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ABSTRACT: We calculate the scattering spectra of weakly charged, randomly cross-linked polymer gels
in poor and in O solvents. For some values of the thermodynamic parameters, the competition between
poor solubility, electrostatics, and network elasticity leads to the divergence of the structure factor at a
wave vector g*, signaling the onset of microphase separation in the gel. At the transition, the random
inhomogeneous equilibrium monomer density profile of the gel is replaced by a periodically modulated
density distribution. Unlike all other known cases of microphase separation, partial reorganization of
the equilibrium state takes place even before the onset of the transition and leads to the appearance of
a peak in the structure factor. Depending on the choice of thermodynamic parameters, the characteristic
wavelength of the modulation varies from microscopic to macroscopic length scales. The ramifications of
our results for neutron and light scattering experiments and for studies of phase transitions in polymer

gels are discussed.

1. Introduction

Charged polymer gels are fascinating physical sys-
tems. Unlike neutral gels in which the volume varies
continuously as one changes the quality of solvent,
charged gels can undergo an abrupt volume transition
upon change of temperature. Since charged gels are
water soluble, their chemistry may be fine-tuned to
reproduce much of the complexity of biological systems
whose thermodynamics and kinetics results from a
delicate interplay of electrostatics, hydrophobic interac-
tions, hydrogen bonding, and van der Waals forces.! Due
to their superabsorbing properties (some gels can swell
by a factor of 1000!), they have numerous industrial
applications.

In spite of their importance, our understanding of
charged gels lags behind that of neutral ones. Part of
the difficulty stems from the fact that attempts to
construct a theory of gels must rely on input from the
theory of polymer solutions, and while the theory of
neutral polymer solutions is well-developed,?® there is
still considerable controversy in the area of polyelec-
trolyte solutions. Furthermore, the combination of long-
range electrostatic interactions with the frozen inho-
mogeneous structure of gels leads to formidable mathe-
matical difficulties in modeling these complex physical
systems. Microscopic information about the structure
of charged gels is limited because of the large number
of experimentally tunable parameters such as the
quality of solvent, concentration of preparation, degree
of cross-linking, degree of ionization and of swelling, and
concentration of added salt.

Recently, we developed a theory of neutral polymer
gels which accounts for the frozen inhomogeneity of
their structure as well as for the fact that gels behave
as solids on large scales and as liquids on small scales
(smaller than the length scale of monomer fluctuations
in the network).4~® Since we now have a theory which
is based on a solid formal ground and reproduces all
the qualitative features observed in neutron and light
scattering experiments on neutral gels (for a recent
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review of the experiments, see ref 7), we can attempt
to apply our methods to charged gels. This program is
carried out in the present work.

In section 2 we derive the electrostatic contribution
to the free energy which governs the fluctuations of
monomer concentration in a weakly charged network.
The derivation is based on the random phase ap-
proximation, assuming that the fluctuations of the
charge densities about their mean values are small, and
results in a Debye—Huckel-type structure factor. We
show that the monomer density correlation functions
of charged gels can be obtained from their neutral
counterparts simply by replacing the second virial
coefficients in the state of preparation and in the final
observed state by effective interaction coefficients which
contain a wavelength-dependent electrostatic contribu-
tion due to screened Coulomb interactions. We present
explicit analytic expressions for the total structure
factor, for the correlator of static inhomogeneities, and
for the correlator of thermal fluctuations in terms of the
thermodynamic parameters in the state of preparation
and in the final state of the gel. We analyze these
expressions for the case of charged gels in ® solvents
and show that the scattering is suppressed by increasing
the degree of ionization but is enhanced by the addition
of salt. This effect has been observed in small-angle
neutron scattering experiments.® The scattered in-
tensity depends on the degree of ionization in the state
of preparation, because the structure of network is
affected by the degree of ionization of the polymer
solution prior to cross-linking (electrostatic repulsions
suppress density fluctuations in the pre-cross-linked
polyelectrolyte solutions and result in more homoge-
neous networks). We compare the structure factors of
charged gels at different degrees of cross-linking to that
of a semidilute polyelectrolyte solution and show that
the scattered intensity increases with the degree of
cross-linking, the effect being most pronounced at q —
0, in agreement with experimental observations.®1° The
form of the structure factor is determined by the
interplay of two length scales: the characteristic length
scale of static inhomogeneities which dominate the q
— 0 scattering in neutral gels,®> and an electrostatic
length scale which produces a peak at a finite q in
polyelectrolyte solutions.1:12 For some values of the
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parameters, the presence of the two length scales leads
to the appearance of a “shoulder” in the scattering
profile.1¥ We study the anisotropic scattering profiles
of uniaxially stretched gels and show that, in ® solvents,
the g — 0 scattering is always enhanced in the direction
of elongation and suppressed normal to it but that the
effect is reversed at larger values of . Enhancement
of the scattering in the normal direction in the vicinity
of g* was reported in ref 9. We find that the magnitude
of the scattered intensity is strongly enhanced and that
the usual butterfly patterns (associated with enhanced
scattering in the stretching direction) are recovered in
the presence of salt, in agreement with experiment.®

In section 3 we study the instabilities associated with
the divergence of the structure factor of a charged gel
in a poor solvent. We distinguish between instabilities
which take place at g* — 0 (the spinodal for phase
separation, SP) and which can be detected by light
scattering and instabilities that occur at finite values
of g*, typically within the range of wavelengths probed
by neutron and X-ray scattering. The two instability
lines in the (w,¢) plane (second virial coefficient vs
monomer volume fraction) meet at the Lifshitz point,*
at which the characteristic wavelength 1/g* diverges.
The instability lines and the Lifshitz point are affected
by the presence of added salt and by uniaxial deforma-
tion. The wave vectors (g*) of the unstable modes are
always oriented along the principal axes of compression.

Both the region of stability and the characteristic
wave vector of the instability increase with the degree
of cross-linking. In the absence of salt, the character-
istic wavelength at the spinodal for microphase separa-
tion (MSP) lies in the range between the electrostatic
length Lge introduced by Borue and Erukhimovich!
and the characteristic length scale of monomer fluctua-
tions R which is of the order of the mesh size*® (for
physically reasonable choice of parameters, Lge < R).
As salt is added to the system, the stability region
shrinks due to screening effects and the MSP ap-
proaches a limiting line which is independent of the
degree of ionization.

