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ABSTRACT: Rheological and intensity (ILS) and dynamic light scattering (DLS) experiments were
performed on semidilute aqueous mixtures of various compositions of oppositely charged and hydropho-
bically modified polyelectrolytes. The associative phase separation usually observed when mixing oppositely
charged polyelectrolytes is restricted to a fairly narrow mixing region when the polymers are hydropho-
bically modified. Measurements were carried out at mixing ratios both before and after this two-phase
area. The rheological properties in the vicinity of the two-phase region show that the elastic response
dominates even at fairly low frequencies, indicating the existence of strong intermolecular interactions.
The time correlation data obtained from the DLS experiments revealed the existence of two relaxation
modes, one single exponential at short times followed by a stretched exponential at longer times. The
fast mode is always diffusive, and the extracted hydrodynamic correlation length as well as the static
one from ILS increases toward phase separation of the mixture. The slow relaxation time reveals that
the dynamics slowed down in the vicinity of phase separation, and the angular dependence of the slow
mode is stronger than that of the fast mode and increases gradually as the two-phase region is approached.
These features that are attributed to enhanced hydrophobic associations can be rationalized in the
framework of the coupling model of Ngai. The fractal dimension, determined from ILS, drops toward

phase separation, and this trend suggests a more “open” network structure at this stage.

Introduction

The interactions between ionic polymers and surfac-
tants of opposite charge have been well characterized
over the past few decades.!~7 The mixing of an aqueous
solution of an ionic polymer with an oppositely charged
surfactant generally results in an associative phase
separation. This phenomenon is well documented,® and
in this process a concentrated phase is formed that is
enriched in both the charged polymer and the surfac-
tant. The association between surfactants and polyelec-
trolytes of opposite charge is primarily electrostatic in
nature and is reminiscent? of the phase separation
behavior in mixtures of two oppositely charged poly-
mers. One of the most intriguing challenges of this type
of system is the interaction between cationic and anionic
macromolecules in aqueous solutions, leading to the
formation of polyelectrolyte complexes.®~1° Although
investigations of polyelectrolyte complexes have a quite
lengthy history, there have been relatively few attempts
to examine and interpret the changes in the structural
and dynamical properties of mixtures of oppositely
charged polyelectrolytes.

Recently, the effect of hydrophobic modification on
phase behavior in aqueous mixtures of oppositely charged
polyelectrolytes was studied.” It was found that mix-
tures of hydrophobically unmodified polyelectrolytes
exhibit associative phase separation over a large part
of the mixing range. The driving force in this process is
the entropy of counterion distribution.1® However, if
both the oppositely charged polyelectrolytes are hydro-
phobically modified, an additional effect comes into play,
namely the tendency to form mixed aggregates; as a
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result, the associative phase separation behavior is
effectively prevented in a large mixing region, and there
is only a narrow two-phase domain. Rheological mea-
surements!” have revealed interesting features of this
type of system on addition of one polyelectrolyte to the
other, especially when the associative phase separation
region is approached. The observed viscosity enhance-
ment of this mixture of one cationic and one anionic
hydrophobically modified polyelectrolyte was attributed
to a formation of mixed aggregates consisting of hydro-
phobic tails from polyelectrolytes bearing charges of
opposite sign. In light of this, we also expect profound
changes of the structural and dynamical properties of
these systems as the two-phase region is approached.

In this paper we report results from intensity light
scattering (ILS), dynamic light scattering (DLS), and
rheological measurements of semidilute mixtures of two
oppositely charged and hydrophobically modified poly-
electrolytes. The aim of this work is to gain a deeper
insight into how the composition affects the structural
characteristics and the dynamics of this type of mixture.

Experimental Section

Materials. The characteristic data of the hydrophobically
modified cationic polymer QUATRISOFT LM200 (HM-P*) and
of the hydrophobically modified polyacrylate (HM-P~), which
was chosen as the negatively charged polyelectrolyte, are
collected in Table 1. The cationic polymer (HM-P*), which is
a N,N-dimethyl-N-dodecylammonium derivative of hydroxy-
ethylcellulose (a representative structure of the polymer is
given in Figure 1) with a molecular weight of approximately
100 000,%° was manufactured by Union Carbide Chemicals and
Plastics Company, Inc. The charges are located at the hydro-
phobic tails (see the schematic illustration in Figure 1), giving
a structure of the hydrophobic side chain resembling that of a
cationic surfactant. LM200 is a weakly charged hydrophobi-
cally modified cationic polyelectrolyte. This polymer was used
in its chloride salt form. The degree of hydrophobic substitution
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Table 1. Characteristic Data for the HM-P™ and
HM-P~ Polymers

