0). The total structure factor is obtained from
eq 22 as

Srl@) _ _x-al@)f/2
N¢ = [P(Q){l Xc(q) ]/[mneutral +

a(@)f*x¢NP(q){1 + vo(1 - x)NP(g)}] (23a)

where

x. (@) = 2x(1 - x)¢NP(q) (23b)
is the inverse of the g-dependent critical interaction
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parameter. The variations of St(g)/¢N as a function of
qR; given by eq 23 is illustrated in Figure 5 for f = 0, v N
=1, and x/v = 0.1. Figure 5a shows the effect of various
values of the charge parameter f; for a given value of x =
0.8. It shows clearly that with 20% of neutral polymers
the peak has completely disappeared even for a relatively
large charge parameter f = 0.3. Thisis consistent with the
remark of Joanny and Leibler, who noticed that adding
a small amount of neutral polymers a “collapse” of the
peak. This is more apparent in Figure 5b, where we have
plotted St(g)/#N as a function of gRg for fa =0, f; = 0.1,
veN =1, x/v = 0.1, and various values of the composition
x of charged polymers. For the single-polyion limit x =
1 and a clear peak is observed. By adding 5% of neutral
polymer, the peak almost disappeared.

(b) Mixtures of Polymers Having Charges of the
Same Sign (¢ = +1). Letting ¢ = +1 in eq 22 gives
St(q)

oN

= [P(@){1 - [2x - a(@)(f, - f)*] X
x(1 —x)pNP(q)}l/D(q) (24)

where D isgiven by eq 15band v, by eq 17b. Tounderstand
the meaning of this quantity, let us assume that we start
out with a binary polyion—solvent system as in paragraph
2 where the polyion has a charge parameter f; = 0.1. Take
the fraction of chains (1 - x), say 20%, and modify their
charge. If we neutralize completely this charge (i.e., fo =
0), we get the behavior shown by Figure 5. If starting
from f; = 0.1 and f, = 0, we increase f; keeping f; constant
with x = 0.8 and v¢N = 1, we obtain the behavior shown
by Figure 6a. The peak of St(q) reappears progressively
as the charge parameter of polymer 2 increases from zero
to f1 = 0.1, where we recover almost the behavior of S(q)
for a single-polyion system (except for a slight effect of
the x parameter, which is very small as compared to the
electrostatic term). Itisinteresting towrite the expression
of St(q) in the case where f; = f; =f. From eq 24 we have

Sr(q)
;13 = [P(@)[1 - 2xx(1 - \)oNP(@)])/

[1+ 0 (@dNP - x[20,4(q) + x]x(1 - x)$*N?P*(q)] (25)

which is the same form as in the neutral limit with a
modified excluded volume parameter consistent with our
earlier observation in connection with S1;(g) (see eqs 18a
and 18b). Note that if x = 0, eq 25 coincides with eq 10a
for a single-polyion system. Therefore the behavior of eq
25 as illustrated by Figure 6b is very similar to the one
shown in Figure la.

(¢) Mixtures of Polymers Having Charges of Op-
posite Signs (¢ = -1). Substituting ¢ = -1 in eq 22 gives
Sy(q)

oN

= [P(@I1L - [2x - «(@)(f; + f)*] X

x(1 - x)¢NP(q)}]/ D(q) (26)

where D is given by eq 15b and v, by eq 19. The variation
of St(q)/#N as a function of gR; is plotted in Figure 7a
for f; = 0.1 and various values of f3 from 0 to 0.3. The
composition is chosen as x = 0.8, the concentration is fixed
by vgN =1, and the interaction parameter x /v = 0.1. One
observes that St(qg) increases significantly in the small
range of ¢ when the charge parameter increases. This is
a consequence of the strong electrostatic attraction be-
tween polymers of different species, which leads to a high
scattering signal at small ¢ values. This behavior is also
clearly apparent if one lets f; = f; = f and ¢ = ~1. In this
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Figure 6. (a) Variation of St(g)/¢N as a function of gR, for a
mixture of polymers having charges of the same sign (¢ = +1),
f1=0.1,and various values of f» (see eq 24). Curves 1-6 correspond
to fa = 0 (polymer 2 is neutral), 0.01, 0.03, 0.05, 0.075, and 0.1,
respectively. The other parameters are x = 0.8, voN = 1, and
x/v = 0.1 (no salt). (b) Variation of St(q)/¢N as a function of
gR, for a mixture of similarly charged polymers (f, = fo = f, e =
+1§ and various values of . Curves 1-5 correspond to f = 0
(neutral mixture), 0.075, 0.1, 0.15, and 0.2, respectively.
The other parameters are v¢N =1, x = 0.8, and x/v = 0.1 (no
salt) (see eq 25).

particular limit, eq 26 becomes

ST(Q)
oN

= [P(q)[1 - 2x.¢(@)x(1 - x)pNP(q)]]/

1+ Ueff(Q)d)NP(Q) - Xeff(q)[2veff(q) +
Xer(@1x(1 ~ )¢’ N?PX(q)] (27)

where ves(q) and xe(q) are defined in eqs 18a and 20b,
respectively. This form is consistent with the one written
in similar conditions for Sy;(q) (see eq 20a). Its variation
with gRg is illustrated in Figure b for fi = fo = = 0.1 (e
= -1), vd)N =1, x/v = 0.1, and various values of x from
1 to 0.8. One observes that the peak disappears quickly
as soon as 5% of the chains are charged oppositely to the
rest of the polymers. Thisis of course an expected behavior
since even a small amount of neutral polymers produces
a collapse of the peak of St(q) due to the significant
reduction of the electrostatic repulsion between polymers.