The finite wavelength instability signals the onset of
microphase separation, which is fundamentally different
from weak crystallization in complex fluids such as
polyelectrolyte solutions,112 diblock copolymer melts,!®
and smectic liquid crystals.’® In the latter systems, the
appearance of a finite g peak in the structure factor as
the transition point is approached reflects the enhance-
ment of thermal fluctuations in the homogeneous liquid,
on a length scale determined by the competition be-
tween the tendency to segregation and some physical
mechanism which prevents phase separation on mac-
roscopic length scales. In charged gels, the peak is
dominated by scattering from static inhomogeneities
and reflects the appearance of a periodic modulation of
the equilibrium density profile. The modulation arises
as the result of the interplay between the tendency to
phase separation in a poor solvent which is opposed by
the elastic forces in the network that suppress fluctua-
tions on length scales larger than the monomer fluctua-
tion radius and by long-range Coulomb interactions
which suppress long-wavelength fluctuations of the
counterion density. The existence of the peak in the
correlator of static inhomogeneities implies that the
density profile of the gel can be represented as a linear
superposition of randomly oriented plane waves, with
amplitudes peaked about |q| = g*. As the MSP is
approached, these amplitudes grow and higher order
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nonlinear couplings become important. Although the
investigation of the ordered mesophase is beyond the
scope of this work, the interaction between the plane
waves is expected to lead to the formation of lamellar
domains, each of which is characterized by a director
that lies along the axis defined by the local monomer
density gradient. The directors of the domains can be
ordered by the application of external forces such as
mechanical deformations and electric fields (the latter
couple to the spontaneous dipole moments of the do-
mains).

We study the scattering profiles of charged gels in the
vicinity of the microphase separation spinodal. In
agreement with experimental results,” we find that the
scattered intensity varies as g4 away from the transi-
tion and that g* deviates from a simple scaling behavior
with concentration at the higher concentration range.
The predicted exponent for the temperature dependence
of the correlation length in the vicinity of the Lifshitz
point (¢ ~ |T — T.p|™4) agrees with experimental
observations.?®

We examine the effect of uniaxial extension on the
structure factors of charged gels. In the vicinity of g*,
the scattering is always enhanced normal to the exten-
sion axis and suppressed along it and the total scattered
intensity increases dramatically. The angular anisot-
ropy of the structure factor in the g — 0 limit depends
on the sign of the corresponding limit of the wave-vector-
dependent effective interaction coefficient Wq which
contains a negative contribution of the second virial
coefficient and a positive g-dependent electrostatic
contribution. Thus, unlike the good or the © solvent
case where the q — 0 scattering along the stretching
axis is always larger than normal to it (this anisotropy
gives rise to the butterfly effect”), in poor solvents the
situation can be reversed near the spinodal, when the
electrostatic contribution to W is suppressed by the
addition of salt or when the quality of solvent is reduced
by changing the temperature.

In section 4 we summarize the main results of this
work. The domain of applicability and the limitations
of our theory are discussed. Finally, we comment on
the comparison of the theory with experiments on
polyelectrolyte gels and outline directions for future
research.

2. Density Fluctuations and Static
Inhomogeneities

Consider a charged gel prepared by instantaneous
cross-linking of a solution of polyelectrolyte chains with
average monomer concentration p© and degree of
ionization (fraction of charged monomers) f@. The
density of cross-links in the final state of the gel is v =
ol(2N) = pR., where N is the average number of chain
monomers of size a between neighboring cross-links and
R is the degree of cross-linking. The average monomer
concentration and the ionization degree in the final state
of the gel are p and f, respectively. We allow for the
presence of monovalent salt of concentration T in the
final state (i.e., the state in which the gel is studied)
but assume, for simplicity, that the cross-linking was
done in the absence of salt. In order to be as close as
possible to the usual experimental conditions,®° we
consider charged gels prepared in a good solvent and
studied in a © or in a poor solvent.

2.1. Free Energy Functional. We denote by p; the
counterion density due to both chain and salt counter-
ions and by cs the corresponding concentration of salt
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co-ions and use Coulomb’s law to relate the divergence
of the local electric field E(X) to the local charge density,

V-E(x) = 4mee[fp(X) + ci(x) — pi(X)] 1)
Here, e is the unit electric charge and ¢ is the dielectric

constant of the solvent. The electrostatic contribution
to the free energy is given by

Fch[pvphcs] =
dex

Assuming that the fluctuations of the various charge
densities about their equilibrium values are small, one
can derive the Debye—Hduckel approximation to the
screened electrostatic repulsion between the charged
chains, which is valid for T2 > 1, where T = fo + 2¢C;
is the total density of small ions and «1 is the Debye
screening length (k2 = 4xlgtt, where Iz = 2/(eT) is the
Bjerrum length). The electrostatic free energy func-
tional of the monomer density,

Fenle]l = =T In [ Dp,De; exp(—Feulo.picJ/T) - (3)

can be easily evaluated in the random phase ap-
proximation by performing the Gaussian integrations
over the small deviations dp; and dcs of the correspond-
ing charge densities from their mean values p; and T8
(global electroneutrality imposes pj = fo + Ts). This
yields the Debye—Huckel free energy

() InM+cs( x) In-=0 (X) E (X) @)

dq |Pq
2[(2 ) SDH (4)
where
1 Adalgf
OH . 2 : 2 ®)
Sq K“+q

is the inverse of the Debye—Huckel structure factor.

We proceed to calculate the total monomer density
correlation functions which include both neutral chain
and electrostatic contributions. Since we want to avoid
difficulties associated with the non-Gaussian character
of strongly charged chains,’® we will consider only
sufficiently small values of the degree of ionization f,
for which one can neglect electrostatic effects on chain
conformation. In order to make sure that the statistics
of a segment of length an(r) (r is the distance between
the ends of the segment) is not strongly affected by
electrostatic repulsion, we demand that the electrostatic
energy is small compared to the thermal energy on this
scale,

47’ n%(r) exp(—«r) -1
er

(6)

We distinguish between two cases. For kan'?2 < 1, the
left-hand side of eq 6 is an increasing function of r.
Therefore, if condition (6) is satisfied on the length scale
of a network chain, f < I5Y2N"%* (i3 = 4xlg/a is the
dimensionless Bjerrum length), it will be automatically
satisfied on smaller length scales. For xan'2 > 1 the
above condition becomes f < Ig(pa®)® in the salt-free case
and f < 1§*2c.a%** at high concentrations of added
salt (strong electrostatic screening). For the small

Scattering Profiles of Charged Gels 303

degrees of ionization considered in this work,
f < max{ig"*N"", Tg(pa’)’, I5%2ca®™  (7)

the electrostatic free energy, eq 4, can be added to the
total free energy of a neutral gel given in ref 5 to which
we will add a p® (third virial) term in order to stabilize
the gel against collapse in a poor solvent in the absence
of charges. The only effect of electrostatic interactions
is to replace the second virial coefficients w© and w (w
vanishes in a ® solvent and is negative in a poor solvent)
by effective virial coefficients. This has to be done for
both the final state and the state of preparation:

e _ DH
W= Wy =w+ 1/sq

and
W@ —w = w® 4 1/50°H 8
where s®°" is obtained by substituting ¢ = 0, f = f©

into eq g (we neglect the small difference between the
Bjerrum lengths in the state of preparation and in the
final state of the gel, which may differ due to the
temperature dependence of this length). These effective
virial coefficients will be used in all the expressions for
the correlators.

2.2. Density Correlation Functions. 2.2.1. Gen-
eral Expressions for the Correlators. We begin
with the general expressions for the monomer density
correlation functions of a gel prepared in a good solvent
and studied in a © or a poor solvent. Charged gels in
good solvents will not be considered in this work since
most of the qualitative features of their scattering
profiles are expected to be quite similar to those of
neutral gels.2 In order to consider the effects of
isotropic swelling and uniaxial extension on the mag-
nitude and on the angular dependence of the scattered
intensity, our general expressions will allow for both
types of deformation.