HM-P* HM-P~
molecular weight 100 000 200 000
charge positive  negative
concentration of charges in a1 wt % 2 929

agueous solution (mm)

mean contour length between charges () 100 25
hydrophobic modification degree (mol %) 5.4 3
mean contour length between 100 84

hydrophobic tails (A)
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Figure 1. ldealized structure and a schematic illustration of
the cationic hydrophobically modified polymer, denoted HM-

P*.
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Figure 2. A representative structure and a schematic il-
lustration of the anionic hydrophobically modified polyacrylate,
denoted HM-P~. We should note that this rough outline does
not give the exact depiction of the ratio of hydrophobic tails
to charges.

has been obtained by nitrogen analysis of the dry polymer and
found to be 2.0 x 10~* mol of hydrophobic chains per gram of
polymer, which roughly corresponds to 5.4 side chains per 100
sugar residues. The hydroxyethyl substitution of LM200 is not
known but can possibly vary from MSgo = 0 to MSgo = 3.3.4%7
Low molecular weight impurities were removed by dialysis
against Millipore water in a Filtron Ultrasette device, and the
polymer was recovered by freeze-drying.

The anionic hydrophobically modified polyacrylate (HM-P~)
has a substitution degree of 3 mol % dodecyl chains grafted to
the polymer backbone and a molecular weight of approximately
200 000 in the sodium form. The negative charges are located
along the polymer backbone, and a typical structure of the
polymer is given in Figure 2. The HM-P~ sample was obtained
as a kind gift from Dr. Iliopoulos, Université Pierre et Marie
Curie, Paris, and was used as received. The experimental
details of the hydrophobic modification have been described
elsewhere.?
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Sample Preparation and Phase Behavior. All samples
were individually prepared by mixing stock solutions of the
respective polymers at different ratios. The solutions of the
single polyelectrolyte components and the mixtures were
prepared at a constant total concentration of 1 wt %. The pH
of 1 wt % HM-P~ solution utilized in this study is about 10.
Addition of HM-P* to HM-P~ does not introduce any compo-
nents that will influence the pH and lower it to the extent
that HM-P~ is partially charged. All water used was of MilliQ
quality. The samples were carefully mixed by stirring, or for
viscous samples by centrifugation in alternating directions, at
room temperature for several days. After equilibration, the
samples were centrifuged for at least 24 h, and the phase
behavior was determined by visual inspection. The phase
boundaries of the two-phase region for the system under
investigation have been previously determined by Thuresson
et al.'” The two-phase region extends from about 2 to 21 wt %
HM-P~. The one-phase samples are homogeneous and optically
clear, often highly viscous gels. Most of the two-phase samples
display two well-separated phases. The top phases are trans-
parent and of low viscosity, while the bottom ones have the
appearance of gellike white precipitate. Opaque samples
showing no macroscopic phase separation (commonly close to
the phase boundaries) are considered to be biphasic. No extra
salt has been added in the system. It should be mentioned here
that the final mixtures of the two polyelectrolytes have not
been dialyzed; thus, the samples contain small amounts of salt
due to the association of the two polyions and the release of
counterions. The exact amount of screening salt will therefore
vary with the mixture composition. The rheological and light
scattering measurements in this investigation have been
performed to samples well within the one-phase region. The
samples prepared for the light scattering experiments were
filtered in an atmosphere of filtered air through 0.8 um filters
(Micro Filtration Systems) directly into precleaned 10 mm
NMR tubes (Wilmad Glass Co.) of highest quality. All mea-
surements were carried out at 25 °C.

Oscillatory Experiments. The oscillatory shear measure-
ments were conducted on a CarriMed CSL 100 constant stress
rheometer, equipped with an automatic gap setting. Depending
on the viscosity of the sample, 1° acrylic cone and plate
geometry with a diameter of 4 or 6 cm, respectively, was used.
In the present study the results from the oscillatory sweep
measurements in the approximate frequency range 0.01—-20
Hz are reported. The values of the stress amplitude were
checked in order to ensure that all measurements were
performed within the linear viscoelastic region, where the
dynamic storage modulus (G') and loss modulus (G") are
independent of the applied stress. The temperature in the
sample chamber was controlled to within £0.1 °C with the aid
of a Peltier plate.

Light Scattering Experiments. In light scattering experi-
ments we probe on a length scale of g%, where q is the wave
vector defined as q = 4zn sin(6/2)/1. Here 1 is the wavelength
of the incident light in a vacuum, 6 is the scattering angle,
and n is the refractive index of the medium. The value of n
was determined at 4 = 488 nm for each composition with an
Abbé refractometer.

