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ABSTRACT:

Mixed solutions of a cationic cellulose ether (JR400) and, either poly[sodium 2-(acrylamido)-2-

methylpropanesulfonate] (PAMPS), or a copolymer of sodium 2-(acrylamido)-2-methylpropanesulfonate and N-n-

dodecylmethacrylamide (PAMPS-Dod) in the semi-dilute regime (10 g L~') have been examined by oscillatory shear

and steady shear measurements. Mixtures consisting of the polycation as major component and PAMPS-Dod as minor

component, were viscous fluids at low polyanion concentration and became gel-like fluids with increasing polyanion

content. The zero shear viscosity was a strong function of polyanion content, increasing significantly with polyanion

content. The fluids are viscoelastic, exhibit Newtonian behavior at sufficiently low shear rates and become shear thinning

at higher shear rates. Steady shear viscosities were fitted with the Carreau—Yasuda model yielding the time constant as-

sociated with the relaxation process. The rheological parameters concurred in support of an association model involving

the formation of a crosslinked network between two oppositely charged polyelectrolytes differing greatly in molecular

architecture, charge density, and conformation.
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A great variety of consumer products, such as cos-
metics, drug formulations, foodstuff or paints rely on
the ability of water-soluble polymers to control the rhe-
ology of fluids.!™ Generally, the polymer is not used
alone, but in combination with other polymers or sur-
factants and it is the synergic action of the compo-
nents that create the required rheological properties. Of
particular interest are systems containing oppositely-
charged polymers and surfactants, which form com-
plexes as a result of electrostatic interactions between
the charged head group of the surfactant and the ion-
ized units of the polymer, and, in some cases, addi-
tional hydrophobic interactions.* Mixtures of cationic
cellulose ether derivatives and oppositely charged sur-
factants have been investigated extensively, ever since
Goddard reported that the addition of a surfactant, such
as sodium dodecylsulfate (SDS), to aqueous cationic
cellulose ethers leads to a very large increase in solu-
tion viscosity or, in some cases, to phase separation.’
Further studies have indicated that fluids containing
cationic cellulose ethers and anionic surfactants are vis-
coelastic in given situations and exhibit shear thinning
properties that depend in a subtle way on the molecular
weight of the polymer and on the nature of the

surfactant.>7 The surfactant-triggered changes in vis-
cosity of polyelectrolyte solutions have been attributed
either to electrostatic interactions between the charged
groups or to hydrophobic interactions between the non-
polar tails of the surfactant and hydrophobic patches
along the polysaccharide backbone, or to an interplay
of both mechanisms.® Another factor that may con-
tribute to the macroscopic rheology of mixed poly-
mer/surfactant systems is related to the dynamic nature
of the surfactant micelles and of the surfactant clusters
decorating the polymer backbone. The effect of the ex-
change of individual surfactant molecules between mi-
celles and clusters, while difficult to assess, cannot be
prevented, except by replacing the surfactant micelles
by polymeric micelles.

Intrigued by the possibility of using polymeric mi-
celles as surfactant substitutes in fluids containing
cationic cellulose ethers, we undertook an investiga-
tion of polyelectrolyte complexes (PEC) consisting of
a cationic derivative of hydroxyethylcellulose ether,
JR400, and a copolymer of sodium 2-acrylamido-
2-methylpropanesulfonate and N-n-dodecylmethacry-
lamide (PAMPS-Dod), which carries ~5 mol% of n-
dodecyl moieties randomly distributed along the chain
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Table |. Physical properties and structural features of the polymers
Critical overlap Mean Mean contour Charge
Molecular . Degree of ..

Polymer Charge _—_ concentration contour  length between dificati concentration in a

eight c*/gL™! length/nm charges/nm modification 10 g L™! solution
JR400 Positive 500000* 4.0° ~1000? 10* 27 mol% (Me;N*-R)* 10 x 1073 mol L™!
PAMPS-Dod Negative 53000° 57 0.25 5 mol% (n-Cj2Has)¢ 41 x 1073 mol L™!
PAMPS Negative 71000°¢ 77 0.25 — 44 x 107 mol L~!

a%From ref 12. "From GPC (see experimental section). “From ref 14. “From H NMR spectrum, see ref 9. °From ref 15.
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Figure 1. Structure of the polymers used in this study.

(Figure 1). The hydrophobically-modified polyanion,
PAMPS-Dod, is known to associate in water, forming
unimers ~ 6nm in diameter as well as larger aggre-
gates approximately 120 nm in diameter that consist of
a small number of assembled chains.” Thus, conceptu-
ally, the JR400/PAMPS-Dod system presents similari-
ties with a system consisting of JR400 and oppositely
charged surfactant micelles. We reported previously the
rheology of mixed systems consisting of small amounts
of JR400 and excess PAMPS-Dod (polyanion-rich mix-
tures). The fluids in this concentration regime ex-
hibit significant thixotropy as well as unexpected shear
thickening behavior.'”