Since thermal fluctuations of the monomer density
are weak in the poor solvent regime, there is no
renormalization of the parameters (virial coefficients,
monomer size) in the final state of the gel.*> Conse-
quently, the monomer fluctuation radius is given by the
Gaussian chain result, R = aN¥2, and the mean field
expressions for the correlators can be applied through-
out the entire g range. A slight complication arises in
the short-wavelength limit since (as will be shown
latter) the correlator of static inhomogeneities (Cg)
contains the structure factor in the state of preparation
of the gel (SY) which, for g > £ -1 (£ is the thermal
correlation length), behaves as g~43 instead of the mean
field g2 (recall that we assumed that the gel was
prepared in a good solvent). We have shown, however,
that the correlator of static inhomogeneities decays on
length scales of the order of the monomer fluctuation
radius R (>£),° and thus the use of the mean field

instead of the scaling exponent in S has little effect
on our results even in the limit q >

The total structure factor of a charged gel ina ® or a
poor solvent is given by®

Sq =G4+ Cq ©)

where the contribution of thermal fluctuations is
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-3, 1A
a “¢N
q - 1+¢—,\9Aq (10)
WqYq
and that of static density inhomogeneities is
73 —
Cq= N aA ?N 22 <
(1 +Wdq)" (1 + Q%)
: (12)

4_
W2, — 1+ (QIA% + QYA (Bprep/ D) Ppran!2

Here Q = aN'2q is the dimensionless wave vector (we
neglect the effect of electrostatics on the conformation
of the chains) and Q; and Qg are the projections of the
wave vector along and normal to the stretching axis (the
above expression includes the case of uniaxial deforma-
tion with stretching ratio 1). ¢prep and ¢ are the
monomer volume fractions in the state of preparation
and the final state, respectively. The function §q for gels
in ® and poor solvents was calculated in ref 5 (this
function is the same for neutral and for charged gels)
and is given by the expression

g 1

_— — {_
PN Q%2+ (4QH) t+1
2 2,213 ,—5/12
Q ¢ ¢prep (12)

(1 + Q¥)%(QfA* + Q¥A)

9

The quantity W, which appears in eq 11 is the
dimensionless interaction parameter in the state of
preparation, defined as

~(0 0) ~(0)N
W2, = wik,0ON

3 gON2 514 2
— ¢5/4 N IB(f )¢prepN
re| ~ -
(@I 4 QU e/ )P + 160N
(13)

where 1g = 4xlg/a is the dimensionless Bjerrum length.
In deriving the above expression, it was assumed that
no salt was present during the synthesis of the network.

The electrostatic modification of the second virial
coefficient in the state of preparation changes the point
at which the correlator of static inhomogeneities di-
verges (this divergence is associated with the divergence
of the structure factor in the state of preparation of the
network®). It was shown that, for neutral gels, this
point is identical to the cross-link saturation threshold
(CST) which defines the maximal degree of cross-
linking, R™ = 1/(2N™in) = (a3p©®)%4, that can be
reached by instantaneous cross-linking of a polymer
solution of monomer concentration p©.45> The observa-
tion that gels can only be produced at concentrations
higher than the overlap concentration c* and are
therefore topologically disordered solids?! is valid for
neutral as well as for charged gels (this follows from
the geometrical origin of the above condition). However,
in the latter case, the structure factor in the state of
preparation does not diverge at c* but rather at a lower
concentration, p© = a=3[(1/N) — fO@]*5 Since the
divergence of this structure factor leads to the appear-
ance of frozen inhomogeneities of network structure on
all the length scales in the gel, we conclude that the
presence of charges in the state of preparation leads to
the formation of more “homogeneous” networks. Con-
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Figure 1. Dependence on the degree of ionization: the
structure factor Sy of a gel studied at the concentration of
preparation in a © solvent in the absence of salt is plotted as
a function of the dimensionless wave vector aq. The monomer
volume fraction in the state of preparation is ¢yrep = 0.05 and
the degree of cross-linking is R; = 0.01. The degrees of
ionization at preparation and at the final state are fO =0, f =
0.01 (crosses), and f@ = f = 0.01 (diamonds). The case of a
neutral gel f® = f = 0 is shown for comparison (circles).

sequently, the small-angle (g — 0) scattered intensity
from gels prepared from a charged polymer solution
with degree of ionization f@ should be smaller than from
gels prepared from a neutral solution and subsequently
charged to the same degree of ionization, f = (0,

The dimensionless interaction parameter \Wq in eq 10
in the final state (a ® or a poor solvent, depending on
the value of w) is given by

[IReNG
Q% + Ig(f + 28 )9N

W, = WgoN = (% + ¢)¢N + (14)

The dimensionless salt concentration € = C¢/p is defined
as the ratio of the concentration of salt to the monomer
concentration inside the gel. Note that the second virial
coefficient w can be expressed in terms of the Flory
interaction parameter y as w = a3(1 — 2y) (in the poor
solvent regime, y > 1/,).

Since the general expressions for the density correla-
tion functions contain many parameters, the investiga-
tion of the entire parameter space is impractical. In
order to obtain some feeling about the scattering
profiles, we first consider the case of charged gels in ©
solvents (w = 0) studied at the concentration of prepa-
ration, ¢ = @prep.

2.2.2. Scattering Profiles in ® Solvents. We
consider a charged gel prepared in a good solvent and
studied in the reaction bath (i.e., at the concentration
of preparation) in a ® solvent. In the following, the
dimensionless Bjerrum length is taken to be Ig = 10.

In Figure 1 we study the dependence of Sq on the
degree of ionization in the state of preparation (f®) and
in the final state of the gel (f). Note that in the case of
a neutral gel (f9 = f = 0), the network is stabilized
against collapse by the third virial coefficient, aé. The
small-q scattered intensity decreases monotonically with
degree of ionization, in both the initial and the final
state of the gel. The former effect is due to the
modification of the effective interaction coefficient in the
state of preparation, W3, and was discussed in the
previous subsection. Inspection of egs 10 and 11 reveals
that charges in the final state of the gel affect the
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Figure 2. Dependence on the degree of cross-linking: plot of
Sq Vs ag for a gel studied at the concentration of preparation
in a O solvent in the absence of salt. The monomer volume
fraction in the state of preparation is ¢prep = 0.05 and the
degrees of ionization at preparation and at the final state are
fO = f = 0.01. The degree of cross-linking is R; = 0.005
(diamonds) and 0.0017 (crosses). The structure factor of a
polyelectrolyte solution of the same concentration and degree
of ionization is shown for comparison (circles).

scattering profiles only through the presence of “screen-
ing”-type (1 + Wqdq) factors in the denominators of the
correlators of thermal fluctuations and of static inho-
mogeneities, which express the suppression of density
variations by repulsive electrostatic interactions be-
tween the charged monomers and by the entropy of
counterions. The screening of static density inhomo-
geneities is stronger than that of thermal fluctuations,
because of the (1 + Wqdq)? factor in the denominator of
eq 11, compared to the (1 + Wqdg) factor in eq 10. While
charge-induced suppression of thermal fluctuations is
familiar from theories of polyelectrolyte solutions,1:12
the predicted effect of charges on the correlator of static
inhomogeneities reflects the electrostatic modification of
inhomogeneous equilibrium density profile of gels and
has no counterpart in polyelectrolyte solutions.