The light scattering experiments were conducted on a
standard laboratory built light scattering spectrometer capable
of doing both absolute integrated scattering intensity and
photon correlation measurements at different scattering angles.
The intensity light scattering (ILS) measurements were car-
ried out using ALV (Langen-Germany) light scattering elec-
tronics in combination with the on-line program ODIL. A
Spectra Physics model 2020 argon ion laser operating at a
wavelength of 488 nm was used. The light was vertically
polarized, and the intensity of the output beam was adjusted
with the aid of high-quality neutral density filters (Melles
Griot) of various transmittances depending upon the intensity
of the scattered light from the samples. To ensure a vv
configuration, polarizers were placed both in front and behind
the cell. The sample cell was held in a thermostat block filled
with refractive index matching dibutyl phthalate, and the
temperature was controlled to within +0.05 °C.
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In the present experimental configuration a detection
geometry was utilized where a vertical slit, instead of the usual
pinhole, was placed in front of the photomultiplier tube. With
this arrangement, the absolute quantity Rw(q), which is the
excess Rayleigh ratio with vertically polarized incident and
scattered beams, can be determined from the relation Rw(q)
= hl*(qg), where 1*(q) is the excess scattered intensity and h =
Ruwv,benzeneNsolv/ (I *benzeneNbenzene)- A value of Ry(90°) = 3.14 x 105
cm~! reported?? for benzene at 25 °C and 488 nm was used in
this work. The optical constant K (cm® mol g—2) was calculated
from K = (472n?/Nak*)(9n/oc)?, where Na is Avogrado’s constant,
an/ac is the refractive index increment, and c is the mass/
volume concentration. The values of the refractive index
increment for the different mixture compositions were deter-
mined with a Brice-Phoenix differential refractometer (model
BP-2000-V). The reduced scattered intensity, Kc/Rw(q) was
calculated from a Guinier plot? of In(Kc/Rw(q)) versus g2.

In the DLS experiments, the full homodyne intensity
autocorrelation function was determined with an ALV-5000
multiple-z-digital correlator. The correlation functions were
recorded in the real time “multiple-t” mode of the correlator,
in which 256 time channels are logarithmically spaced over
an interval ranging from 0.2 us to almost an hour.

The Siegert relation? relates the normalized intensity
autocorrelation function g®(q,t) to the normalized electric field
autocorrelation function g®(qg,t), assuming the scattered field
has Gaussian statistics.

9. = 1 + BlgW(q,1)? 1)

where B (<1) is an instrumental parameter.

In the case of semidilute associating polymer systems, one
usually observes?>—3! a bimodal time autocorrelation function
consisting of one single-exponential decay associated with
cooperative diffusion (7! = D.g? where 7t is the “fast”
relaxation time and Dy is the cooperative diffusion coefficient)
and a group of relaxation modes characterizing disengagement
relaxation of individual chains?”?2 or cluster relaxation.® Since
time correlation functions of the concentration fluctuations at
long wavelengths in the semidilute regime were recorded, the
fast mode was always observed to be diffusive (q? dependent).
We have found that the slow relaxation process can be
described by a stretched exponential, and this mode exhibits
a more complex g dependence that will be discussed below.
Thus, in this work, as well in other DLS investigations?®~3!
on complex polymer systems, all the correlation data were
analyzed by using the following heuristic expression

g®(t) = A; exp(—t/z) + A, exp[—(t/z,,)] )

with Ar + As = 1. This relationship is found to capture the
characteristic features of the present systems. The parameters
Ar and A are the amplitudes for the fast and slow relaxation
modes, respectively. The variable s is some effective slow
relaxation time, and the stretched exponent 8 (0 < 8 < 1) is
an indication of the width of the distribution of relaxation
times. The j variable has been interpreted® as a measure of
inhomogeneity or disorder effects of the system, and the
specific value of 5 depends on the topological dimension of the
modeled cluster. As will be shown below, the value of § in this
study depends strongly on the composition of the polyelectro-
lyte mixture. The mean slow relaxation time is given by

=/l mexp[—(rise)ﬁ ] dt = %r(%) 3)

where T'(871) is the gamma function of 1.

In the analysis of the correlation function data, a nonlinear
fitting algorithm (a modified Levenberg—Marquardt method)
was utilized to obtain best-fit values of the parameters Ay, 1,
7se, and S appearing on the right-hand side of eq 2. A fit was
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Figure 3. Dynamic viscosity at 0.6 Hz of mixtures of HM-P*
and HM-P~ as a function of the mixture ratio r (r = mum-p/
(Mam—p + Mum-p+)). The total polymer concentration is kept
at 1 wt %.

considered satisfactory if there were no systematic deviations
in the plot of the residuals of the fitted curve.