In the next section, we shall discuss the possible
relationship of these structure factors with charge—charge
static correlations.

4. Static Charge Correlation Function

The monomer charge density in a ternary mixture of
two charged polymers and a solvent is defined as

2(q) = efp,(q) + efszz(Q) (28)
where e is the magnitude of the electron charge and p,(q)
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Flgure 7. (a) Variation of St(q)/¢N as a functxon of gR; for a
mixture of polymers having charges of opposite signs (¢ = -1),
f1=0.1,and various values of f, (see eq 26). Curves 1-6 correspond
to fo = 0 (polymer 2 is neutral), 0.075, 0.1, 0.15, 0.2, and 0.3,
respectively. The other parameters are chosen asx = 0.8, v¢N
=1, and x/v = 0.1 (no salt). (b) Variation of St(q)/¢N as a
function of gR, for a mixture of oppositely charged polymers (f;
= f = f = 0.1, ¢ = -1) and various values of the composition x
(seeeq27). Curves 1-5correspond tox = 1 (single-polyion system;
see eq 10a), 0.95, 0.9, 0.85, and 0.8, respectively. The other
parameters are v¢N = 1, and x/v = 0.1 (no salt).

and py(q) are the monomer densities of types 1 and 2,
respectively. The partial structure factors are by definition

S{@ = (p@p-@)  G,i=12  (29)

where the symbol (...) denotes the average with respect
to the equilibrium distribution function. Thestatic charge
correlation function S,.(q) can be introduced as

S,.(@) = (z(@)z(-q)) (30)
which by using eq 28 becomes

e’S,.(q) = f,°S (@) + f22822(’-1) + 2¢f1f5S2(q) (31)

The form of this result calls for the following limits:

(1) Charge Correlations in a Mixture of Charged
and Neutral Polymers (fi = 0, £, = 0). Equation 31
becomes

e_zszz(q) = f1ZS11(Q) (32)

Therefore S,.(q) is directly proportional to S;;(q), which
was studied in the third section and part a (see 22 eqs 16a
and 16b parts a and b of Figure 2).

(ii) Charge Correlations in a Mixture of Polymers
Carrying the Same Charges (fi = fy = f,¢ = +1). In
this case, we have a charge correlation function that is
directly proportional to St(g); i.e.

eS,,(@) = *St(a) (33)
where St(q) is given by eq 25 and illustrated graphically
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Figure 8. Variation of the charge correlation function Si(q)/

4N¢ as a functlon of qR; as given by eq 35 for various values of
fth=f= = ~1). Curves 1-5 correspond to f = 0 (neutral
mixture), 0. 075 0.1, 0.15, and 0.2 or higher, respectively. The
other parameters are chosen asx = 0.5, v¢N =1,and x/v = 0.1
(no salt).

in Figure 6b.

(iii) Charge Correlations in a Mixture of Polymers
Carrying Charges of Opposite Signs (fi= £, =f,¢=
-1). In this limit we have

e_ZSzz(Q) = fz[sn(Q) + Szz(Q) - 2812((1)] (34)

This quantity is directly accessible by scattering exper-
iment if one chooses the condition of zero average contrast
and x = 0.5. Indeed, if we let

(a, - s}, +(as~8)py, =0
with
&= ¢y =®/2(x = 1/2)
one obtains
1(g) = (a, - )***S,(q)

@
oD = (P@IL + [t + X/ 21ONP@/

[1 + Ueff(q)d’NP(Q) = Xeff(q)[zveff(q) +

Pz(q)] (35)

The variation of this quantity with respect to gRg for vpN
= 1, x/v = 0.1, and various values of f is represented in
Figure 8. It shows a peak even for a small value of f which
is an expected result.

Xeff(q)]

5. Conclusion

In this paper, we have examined some static scattering
properties of ternary mixtures of two weakly charged
polymers and a solvent. This investigation is based upon
a generalization of the Zimm single-contact formulal® to
multicomponent polymer mixtures due to Benoit,!! de
Gennes,!” and Akcasu.!? This generalization is extended
here to weakly charged polymers by a modification of the
interaction matrix to include the effect of long-range
electrostaticinteraction in addition to the thermodynamic
excluded volume interaction. The electrostatic part is
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based on the Debye—Hiickel approximation since we have
assumed that the interaction between two charged mono-
mers is an ordinary screened potential of the form exp-
(=«xr)/r, where r is the distance between the centers of two
monomers. This is of course an approximation which is
strictly valid only if the charges are far apart and in the
condition where the electrostatic interaction is relatively
weak. When monomers are close to each other, the
excluded volume interaction becomes dominant. These
aspects appear clearly in the scattering curves where we
see that in the small ¢ range the electrostatic interaction
plays the dominant role and as ¢ increases the excluded
volume interaction becomes more and more important.

The other reason for limiting these investigations to
weakly charged polymers is that the model does not
account for possible ordering of charged molecules when
the concentration increases. This phenomenon requires
a more refined description which is beyond the scope of
this work. We have used the Debye function for the form
factor of chains and the radius of gyration without relying
on the concept of persistence length in order to be
consistent with our description which is restricted to
weakly charged polymers. But it should be clear that the
latter assumptions are not crucial since one can easily
introduce other models for P(q) and R, that are available
for stiff chains either neutral or charged.

Another point which is important to keep in mind is
connected with the role of small ions. They are assumed
to be pointlike without any specific contribution to the
scattering curves or to the molecular interactions. They
are present only to ensure the global electroneutrality
condition and to produce screening of the electrostatic
interaction in addition to the salt. This is of course an
approximation which should be reexamined in the case
where these ions have large dimensions of the order of ¢!
for neutron or X-ray scattering and if their contrast with
the solvent is not strictly zero.
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