In Figure 2 we study the dependence of the structure
factor on the degree of cross-linking R.. The small-q
scattered intensity increases monotonically with the
degree of cross-linking, in agreement with experimental
observations.1® This effect is familiar from the theory
of neutral gels,*® and it originates from the fact that
the intrinsic inhomogeneity of the network increases as
the cross-link saturation threshold is approached at
higher cross-link densities. The weak maximum at a
finite q observed in the limiting case of a polyelectrolyte
solution (R, = 0) arises due to the competition between
chain elasticity and electrostatics.1112 The above maxi-
mum is present in weakly cross-linked gels but turns
into a “shoulder” and eventually disappears as the
degree of cross-linking is increased (see Figure 1). This
phenomenon has been observed in experiments.10.13
Although a peak at a finite q appears at both polyelec-
trolyte solutions and gels, its origin is quite different
in the two cases: while in the former the maximum is
associated with thermal fluctuations about the homo-
geneous concentration profile of a liquid, in the latter it
appears in the correlator of static inhomogeneities of a
solid and we conclude that the equilibrium density
profile of the gel becomes periodically modulated. This
point will be discussed in greater detail in the next
section where we consider microphase separation in
poor solvents.
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Figure 3. Dependence on concentration of salt: plot of Sq vs
aq for a gel studied at ¢ = ¢prep = 0.05 in a O solvent. The
degree of cross-linking is R. = 0.005 and the electrostatic
parameters are f® = f = 0.01, & = 0 (circles) and fO = f =
0.01, & = 0.5 (diamonds). The case of a neutral gel fO = f =
0 is shown for comparison (crosses).

The effect of added salt on the scattering profiles of
charged gels studied at the concentration of preparation
in © solvents is shown in Figure 3. As expected, the
addition of salt screens the electrostatics and increases
the scattered intensity at small q.° Although at the high
salt concentration shown (€s = 0.5), all electrostatic
effects in the final state of the gel are nearly completely
screened, the small-g limit of the total structure factor
is still considerably smaller than that of the neutral gel.
This surprising observation is the consequence of the
“frozen-in” network structure which is fixed once and
for all during the formation of the gel. Information
about this structure is contained in the correlator of
static inhomogeneities Cq which “remembers” that the
network was formed by cross-linking a polyelectrolyte
solution in the absence of added salt (recall that we

assumed f® = 0.01 and ¢ = 0) and, therefore, the
intrinsic heterogeneity of network structure is smaller
than for a gel prepared from a neutral polymer solution.

We turn to examine the effect of uniaxial extension
on the scattering profiles and compare the structure
factors at wave vectors parallel and perpendicular to
the stretching direction for weakly (f® = 0.01, f = 0.03)
and strongly charged (f® = 0.01, f = 0.1) gels. Although
the higher degree of ionization (f = 0.1) falls outside the
range of validity of our theory, our qualitative results
should apply even in this regime since corrections to
the free energy due to deviations from Gaussian statis-
tics of strongly charged chains are expected to be small
compared to the counterion entropy which is taken into
account exactly in our approach. In Figure 4 we observe
that the scattered intensity at g — O is always larger
along the stretching axis than normal to it and that the
situation is reversed in the limit of large g. Note that
while Sy is a monotonically decreasing function of the
wave vector, Sqn has a maximum at a finite value of g.
We will show later that this maximum is a character-
istic signature of the strain-induced rearrangement of
the inhomogeneous monomer density profile into a
periodic pattern normal to the stretching axis. The
small-q angular anisotropy, Sqi — Sqn, results in the
appearance of butterfly patterns in contour plots of the
scattered intensity. Since the anisotropy decreases with
increasing degree of ionization, we expect butterfly
patterns in small-angle neutron scattering from weakly
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Figure 4. Effect of uniaxial extension (4, = 1.4) on gels
studied at ¢ = ¢prep = 0.05 in a O solvent in the absence of
salt. The degree of cross-linking is Rc = 0.005. For degrees
of ionization f® = 0.01, f = 0.03, the structure factors for wave
vectors along (Sqi) and normal (Sqp) to the stretching axis are
shown by diamonds and squares, respectively. For f© =0.01,
f=0.1, the corresponding structure factors are given by circles
and crosses.

charged gels. In strongly charged gels, this angular
anisotropy may be too weak to be detected in the
neutron scattering range (experiments report that the
butterfly pattern disappears at high degrees of ioniza-
tion®) but, since the anisotropy increases with the
wavelength, it could be observed by light scattering.

3. Microphase Separation

3.1. General Considerations. Inspection of our
expressions for the density correlation functions shows
that, for some choices of parameters, the amplitude of
density variations in the gel diverges. Since dramatic
enhancement of scattering is usually associated with the
proximity of a spinodal line at which long-wavelength
fluctuations diverge, it is important to understand the
nature of the associated phase transition. Analysis of
the phase diagrams shows that, under conditions of
equilibrium swelling in excess solvent, the gel becomes
unstable against a volume transition into a new homo-
geneous state of different monomer concentration, be-
fore the spinodal for phase separation is reached.?223
This is related to the observation that while the osmotic
bulk modulus K vanishes at the spinodal of the volume
transition, the longitudinal modulus E. = K + 4u/3
vanishes at the spinodal for phase separation.?* Since
the shear modulus u is always positive, we conclude that
the latter spinodal can be reached only upon further
decrease of the quality of solvent.

Physically, the difference between the two spinodals
stems from the fact that while the appearance of
concentration inhomogeneities is always accompanied
by increased elastic stresses in the network, the latter
are actually reduced during the homogeneous deswell-
ing of the gel. The spinodal of the volume transition
corresponds to the stability limit of the gel with respect
to a uniform change of its volume and therefore is not
related to the divergence of the structure factor which
signals the appearance of an instability with respect to
phase separation into regions of different monomer
concentrations. Although the point at which Sg—g
diverges cannot be reached under equilibrium swelling
conditions, it can be observed experimentally if the
volume transition is suppressed by fixing the surface
of the gel or by removing it from the solvent bath.
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In the following we will consider gels in which the
volume transition is prevented by some external means
and which are maintained at a fixed monomer volume
fraction ¢. We will refer to the spinodal of phase
separation where Sq diverges as the “spinodal” and will
distinguish between spinodals for phase separation (SP)
and for microphase separation (MSP), depending on
whether the divergence takes place at g = 0 or at a finite
g. The SP of gels is the analog of the usual spinodal of
phase separation in binary liquids and contains a
critical point at which two coexisting phases merge (i.e.,
have identical concentrations).