Results and Discussion

Before we present and discuss the results, it may be
instructive to give some basic aspects on this type of
system. It is usually considered that polyelectrolyte
complexes are formed by oppositely charged polyelec-
trolytes due to Coulomb forces. However, for a detailed
description of the associative microphase separation in
polyelectrolyte systems, we must consider the delicate
interplay'® between, at least, three main factors, namely
non-Coulombic repulsion between dissimilar monomer
units (or monomer—solvent repulsion) leading to im-
miscibility in the absence of charges, translational
entropy of small counterions enhancing miscibility, and
electrostatic interactions between charged microdomains.
When both polyelectrolytes are hydrophobically modi-
fied, the interaction situation is strongly modulated by
the attractive hydrophobic interactions, and there is an
enhanced tendency of the system to form mixed ag-
gregates. The conjecturel’ is that this behavior should
give rise to a net charge of the macromolecular part of
the concentrated phase and, hence, to an entropy loss
in the counterion distribution on phase separation. To
counteract the increase in free energy of the system, the
concentrated phase swells, and the tendency of phase
separation is reduced or completely eliminated, depend-
ing on the charge stoichiometry. The observed!’ reduc-
tion of the two-phase region in mixtures of HM-P~/HM-
P* as compared to that for the unmodified polymers can
be rationalized in this framework.

Viscoelastic Properties. Figure 3 shows the dy-
namic viscosity #' at a low frequency of 0.6 Hz of
mixtures of HM-P* and HM-P~, at a total polymer
concentration of 1 wt %, as a function of the mixture
ratio r = mpv-p/(Mym-p + Mum—p*) (M denotes the
mass of the considered component). We may note that
the dynamic viscosity of a 1 wt % aqueous solution of
pure HM-P~ (r = 1) is lower than the viscosity of 1 wt
% aqueous solution of HM-P* (r = 0). This trend can
probably be related to the different nature of the
cellulosic polymers. When the negatively charged poly-
electrolyte HM-P~ is added to a solution of HM-P™*, a
marked rise of the viscosity is observed as the two-phase
region is approached. The viscosity increase can prob-



Macromolecules, Vol. 32, No. 9, 1999

©
a
[s1]
o
>
o
o-
o
< B
- -2
© 10 3 oM 03 (1)
5 oe 05| 0 ]
_7_:
10 3 T RALRRAL | Torrrrrar LR | T Ty T "“"‘E
1078 102 10™ 10° 10" 10?

Frequency (5‘1)

Figure 4. Frequency dependences of the storage modulus (G')
and the loss modulus (G") for mixtures of different composition
at a total concentration of 1 wt %. The curves have been shifted
vertically by a factor B of the value listed in the inset. The
vertical trend of the data has not been changed by this action.

ably be attributed to a combined effect of electrostatic
interactions and hydrophobic associations. When the
amount of the HM-P~ polymer in the mixture increases,
the charges on HM-P* are screened, and this effect
promotes clustering of the hydrophobic tails of the
polymers. At higher concentrations of the anionic poly-
mer (on the right-hand side of the two-phase domain),
there is a balance between the electrostatic and the
hydrophobic interactions. As a result of this process, the
viscosity drops significantly as the weight fraction of
HM-P~ increases (see Figure 3).

In Figure 4, the dynamic storage and loss moduli of
mixtures of HM-P* and HM-P~ at a total polymer
concentration of 1 wt % are plotted against frequency.
The curves have been purposely shifted vertically by a
factor B (see the inset in Figure 4) for easier comparison.
For 1 wt % solutions of the pure components (the result
for the HM-P* (r = 0) solution is shown), the systems
tend to behave classically as a Newtonian liquid (G' ~
w? and G" ~ w'). The experimental scatter (at low
frequencies) of the G' data at r = 0 is probably due to
the weak elastic response at this system (low viscous
solution). The general picture that emerges is that, at
low or very low frequencies, we observe a viscous
behavior with G" > G’, while at higher frequencies,
depending on the composition of the mixture, G' in-
creases to cross G, and above this frequency, G’ exceeds
G", which suggests that the elastic response dominates.
It is evident that the frequency of intersection is located
at low frequencies (long times of intersection) for
mixtures with values of r close to the two-phase region,
while systems far removed from this domain exhibit
high frequencies of intersection. These findings suggest
that the networks formed in the vicinity of the two-
phase region contain entangled or interconnected chains.
Furthermore, these results may indicate the formation
of large and more open network structures (see the
discussion below).