We present here a rheological investigation of the
same mixed system, but in the polyanion-poor concen-
tration regime. We conducted oscillatory shear exper-
iments to examine the effect of fluid composition on
the complex viscosity, dynamic moduli and intersection
frequency. Shear dependent viscosity measurements
were conducted as well, to assess the validity of the
Cox—Merz rule. The Carreau—Yasuda model was ap-
plied to characterize quantitatively the non-Newtonian
properties exhibited by the mixed fluids investigated.
Taken together, the results provide a strong basis in sup-
port of an interaction model that takes into account the
differences in architecture, flexibility, and charge con-
tent of the two polyelectrolytes.
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EXPERIMENTAL

Materials

Water was purified with a Millipore Milli-Q Sys-
tem. The polycation Ucare Polymer JR400 was ob-
tained from Amerchol Corporation (Union Carbide)
and was used as received. JR400 is the chloride salt of
a trimethylammonium derivative of hydroxyethylcellu-
lose (HEC) with a molecular weight of approximately
5% 10° Dalton (Figure 1).!! The positive charge content
of JR400 is 27 mol%, corresponding to 27 ammonium
groups for every 100 glucose units (Table I).!? The
polyanions PAMPS and PAMPS-Dod were prepared
as described earlier.!> '* PAMPS-Dod is a copolymer
of sodium 2-(acrylamido)-2-methylpropanesulfonate
(AMPS) and N-n-dodecylmethacrylamide (Dod) with
a dodecyl content of 5mol%. The molecular weight
of PAMPS-Dod was determined to be approximately
5% 10* Dalton by size exclusion chromatography (SEC)
on a JASCO GPC-900 system equipped with Shodex
Asahipak GF-7M HQ columns using a 0.2 M solution
of LiCIO4 in methanol as the eluent and was calibrated
with poly(ethylene glycol) standards (Scientific Poly-
mer Products, Inc.).

Fluids for Rheology Measurements

All solutions were prepared at ambient temperature.
Stock solutions of each polymer, JR400, PAMPS or
PAMPS-Dod (10 g L") were prepared by dissolution
of the polymer in water for 12 h to allow complete hy-
dration and swelling. The stock solutions were then
gently stirred for 24 h and were allowed to equilibrate
without stirring for another 24 h before use. Aqueous
mixtures of JR400/PAMPS-Dod were prepared from
weighed aliquots of stock solutions and mixed slowly.
The mixtures were stirred for 48 h. Special precautions
were taken during the agitation to prevent the forma-
tion of air bubbles. The stirring speed was varied de-
pending on the viscosity of the resulting mixture. Fi-
nally, the mixtures were allowed to stand at ambient
temperature for 24 h prior to rheological measurement.
The total polymer concentration of each mixture was
10 g L™! (Table II). The ratio between the two compo-
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Table Il. Characteristic of aqueous solutions of JR400/PAMPS-Dod mixtures
Jo- [JR400] [PAMPS-Dod] [Total polymer] Appearance Property
0.00 10 0 10 clear and homogeneous viscous
0.01 9.9 0.1 10 clear and homogeneous viscous
0.02 9.8 0.2 10 clear and homogeneous viscous
0.03 9.7 0.3 10 clear and homogeneous gel-like
0.04 9.6 0.4 10 clear and homogeneous gel-like
0.05 9.5 0.5 10 clear and homogeneous gel-like
0.06 9.4 0.6 10 clear and homogeneous gel-like
0.08 9.2 0.8 10 clear and homogeneous gel-like
0.10 9.0 1.0 10 turbid and homogeneous gel-like
0.12 8.8 1.2 10 turbid and homogeneous gel-like
0.14 8.6 1.4 10 precipitates in supernatant ~ viscous

nents in each mixture is expressed as the weight frac-
tion of polyanion (f,-) in the mixture (eq 1), where
Wy- and W+ are the weights of polyanion (PAMPS and
PAMPS-Dod) and JR400 stock solutions, respectively.
fo- = M (D
P W+ Wi

The ratio between the two components in each mix-
ture is expressed also as the charge concentration ratios
(c—/cy), where c_ is the molal concentration of neg-
ative charges contributed by the polyanion and c; is
the molal concentration of cationic charges contributed
by JR400. Note that in a 10g L™' aqueous PAMPS-
Dod solution, the negative charge concentration is 41
mM and the positive charge concentration of a 10g
L~! aqueous JR400 solution is 10 mM. Charges from
the counterions of polymers (C1~ for JR400 or Na* for
PAMPS-Dod) are not considered. The ionic strength of
the samples was not adjusted, it varied depending on
the ratio between the two components.