The divergence of the long-wavelength structure
factor has a simple experimental consequence: at this
point, the amplitude of the long-wavelength density
variations becomes very large and, as the result of
strong scattering of light off these fluctuations, the
transparent gel becomes opaque. If we vary any two of
the thermodynamic parameters while keeping the oth-
ers fixed, the set of points at which Sq—o diverges
generates a line in the plane spanned by these two
parameters. Inspection of eqs 10 and 11 shows that the
SP obeys the equation

1 + Wqglqmo = O (15)

which defines a relation between any two thermody-
namic parameters of the gel. Using egs 12 and 14 for a
swollen but unstretched (1 = 1) gel, this equation
becomes

5/12
w d)prep f2

to+—| =
P+ 20l

a3 2N¢5/3

0 (16)

In the limit of large excess of added salt (€s > f), this
expression reduces to the SP of an uncharged (f = 0)
gel in a poor solvent, as electrostatic repulsions are
strongly screened.

Let us consider the possibility that the density cor-
relation function diverges at some finite wave vector g*.
In liquids, this divergence is usually interpreted as the
onset of instability of the homogeneous phase with
respect to the formation of a spatially modulated phase
(microphase separation transition). Under good solvent
conditions, gels are characterized by a random inhomo-
geneous density profile and the correlation length
associated with these static inhomogeneities is of the
order of the monomer fluctuation radius R.*® The
microphase separation transition in charged gels in poor
solvents corresponds to the appearance of a spatially
modulated density profile, with period 2z/g*. Since, as
will be shown later, under most conditions this charac-
teristic wavelength is <R, we conclude that microphase
separation in polymer gels is a transition from a
disordered to an ordered microstate of the network, at
which the random equilibrium density distribution is
replaced by a regular periodic density profile.

We proceed to derive the spinodals for arbitrarily
swollen and uniaxially deformed gels. The MSP is
defined by the conditions that both the function 1 +
Wq0q and its derivative with respect to the wave vector
vanish at q = g* (the two conditions define the MSP
line and the characteristic wave vector g*). Since the
spinodal depends on the direction of the deformation,
when the quality of solvent is reduced, the instability
takes place for wave vectors along the direction for
which the condition 1 + Wqfq = O is satisfied for the
first time. Inserting the expressions for §q and Wy into
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the above conditions, one obtains the following equa-
tions for the characteristic wave vector g* and for the
MSP of a uniaxially deformed and swollen gel,

w 2 dr(Q?
2 4 T(QY)|grpes =0, —2 =0 (17)
a® A d(Q?) lom—rq*
where the function I'(Q?) is defined by
rQ%=
2 2/3 ,—5/12 -1
¢ + é 2 1 2 + ¢ prepZ 2
N¢ [1+ Q72 + 1/(4Q9) h()A + QY)
2
f (18)

o(f + 28 + Q%(I5N)

Inspection of eq 12 shows that one should substitute
h(l) =A2when A < 1and h(l) =A1"1when 1> 1. The
instability first appears for fluctuation modes with wave
vector g* directed along the principal axes of compres-
sion. Thus, under uniaxial compression or biaxial
extension (4 < 1), g* points along the compression axis.
Under uniaxial extension or biaxial compression (1 >
1) g* lies in the plane normal to the axis of elongation.

Inspection of eqs 17 and 18 shows that, in the limit
of small concentrations, the MSP becomes universal and
occurs always at gq* = (2%4aN%2)~1, and we conclude that
for ¢ — 0O the critical wavelength at the MSP is of the
order of the average chain size. In this limit electro-
static effects are negligible and microphase separation
occurs as the result of the interplay between poor
solvent and elastic effects.

We can rewrite the SP condition, eq 15, in terms of
the function I'(Q?)

2 +10)]| =0 (19)
a SP

For uniaxially deformed gels this condition is satisfied
at smaller values of |w| than predicted for unstretched
gels (eq 16), and we conclude that uniaxial deformations
always destabilize the gel against concentration varia-
tions along the principal axes of compression.

For some combinations of thermodynamic parameters
one may reach the so-called Lifshitz point (LP) at which
the MSP occurs at g* — 0.4 Using eqs 17 and 18, we
can represent the conditions that define this point in
the form

2 2 2
_o dz(Q2 )| 0, dF(Q ) ~ 0
LP Q° lo=0 (dQ?? (20)

The first of these equations coincides with the definition
of the SP, eq 16, and it can be shown that the third
inequality in eq 20 is satisfied for any choice of the
parameters. The second equation can be rewritten as

£ ( )¢5/r]é2 1/2
Ty ’l h(z)¢3’,ti( R

Inspection of this equation shows that, depending on
the degree of ionization and on the concentration of
added salt, the LP exists only in the range of concentra-
tions defined by

L +10)
a

=0 (21)
LP

Pip < dp =< Pp (22)

Scattering Profiles of Charged Gels 307

IWl/q3

Figure 5. MSP in the |w|a~3 vs ¢ plane for undeformed gels
(A =1). The parameters of preparation are ¢prep = 0.05, R =
0.01, and f = 0, and the degree of ionization is f = 0.05. The
MSP’s are shown by diamonds and by boxes for the no added
salt and the excess salt (€s = 0.1) cases, respectively. The SP’s
are shown by solid lines and meet the MSP’s at the corre-
sponding Lifshitz points.

where the lower bound,

orp = [N bpres (23)

corresponds to the limit of large salt concentration. The
upper bound,

ns 3/2 ,5/8 1 12
— (NP2 (1+A—) +
- i | N1 178 e

(24)
ZIB[h(A)]B%g’ip]
corresponds to the no added salt case. In both cases
the volume fraction at the LP is independent of the
degree of ionization f. The volume fraction ¢, p is always
larger than ¢prep for unstretched gels but can be either
larger or smaller than ¢prep for gels subjected to uniaxial
extension. Analysis of eq 24 shows that in the absence
of salt, the volume fraction at the LP is always larger
than (¢%)™" = 4/iz ~ 0.4. We conclude that in this
case the Lifshitz point can be reached only at very high
concentrations and that under most circumstances only
microphase separation will be observed.

Note that in the limit & — o, the concentration at
the Lifshitz point, ¢Lp = ¢, COincides with that of a
neutral gel (f = 0). The difference between this value
and our previous mean-field result for neutral gels,* ¢.p
= ¢prep, Stems from our present assumption that the gel
was prepared in a good solvent.

The existence of a Lifshitz point has profound rami-
fications for scattering studies of phase separation in
charged gels. When microphase separation takes place
away from this point, the wavelength of the microstruc-
ture is, in general, outside the light scattering regime
and can only be observed by neutron or X-ray scattering.
When the LP is approached, the wavelength at which
the scattered intensity diverges moves to the visible
range and the gel becomes opaque.

In Figure 5 we plot the instability lines in the (w,¢)
plane for charged unstretched gels, both in the ab-
sence and in the presence of salt. The MSP and the
corresponding SP meet at the Lifshitz point. In the
absence of salt this point lies in the concentrated regime
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Figure 6. MSP in the |wja® vs ¢ plane for uniaxially
compressed gels (1 = 0.8). All other parameters and notations
are the same as in Figure 5.