Rheological data from polymer systems are frequently
analyzed in the framework of the simplest model of a
viscoelastic fluid, namely the Maxwell model. This
simple model, consisting of an elastic component (spring)
connected in series with a viscous component (dashpot),
is used to describe the frequency dependencies of the
dynamic moduli. However, neither a single Maxwell
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Figure 5. Effect of the frequency of oscillation on the dynamic
viscosity of mixtures of various compositions at a total
concentration of 1 wt %.

element nor a sum3* of Maxwell elements could be used
to properly describe the frequency dependencies of G’
and G" for the present mixtures of HM-P* and HM-P~.
These findings indicate that there is not a single
relaxation time that controls the time scale, but a more
complex picture, with a broad distribution of relaxation
times, emerges. We may note that the failure of the
Maxwell model to describe rheological data of complex
polymer systems has also been reported3?-34 for aqueous
solutions of a hydrophobically modified ethyl(hydroxy-
ethyl)cellulose and its unmodified analogue in the
presence of a surfactant.

The effect of the frequency of oscillation on the
dynamic viscosity of 1 wt % solutions of the pure
components and of mixtures of various compositions is
given in Figure 5. The results indicate that the poly-
electrolyte systems become more viscoelastic, i.e., dis-
playing increased frequency dependence, typical of
polymer network systems containing cross-linked or
entangled chain networks, as the values of r approach
the two-phase region. For solutions of the pure polymer
components, ' is virtually independent of frequency,
and the systems display rheological characteristics
typical of unentangled polymer solutions. These results
emphasize again the formation of a association network
in the neighborhood of phase separation.

Dynamic Light Scattering. Figure 6 shows time
correlation data at a scattering angle of 30° for mixtures
of HM-P* and HM-P~, together with the corresponding
curves fitted with the aid of eq 2. The inset in Figure 6
shows semilogarithmic plots of gi(t) as a function of t#
for the compositions indicated. This type of plot yields
straight lines for functions that can be represented by
stretched exponentials. We observe that, within experi-
mental error, the long-time behaviors of the correlation
functions are well described by straight lines. An
inspection of the correlation functions reveals that the
long-time tail is shifted toward long times for mixtures
with compositions that are located close to the two-
phase region.

By using the model equation (see egs 2 and 3), a
number of characteristic parameters can be determined.
Let us first discuss the fast relaxation time which yields
the cooperative diffusion coefficient D, from which the
apparent hydrodynamic correlation length &, can be
estimated through the expression3® D, = kgT/6m10&h,
where kg is the Boltzmann constant, T is the absolute
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Figure 7. Effects of mixture ratio at a total polymer concen-
tration of 1 wt % on the cooperative diffusion coefficient and
the static and hydrodynamic correlation length.

temperature, and 7o is the solvent viscosity. The effect
of mixture composition on these quantities is illustrated
in Figure 7 for solutions of a total polymer concentration
of 1 wt %. The lack of data points on the right-hand
side of the two-phase domain is due to problems with
the separation of the different relaxation modes of the
correlation function. At mixture ratios close to this
region, the profile of the correlation function is complex,
and we have not in an unambiguous way succeeded to
separate the contributions from the two polymer com-
ponents. At low or high ratios of r, one of the polymers
dominates in the mixtures, and the relaxation process
is practically governed by this component. In this case
the fast and the slow relaxation modes are readily
extracted from the decay of the correlation function. It
is evident from the data in Figure 7 that D. drops as
the two-phase region is approached and rises (the right-
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Heterogeneous
network

Homogeneous
network

Figure 8. Illustration of the structural reorganization of the
polymer network from homogeneous (pure polyelectrolytes) to
heterogeneous as the two-phase region is approached. In the
latter stage, bundles of polycation and polyanion chains are
formed in the network, and the average spacings between
bundles are larger than the average mesh size of the homo-
geneous network.

hand side of the two-phase region) as the composition
is changed toward the pure HM-P~ component. This
behavior may be rationalized in the following way. The
diffusion process is governed by the interplay between
hydrodynamic and thermodynamic properties through
the relationship®® D = s aIl/ac, where s (the hydrody-
namic factor) is the sedimentation coefficient and oIl/
oc is the inverse osmotic compressibility. At a given
concentration, the thermodynamic factor dIl/dc is ex-
pected to play a dominating role in the diffusion
behavior. Since this factor decreases when the thermo-
dynamic conditions become poorer, we expect that D,
falls off as the two-phase region is approached.

The effect of the mixture composition on the hydro-
dynamic correlation length is displayed in Figure 7. The
values of the static correlation length &, obtained from
the ILS measurements (see also the discussion below)
by using eq 9, have also been included. Although the
values of the static correlation length are much higher
than the corresponding dynamic ones, calculated from
the fast relaxation time of the correlation function, the
general trend is the same. If the correlation length is
visualized®® as a measure of the average mesh size of
the network, the observed rise of the correlation length
as the two-phase region is approached may be associated
with a combination of attractive Coulomb forces and
hydrophobic associations at these conditions, giving rise
to a heterogeneous network. The conjecture is that
bundles of close-packed polycation and polyanion chains
are formed (see Figure 8), and as a result, the effective
mesh size of the network increases. In this context it is
interesting to draw our attention to a recent diffusion
study,36 dealing with changes of the diffusion features
in connection with formation of nonuniformities of
networks undergoing sol—gel transitions. In the men-
tioned investigation, the diffusion behavior in gels and
the corresponding solutions was analyzed, and it was
found that nonuniformities in the network play an
important role for the diffusion properties. Depending
on the magnitude of these nonuniformities, the coopera-
tive diffusion coefficient of the gel may be smaller than,
equal to, or greater than the corresponding value of the
solution. The model predicts a reduction of the diffusion
coefficient for a system with increasing nonuniformity
of the network. In light of this approach, the present
results of D, may suggest that the nonuniformities of
the networks increase when the two-phase region is
approached.
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Figure 9. Effects of mixture ratio (total polymer concentration
of 1 wt %) on the slow relaxation time 75 and the time of
intersection 7* (a) and the stretched exponent  (b).

Figure 9 shows how the slow relaxation time 75 is
affected by the composition of the mixture. The rheo-
logical analogue, the time of intersection t* = 1/2xf*,
corresponding to the frequency of intersection f* where
G' equals G" (see Figure 4), is also displayed in Figure
9. Both quantities exhibit the same type of behavior,
with strongly increasing values of the relaxation time
as the two-phase domain is approached. The dynamical
slowing down may be due to enhanced associations in
the vicinity of the two-phase region. These results
suggest that the relaxation processes operating in
rheology and DLS are slow, and a picture emerges
where groups of chains move together, leading to a
distribution of relaxation times associated with the
cluster size distribution.

In Figure 9b, the stretched exponent f is plotted as a
function of the mixture ratio r. It is evident that the
value of 3 drops strongly when the two-phase region is
approached. There are theoretical models that can
rationalize this type of behavior. Recently, Douglas and
Hubbard3? formulated a semiempirical approach to
relaxation in condensed materials, which addresses
material inhomogeneity through the parameter 5. The
value of § was interpreted as a measure of inhomoge-
neity or disorder effects of the system, and the specific
value of 3 depends on the topological dimension of the
modeled cluster. In view of this model, the observed drop
of 5 suggests enhanced inhomogeneity effects of the
mixture.

In the coupling model of Ngai,®® the value of the
stretch exponent 3, or the value of the coupling param-
eter n (4 = 1 — n) is a direct measure of the coupling
strength of the relaxation mode to its complex environ-
ments. The coupling model3~4! provides a general
approach to the dynamics of constrained, interacting
systems. In this framework, the system under consid-
eration is said to be composed of “basic units”, which
interact nonlinearly and more or less strongly with each
other. There exists a crossover time t;, which separates
short and long time regimes. At short times (t < t;) the
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basic units relax independently, their temporal correla-
tion function (an example is the field correlation func-
tion) having the general form

o(t) = exp(—try) t=<t (4)

At longer times the correlation function is characterized
by the slowed down stretched exponential function

¢(t) = exp[—(Vr*)" "] t>t, ®)

where n depends on the intermolecular interaction and
whose value lies within the range 0 < n < 1. The basic
features of this model suggest that n rises (or j
decreases) as the strength of the interaction between
the basic units is increased. The quantity 7o is a
relaxation time characteristic of the unconstrained
motions of the basic dynamic units, while 7*s describes
the average relaxation time of the basic dynamic units
at longer times, after cooperative constraint dynamics
between the relaxing basic units has come into play.
Continuity of the two processes of the correlation
function at t = t; leads immediately to the important
relationship

v, = [t "] Y (6)

This equation links the effective relaxation time 7*s to
the independent relaxation time 7o and the crossover
time t..