Figure 7. Variation of the critical wave vector g* with
concentration ¢ for undeformed gels. The parameters of
preparation are the same as in Figure 5. The curves for f =
0.05,¢& =0; f=0.01, & =0; and f = 0.01, & = 1 are shown by
diamonds, solid line, and boxes, respectively. The volume
fractions at the Lifshitz points in the absence (¢]'5) and in the
presence of salt (¢; ) are indicated.

(¢ =~ 0.4) where the high concentration of charges
produces strong screening and allows long-wavelength
density modulations. The addition of salt destabilizes
the gel against long-wavelength concentration varia-
tions and shifts the LP to lower concentrations, thus
decreasing the range over which microphase separa-
tion at a finite g* takes place. In Figure 6 we study
the effect of uniaxial compression (or biaxial exten-
sion) on the instability lines, for critical wave vec-
tors g* which point along the principal axes of compres-
sion. The deformation destabilizes the gel and increases
the range over which microphase separation at a
finite g* takes place in the absence of added salt. In
the presence of salt, the destabilization effect is some-
what stronger and the LP moves to smaller concentra-
tions.

In Figure 7 we plot the critical wave vector g* at the
MSP vs the monomer volume fraction ¢. For weakly
ionized gels in the absence of salt and for gels studied
in the presence of excess salt, g* decreases monotoni-
cally with increasing concentration until the corre-
sponding LP’s are reached. At higher degrees of ion-
ization (in the absence of salt), the behavior is non-
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Figure 8. MSP in the |w|a~2 vs f plane for gels studied at ¢
= ¢prep = 0.05 in a poor solvent in the absence of salt. The
degrees of cross-linking are R. = 0.017 (circles) and 0.005
(crosses). The MSP for a polyelectrolyte solution is shown by
the solid line.

f

Figure 9. Critical wave vector aq* at the MSP is plotted vs
the degree of ionization. The parameters are the same as in
Figure 8.

monotonic and g* first increases and then decreases
with ¢. The initial increase corresponds to the Borue—
Erukhimovich!! regime where electrostatic effects domi-
nate. At higher monomer (and counterion) concentra-
tions, electrostatic screening becomes strong and the
subsequent decrease of g* with ¢ is dominated by the
reduction of elastic restoring forces as the concentration
is increased. Both the universal behavior at ¢ — 0 and
the fact that in the absence of salt the LP does not
depend on the degree of ionization are clearly observed
in Figure 7.

3.2. Scattering Profiles in the Vicinity of the
MSP. We now turn to the analysis of scattering profiles
of charged gels in poor solvents. In Figure 8 we present
the MSP line in the (jw|/a3,f) plane and show how it
varies with the degree of cross-linking for gels studied
at the concentration of preparation in the absence of
added salt. The line corresponding to polyelectrolyte
solutions!! (jw| O f) is shown for comparison. Note that
the stable region lies below the MSP and increases with
the degree of cross-linking. The stabilizing effect of
cross-links follows from the observation (see Figure 9)
that for ¢ = ¢prep, the characteristic wavelength (27z/g*)
at the microphase separation transition decreases with
increasing degree of cross-linking and is always smaller
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Figure 10. Structure factor Sq (line) and the thermal corr-
elator Gq (circles) for gels studied at ¢ = ¢prep = 0.05 in a poor
solvent (Jw|ja~2 = 0.3) in the absence of salt. The parameters
are R, = 0.005 and f@ = 0, f = 0.01.

than the Borue—Erukhimovich length1%.12

a

= a2 174
f (IB¢prep)

Since the energy penalty for concentration variations
increases with the wave vector, the upward shift of the
wave vector g* stabilizes the gel against microphase
separation. For fixed degree of cross-linking, g* de-
creases with decreasing degree of ionization and is fin-
ally pinned down at a value proportional to the inverse
monomer fluctuation radius R™! = (aN%2)~1 which
determines the length scale of static inhomogeneities
in the network. Although there are no direct experi-
mental observations of microphase separation in charged
gels, a qualitative comparison can be made with studies
in which a peak at finite g was reported. In agreement
with our results, it was found that the position of the
peak shifts to higher g values and that its amplitude
decreases as one increases the degree of ionization.8

Inspection of our expressions for the correlators, eqs
10 and 11, shows that as the MSP is approached, the
main contribution to the total structure factor comes
from the correlator of static inhomogeneities (see Figure
10). As w — wmsp and q — g*, the structure factor
diverges as

Lee (25)

1
Sqgr ™~ (26)
T w = wiyep + (@ — g

where wysp is the second virial coefficient at the MSP
and c is some function of the MSP parameters which
does not depend on w or on g. For g* > 0 the
amplitude of the peak diverges as (W — wusp) 2 and its
width vanishes as (W — wysp)Y2. Away from the LP the
correlation length at the MSP diverges as

Emsp U (a*) H(w — WMSP)71/2 ~|T = TMSP|71/2 (27)

where Tusp is the temperature at the MSP. At the LP
the correlation length diverges as

Ep~IT =Tl ™ (28)

where T.p is the Lifshitz point temperature. A 1/,
exponent was indeed observed in flow measurements
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of the friction coefficient (J£) on neutral NIPA gels
studied at the concentration of preparation?® (recall that
in neutral gels prepared in © solvents, the LP is reached
at this concentration?). Some care must be exercised
in relating the above observation to our results since
the presence of hydrogen bonding in NIPA gels may lead
to the breakdown of the Flory-type virial expansion of
the free energy?® used in the present work.

The observation that the structure factor diverges at
the MSP implies that the gel reorganizes itself into a
periodically modulated structure, with a characteristic
wavelength 2x/g*. Although analogous microphase
separation transitions take place in complex liquid
systems such as melts of diblock copolymers, polyelec-
trolyte solutions, and smectic mesophases of liquid
crystals, the onset of weak crystallization in these
systems is signaled by the growth of amplitude of
thermal density fluctuations at a wave vector g*, as the
transition point is approached. The above systems
remain homogeneous liquids up to the transition point
and the ordered mesophase appears only beyond the
MSP. In charged gels in the vicinity of the MSP, both
Gq O (1 + Wgdg)™® and Cq O (1 + Wgdq)~2 have a
maximum at g*, but Cyq > Gg~ (see Figure 10). Since
Cq describes the variations of the equilibrium density
profile of the network, we conclude that as the MSP is
approached, the random inhomogeneous density distri-
bution is reorganized into a new equilibrium profile
which can be described as a linear combination of plane
waves, the amplitudes of which are peaked about |q| =
g*. These amplitudes grow with further approach to
the MSP and plane waves corresponding to different
directions of g begin to interact. Such interactions are
described by higher order terms in the deviations from
the mean density and lead to the appearance of lamellar
domains, each of which is characterized by a different
direction of the wave vector q. Strictly speaking, the
consideration of these nonlinear effects is beyond the
domain of applicability of the RPA approximation used
in this work and therefore we can not prove that a
lamellar structure will result, although its plausibility
is supported by symmetry arguments (the symmetry
between high- and low-density regions in the gel is
analogous to the situation in symmetric diblocks). In
view of the above, we conjecture that the MSP corre-
sponds to an orientational ordering transition, i.e., to
the appearance of domains characterized by local uniax-
ial ordering of the gradients of monomer concentration
in the gel.