In light of the coupling model, the observed effects of
mixture composition on the stretched exponent 3 (Figure
9b) and on the slow relaxation time (Figure 9a) can be
rationalized. As the two-phase region is approached, the
intermolecular interactions are strengthened, and poly-
mer clustering and thus “entanglement-like” response
should be favored. As a result, the strength of interac-
tion or coupling strength increases; that is,  drops
which is in accord with the experimental observation
for the present system. The coupling model further
predicts (see eq 6) that the slow relaxation time should
increase with decreasing . This prediction is also
consistent with the experimental finding (cf. Figure 9a).

The angular dependence of the correlation function,
at different mixture ratios, is illustrated in the form of
a reduced plot in Figure 10. The general trend is that
correlation function data practically condense onto a
single curve at short times, reflecting the diffusive
character (g? dependent) of the fast mode. However, the
long-time tails of the correlation functions are more or
less separated, depending on the composition of the
mixture, indicating a q dependence stronger than that
for a diffusive process. This complex q dependence of
the slow mode will be discussed below.

To quantitatively evaluate the g dependences of the
relaxation times (zr and ts), plots of the inverse relax-
ation times as a function of q are depicted in Figure 11a.
From the slopes of the straight lines, the numerical
values of the scaling law exponents o and as are
determined. The value of os is within error equal to 2
at all conditions, suggesting that the fast mode is
diffusive. The value of as rises in the vicinity of the two-
phase region (see Figure 11b), and a strong g depen-
dence of the slow mode is revealed. The present experi-
mental findings of the q dependences of the fast and
the slow mode can be interpreted in the framework of
the coupling model.
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Figure 10. Plot of the first-order field correlation function
versus g2t (every third point is shown) for the mixture ratios
(total polymer concentration of 1 wt %) and the scattering
angles indicated.
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Figure 11. (a) llustration of the wave vector dependences of
the fast (z¢ ) and the slow (zs71) inverse relaxation times for
the mixture ratios (total polymer concentration of 1 wt %)
indicated. (b) Effects of the mixture ratio on the quantities
2/p (see the main text for explanation) and as, illustrating the
g dependence of the slow inverse relaxation time.

If we follow the coupling approach, with ¢(t) given by
egs 4 and 5, 7o of eq 4 arises from a purely diffusive
process leading to a simple exponential decay, so its g
dependence is given by

To(a) ~q 2 @)

We may note that the q dependence of the fast mode in
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this work is consistent with this prediction. Substituting
this expression for 7o(q) into eq 6, a stronger g depen-
dence of 7*g

(@) = [t @Y ~ g P~ g (g)

is found. As the interaction is enhanced, there is a
concomitant increase in the coupling parameter n, or a
decrease of 3, and the q dependence of 7s becomes even
stronger. A comparison between the experimental re-
sults and the values predicted with the aid of eq 8 is
depicted in Figure 11b. The agreement between the
experimental and the calculated values is reasonably
good. As far as we know, this result is not predicted by
any other model.

Intensity Light Scattering. An intensity light scat-
tering experiment probes density correlations on a
length scale q~1. The properties of the light scattered
by polymer solutions depend on the concentration range
and on the relative magnitude of a characteristic length
scale explored in the light scattering experiment. In
semidilute solutions (as in the present work), i.e., above
the overlap concentration, the characteristic length is
the correlation length, which is on the order of the mesh
size & of the network. This length characterizes the
crossover between a “fractal” and a “homogeneous”
structure.

In the Guinier region (g€ < 1), the angular distribu-
tion of scattered intensity is observed, and the normal-
ized inverse scattered intensity function can be de-
scribed by a Ornstein—Zernike law3°

S(0)/S(q) = 1 + ¢°€? (9)

where S(q) = Rw(q)/KcM and S(0) = RT/M(aI1/dc), with
R the gas constant, T the temperature, and dIl/dc the
inverse osmotic compressibility. From this relation, the
static screening length is easily extractable. The results
presented and discussed above showed (see Figure 7)
that £ increases as the two-phase region is approached.
This indicates that the material is undergoing structural
reorganization. The picture that emerges is that the
singly stranded structure prevailing at conditions far
away from the two-phase domain is replaced, at least
in part, by denser bundles of chains, with a larger
spacing between bundles (cf. Figure 8).

The angular dependence of the reciprocal normalized
scattering intensity for systems of various mixture
ratios is depicted in Figure 12. The results show that
for solutions of the pure components there is a strong
angular dependence, suggesting the existence of large
entities, while for mixtures with compositions that are
close to the two-phase region, there is virtually no g
dependence. These findings may be interpreted in the
following way. For a solution with a composition that
is remote from the two-phase region, the conjecture is
that the solution is composed of clusters that are
imbricated, but they are not entangled as suggested by
the liquidlike response from the rheological measure-
ments. For mixtures close to the two-phase region, a
strong interconnected network is established, and the
angular dependence of the scattering intensity disap-
pears. In this context we should note a previous light
scattering study?® on an aqueous thermoreversible
system of ethyl(hydroxyethyl)cellulose in the presence
of an ionic surfactant, where the angular dependence
of the normalized inverse scattered intensity function
was found to decline as the gel zone was approached.
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Figure 12. ¢? dependence of the reduced inverse scattered
intensity function for the mixture ratios indicated (the total
polymer concentration is 1 wt %).
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Figure 13. (a) A log—log plot of the q dependence of the
scattered intensity function for the mixture ratios indicated
(the total polymer concentration is 1 wt %). (b) The effect of
mixture composition on the fractal dimension ds (see eq 10).

This feature indicates that the network connectivity has
a significant impact on the scattering pattern.

In the regime g > 1, the length scale ! is associated
with more local properties of the system, and the
scattered intensity depends strongly on the length scale.
We can view the semidilute solution as an irregular
fractal network,*2 formed by more or less interpenetrat-
ing clusters. In this case the scattering intensity or the
structure factor decays with the wave vector as

S(a) ~q ™ (10)

where the slope of the structure factor in the power-
law regime yields the fractal dimension df (0 < df < 3).

Figure 13a shows the intensity profiles in form of log—
log plots of S(q) versus q for solutions of different ratios
of mixture at a total polymer concentration of 1 wt %.
The solid lines represent the best fit of the experimental
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data with eq 10 in the intermediate g regime. The
fractal dimension of the clusters in solutions of the pure
polyelectrolyte components is close to 3 (see Figure 13b),
indicating a homogeneous structure. It is obvious that
the value of ds falls off strongly as the two-phase region
is approached. These results suggest that the network
structure becomes more “open™?3 in the vicinity of phase
separation. This behavior is compatible with the hy-
pothesis that an inhomogeneous network, containing
bundles, is formed.

Conclusions

The results reported in this study emphasize the
profound impact of the mixture ratio of oppositely
charged and hydrophobically modified polyelectrolytes
on the rheological, dynamical, and structural properties
of these systems. The experiments have been carried
out on aqueous solutions of pure polyelectrolytes and
various mixtures. Mixtures of two oppositely charged
and hydrophobically modified polyelectrolytes will have
an inclination to associative phase separation, and due
to the presence of hydrophobic tails, the system pro-
motes the formation of mixed aggregates. This process
is reminiscent of the phenomenon observed in systems
of one ionic surfactant and one hydrophobically modified
polymer. In the vicinity of the two-phase region, the
charges on HM-P* are screened by those of the anionic
polymer, and as a result, the hydrophobic interactions
will grow in importance.

The rheological measurements reveal liquidlike re-
sponse in solutions of the pure polyelectrolytes, while
in mixtures of the two polyelectrolytes the elastic
response becomes gradually more dominant as the two-
phase region is approached. At this stage, the frequency
dependences of the dynamic moduli cannot be described
by a simple Maxwell model, but the rheological behavior
is complex with a broad distribution of relaxation times.
The rheological results favor the hypothesis of enhanced
interactions when the two-phase region is approached.

The results from the DLS experiments indicate the
existence of two relaxation modes, where the initial
decay of the correlation function is described by a single
exponential followed by a stretched exponential at
longer times. The fast mode, which is always g2 depend-
ent, yields the cooperative diffusion coefficient and the
hydrodynamic correlation length. Both the static and
the hydrodynamic correlation lengths increase as the
two-phase region is approached. The marked rise of the
slow relaxation time, characterizing cluster disengage-
ment relaxation, as well as the pronounced increase in
the time of intersection from the rheological measure-
ments suggests that strong associations are formed at
mixture compositions toward phase separation. The g
dependence of the slow mode is stronger than that of a
diffusive process, and it increases steadily as the two-
phase domain is approached. This feature, as well as
the accompanying drop of the stretched exponential 3,
can be rationalized as enhanced intermolecular interac-
tions within the framework of the coupling model of
Ngai.

The intensity light scattering measurements revealed
in the regime g¢ > 1 a power law in the form S(q) ~
g~ 9%, with a fractal dimension that falls off significantly
in the direction of phase separation of the mixture. The
overall picture that emerges from this study is that the
polymer network undergoes a structural reorganization
from a homogeneous singly stranded structure in the
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solutions of the pure polyelectrolytes to an inhomoge-
neous network containing bundles of polycation and
polyanion chains as the two-phase region is approached.
As a result of this process, the average mesh size of the
network increases significantly.
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