We turn to study the scattering profiles of gels
subjected to uniaxial extension under conditions close
to the MSP. In Figure 11 we present the structure
factors Sq and Sqn, with wave vectors parallel and
perpendicular to the stretching axis, respectively, for
gels studied at the concentration of preparation in the
absence of salt. The g — 0 scattered intensity is slightly
enhanced along the stretching axis and suppressed
normal to it. In the vicinity of the peak (g*), there is
dramatic enhancement of the scattering in the direction
normal to the stretching axis while the intensity along
this axis decreases monotonically with g and falls below
the unstretched gel value. Since the thermal contribu-
tion to the scattering is negligible, we conclude that
uniaxial extension modifies the equilibrium structure
of the gel by orienting the monomer concentration
gradients along the principal axes of compression
(uniaxial orientation of the concentration gradients can
be produced by biaxial extension).
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Figure 11. Effect of uniaxial extension (4, = 2) on gels studied
at ¢ = ¢prep = 0.05 in a poor solvent (jwja—2 = 0.35) in the
absence of salt. The parameters are R, = 0.005, f® = 0, and
f = 0.018. The structure factors for wave vectors along (Sq)
and normal (Sqn) to the stretching axis are shown by circles
and crosses, respectively. The structure factor of an un-
stretched gel is shown for comparison (solid line).

Figure 12. Effect of uniaxial extension on gels in the presence
of added salt (€; = 0.003). All other parameters are the same
as in Figure 8.

As shown in Figure 12, the magnitude of the peak
intensity increases dramatically by the addition of
even minute quantities of salt (s = 0.003), as the
presence of salt reduces the stability of the gel against
microphase separation and decreases the critical wave
vector g*. Another interesting effect of added salt which
can be clearly observed in Figure 12 is that the scat-
tering in the direction normal to the extension axis
becomes larger than that from an unstretched gel,
throughout the entire range of wave vectors (the op-
posite effect is observed for the scattering along the
stretching axis).

Inspection of the expressions for the correlators, eqs
10 and 11, shows that the sign of the angular anisotropy
at g = 0 depends on the sign of the corresponding
effective interaction coefficient, Wq=o, in eq 14. The ratio
(SqifSqn)g—o is larger than unity for Wg=o > 0 (this case
is realized in Figure 11) and is smaller than unity in
the reverse case (Figure 12). The coefficient Wq= can
be positive even under poor solvent conditions, due to
the positive electrostatic contribution to the second virial
coefficient (it is always negative in the presence of large
concentrations of added salt since the electrostatic
contribution vanishes in this limit).
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Figure 13. Three-dimensional plot of the structure factor in
the (Qi,Qn) plane for an undeformed gel (1 = 1) studied at ¢ =
0.15 in a poor solvent (Jwja—® = 0.51) in the absence of salt.
The parameters are ¢prep = 0.05, R, = 0.01, f@ = 0, and f =
0.05.
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Figure 14. Three-dimensional plot of the structure factor in
the (Qi,Qn) plane, for a uniaxially stretched gel (1 = 1.4). All
other parameters are the same as in Figure 13.

In Figures 13 and 14 we present three-dimensional
plots of the scattering profiles of a gel with concentration
larger than ¢prep, studied close to the MSP. As expected,
the maximum at g* is isotropic (i.e., does not depend
on the direction of g*) in the absence of deformation.
The angular degeneracy is removed by deformation and
two distinct peaks oriented along the principal axes of
compression are clearly observed in Figure 14. Com-
parison of Figures 13 and 14 shows that the overall
intensity increases dramatically as the MSP line is
pushed down by uniaxial extension.

The preceding discussion suggests an interesting
possibility for studies of gels in electric fields. The
modulation of the monomer density profile as the MSP
is approached is accompanied by a corresponding modu-
lation of the charge distribution. Below the MSP, the
random orientation of the density gradients will produce
no spontaneous dipole moment density, and the electric
field will interact only with the induced dipole moment.
At the MSP, the gel transforms into an aggregate of
connected domains, each of which is characterized by a
local spontaneous dipole moment. In both cases, the
presence of an external electric field will result in the
appearance of orientational ordering of the dipoles but
the effect will be much larger at the MSP because of
the ease with which the domains can be oriented by the
field. This effect (as well as the effect of uniaxial
stretching) can be observed by measuring the anisotropy
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of polarized light scattering from charged gels in poor
solvents.

4. Discussion

In this work we analyzed some of the rich physics of
charged polymer gels. The new and unexpected results
obtained in this work concern the existence of finite
wavelength instabilities in the gel, associated with the
onset of microphase separation. What distinguishes
between microphase separation in gels and in other
(complex fluid) systems is the fact that while in the
latter the appearance of a peak in the scattering profile
reflects the enhancement of thermal fluctuations about
the homogeneous equilibrium state of a liquid, in gels
the phenomenon is associated with the reorganization
of the local structure of an inhomogeneous solid and the
appearance of a spatial modulation in the equilibrium
density profile at a wavelength 27/g*, even before the
onset of the microphase separation transition. Although
the analysis of the modulated mesophases which appear
at the MSP is beyond the scope of this work, it is
plausible that the transition leads to the formation of
lamellar domains, each of which is characterized by a
different orientation of the lamellar planes. We predict
that under uniaxial deformation, the “directors” of the
domains become oriented along the principal axes of
compression. Since periodic static density variations
lead to the formation of permanent dipole moments,
similar effects can be obtained by the application of
electric fields.

Microphase separation is expected to have a dramatic
effect on the mechanical properties of gels. At finite
time scales, the resulting bicontinuous network of dense
connected aggregates surrounded by solvent-rich do-
mains should behave as a network with an increased
effective degree of cross-linking and, consequently, the
high-frequency modulus is expected to be larger than
the static modulus of the homogeneous gel. An order
of magnitude increase of the dynamic compressional
modulus at the MSP was observed in recent mechanical
experiments.?’

The existence of the MSP has important ramifications
for scattering experiments. Away from the LP, the peak
in the scattered intensity is predicted to occur at wave
vectors larger than the inverse monomer fluctuation
radius (which is of the order of the mesh size) and can
only be observed by neutron or X-ray scattering. The
position of the peak varies with the thermodynamic
parameters and passes through the visible range as the
LP is approached, suggesting that this point can be
detected by light scattering. With addition of salt, the
line at which the structure factor diverges moves
downward on the phase diagram, toward smaller values
of |w] (i.e., the MSP moves to smaller values of the Flory
x parameter). An interesting corollary of our results is
the possibility of reentrant opalescence, i.e., that as one
moves across the Lifshitz point (for example, by increas-
ing the concentration), light scattering will first increase
and then decrease again as the peak of the scattered
intensity moves to g* = 0 (i.e., out of the visible range),
and the gel will recover its “clear” appearance.

Similarly to the case of neutral gels, we find that the
thermodynamic conditions in the state of preparation
play an important role in determining the subsequent
history of charged gels. The new feature characteristic
of polyelectrolyte gels is that the memory of the elec-
trostatic conditions at the state of preparation cannot
be wiped out by the addition of salt in the final observed
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state of the network and that gels prepared by cross-
linking from polyelectrolyte solutions will be more
homogeneous than those prepared from solutions of
neutral polymers.

Our detailed analysis of the scattering profiles shows
a great variety of possible behaviors, which depend
sensitively on the values of the thermodynamic param-
eters. In many cases we find that the scattered inten-
sity changes non-monotonically with the wavelength.
This suggests that neutron scattering experiments
which probe the high g range give only partial informa-
tion about the profile and that, in order to obtain a
complete physical picture, they must be supplemented
by light scattering experiments which probe the small
g range.

The anisotropy of scattering from uniaxially stretched
gels in © solvents is strongly wavelength dependent.
In the vicinity of the peak in the structure factor, the
scattering is enhanced in the plane normal to the
stretching axis and is suppressed along this axis. The
situation is reversed at g — 0 and we conclude that the
usual butterfly effect should always be observed at
sufficiently long wavelengths (i.e., in the light scattering
range). However, since the angular anisotropy de-
creases with increasing degree of ionization, it may fall
below experimental resolution for strongly charged gels
in the absence of salt (butterfly patterns will reappear
when salt is added to the system).

The situation is even more complicated for charged
gels in poor solvents. Under uniaxial extension, the
angular anisotropy in the vicinity of the peak in the
structure factor behaves in a way which is qualitatively
similar to the ® solvent case. However, in the g — 0
limit, the sign of the anisotropy (Sqi — Sqn) is determined
by the sign of the effective interaction coefficient Wq—o
and changes from positive to negative with the addition
of salt or with decreasing solvent quality. In the vicinity
of the Lifshitz point the structure factor exhibits a single
maximum at g = 0 and under uniaxial extension both
normal and inverted (i.e., rotated by 90°) butterfly
patterns can be observed, depending on the location on
the phase diagram, since the sign of Wq—o changes from
positive to negative as the spinodal is approached.

Although this work deals with charged gels, the
scattering profiles of neutral gels in poor solvents (held
at a fixed volume) can be obtained by setting f© = f =
0 in the corresponding expressions. In this case, phase
separation takes place when w < 0 (y > %/2) and both
SP and MSP scenarios are possible, depending on the
concentration. For gels prepared in a good solvent the
Lifshitz point, which defines the crossover between the
SP and the MSP regimes, can be reached by studying
the gel at ¢ = ¢pr,,, and for gels prepared in © solvents
the corresponding concentration is ¢ = ¢prep. Away from
the LP the critical wave vector at the MSP is of the order
of the inverse monomer fluctuation radius, g* = 1/(aN?).

Our results lead to the following simple physical
picture of the effect of uniaxial deformation on neutral
and charged gels (see Figure 15). Away from the phase
separation spinodal, uniaxial extension results in the
appearance of a long-wavelength, finite-amplitude modu-
lation of the static density profile, directed parallel to
the extension (or normal to the compression) axis.
When the spinodal line is approached, the picture is
reversed: the static density profile becomes modulated
normal to the stretching (or parallel to the compression)
direction, with an amplitude which diverges at the
spinodal. The critical wave vector of the modulation
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Figure 15. Schematic drawing of the monomer density profile
of uniaxially stretched gels: (a) away from the instability line;
(b) near the MSP; (c) near the SP. The elongation axis is
indicated by arrows.

g* is finite near the MSP and vanishes near the SP.
The transition between the two regimes takes place at
the LP.

The most direct indication of the existence of the
microphase separation transition comes from neutron
scattering experiments on NIPA/AAc gels studied near
their volume transition temperature,’” in which a
dramatic increase of the scattered intensity at a finite
g = g* was observed. It was assumed that the scatter-
ing is dominated by thermal fluctuations and the results
were analyzed in the spirit of the theory!! of polyelec-
trolyte solutions. We predict that the observed enhance-
ment is dominated by the scattering from static inho-
mogeneities which diverges as [w — wmsp + ¢(g2 —
g*?)2]72 as the MSP is approached (the thermal scat-
tering diverges as [w — wyusp + ¢(g2 — g*?)?3]71). This
agrees with the observed g=* dependence of the scat-
tered intensity in the high-g limit. The observation that
the concentration dependence of the critical wave vector
g* deviates from the Borue—Erukhimovich prediction
is in accord with our results. New scattering experi-
ments which systematically probe the entire range of
wavelengths and thermodynamic parameters covered
by the theory are clearly necessary in order to promote
our understanding of the physics of phase separation
in charged gels.

Finally, we would like to discuss the various assump-
tions and approximations used in our work, some of
which are common to neutral and charged gels and have
been discussed in detail elsewhere.*> These include the
usual assumptions of the Edwards model of randomly
cross-linked gels?® such as the neglect of topological
entanglements as well as the assumption of small
amplitude of static density inhomogeneities (the latter
is valid for networks prepared away from the “cross-
link saturation threshold”*®). In order to reduce the
number of free parameters, we considered only gels
prepared in a good solvent in the absence of added salt.
The study of gels prepared in poor solvents is beyond
the scope of the present approach, since this would
result in an extremely inhomogeneous distribution of
cross-links and our random phase approximation for the
static density inhomogeneities*® would break down.

In order to describe the electrostatics of charged gels,
we considered the case of small fluctuations of the
charge density and derived the Debye—Huckel structure
factor. Furthermore, we considered only sufficiently
small degrees of ionization, for which the effect of
charges on the conformations of the polymer chains is
negligible. Unfortunately, most of the experiments to
date were performed at degrees of ionization” which fall
outside the domain of applicability of our model. Nev-
ertheless, since in this range the counterion entropy
dominates over electrostatic corrections to the elastic
free energy (due to the effect of charges on the confor-
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mation of the chains), our theory is expected to provide
a reasonable qualitative description of the experimental
results. Indeed, to the best of our knowledge, all
available experimental data on charged gels in poor
solvents are consistent with our predictions.

All the above approximations can have a quantitative
effect on our results but are not expected to change their
gualitative behavior. The major assumption which may
affect the validity of our results is that the spinodal
instability begins from a microscopically homogeneous
state of the gel, before macrophase separation has taken
place by nucleation of the new phase. Although nucle-
ation in the bulk is strongly suppressed by the distortion
of the elastic field in three-dimensional gels,?® mac-
rophase separation can occur on the gel surface and is
expected to lead to the formation of a stable surface
layer of the new phase.?33%31 Bulk nucleation is possible
in one dimension and may result in coexisting bulk
phases in thin rodlike gels.32 The resulting phases are,
in general, macroscopically inhomogeneous and aniso-
tropic and their spinodal instabilities cannot be de-
scribed by the present approach.
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