Rheological Measurements

Rheological measurements were performed at 25°C
with a ReoLogica StressTech controlled stress rheome-
ter, equipped with a NESLAB circulator to control the
temperature within +0.1°C. A concentric cylindrical
measurement system (Bob and Cup) with a diameter
of 25 mm was used for all measurements. Each sample
was loaded into the cell with extreme care to prevent
the formation of air bubbles and was allowed to rest
for 15 min before measurement. The rheometer was set
automatically to determine the shear viscosity (7) with
the applied shear rate (¥) ranging between 0.01 and
785s~!. Each scan started at low shear rate (0.01s7")
with the shear rate increasing steadily toward higher
values. Immediately after reaching the highest attain-
able shear rate for each sample, the measurement was
continued with decreasing shear rates. The time inter-
val between 7 measurements at each shear rate (Af) was
set at 10 s for all samples. Most of the oscillatory mea-
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surements were conducted within the linear viscoelas-
tic region, where the dynamic storage modulus (G”)
and loss modulus (G”) are independent of the applied
stress. Oscillation stress sweeps were performed at var-
ious frequencies to determine the stress amplitude. A
delay time of 10s and an integration time of 1s were
employed for all oscillatory measurements. Oscillatory
measurements in the frequency range 0.001-10 Hz are
reported.

RESULTS AND DISCUSSION

Physical Appearance of Mixed Solutions

Samples for analysis were prepared with various
weight fractions of PAMPS-Dod (f,-) by mixing stock
solutions (10g L~!) of JR400 and PAMPS-Dod. Pre-
cipitation occurred immediately upon combining the
stock solutions, a common occurrence when mixing op-
positely charged polyelectrolytes. However upon pro-
longed stirring, the precipitate gradually disappeared in
several samples that became clear, homogeneous fluids.
The composition and appearance of the fluids studied
are listed in Table II. Another consequence of mixing
the two polymer solutions was a significant increase in
viscosity, as depicted in Figure 2, which presents the
composition-dependant viscosity of mixed fluids com-
posed of JR400 and either PAMPS-Dod or PAMPS.
The viscosity of mixed JR400/PAMPS-Dod samples
was enhanced up to 2000 times, compared to that of
a 10 g L~! solution of JR400, but mixed JR400/PAMPS
solutions experienced only a weak increase in viscosity,
compared to the starting solutions. The viscosity effects
strongly suggest that the interactions between JR400
and PAMPS-Dod in water are of a different nature than
typical polyanion/polycation interactions. This obser-
vation prompted us to conduct further rheological mea-
surements in order to unravel the interaction mecha-
nism.

Polym. J., Vol. 34, No. 5, 2002



Rheology of Polyelectrolyte Complexes

2500
o
.4?_: 2000
8
@
4 °
>
o 1500 f
E .
E 1000 |
2
= [ ]
=
)
& 500 .
A
¢ A A
° A A
0 ‘_‘_‘_‘ 1 1 LA
0 0.2 0.4 0.6 0.8 1
C./C+

Figure 2. Plots of the relative dynamic viscosity measured at
0.01 Hz as a function of c¢_/c,, the charge ratio between PAMPS
(triangle) or PAMPS-Dod (circle) and JR400 in 10 g L™!' aqueous
mixtures of JR400/PAMPS and JR400/PAMPS-Dod. The full sym-
bols represent clear homogeneous mixtures and the open symbols
indicate turbid homogeneous mixtures.
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Figure 3. Frequency dependence of the storage modulus G’
(full symbols) and the loss modulus G” (open symbols) for a 10 g
L~! aqueous solution of JR400 (squares) and for 10 g L~! aqueous
solutions of JR400/PAMPS-Dod mixtures with f,- 0.04 (triangles)
and 0.08 (circles).

Storage Modulus (G') and Loss Modulus (G”)
Oscillatory shear experiments were carried out next
on all homogeneous mixed fluids to gather data on the
frequency dependence of the storage modulus (G”) and
the loss modulus (G”’) of the fluids. Profiles of G’ and
G" are presented in Figure 3, for fluids of f,- 0.04 and
0.08, as well as for a solution of JR400. All mixed
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Figure 4. Storage modulus G’ (full circles), loss modulus
G” (open circles) and intersection frequency (triangles), the fre-
quency at which G’ equals G”, plotted as a function of f;-, the
weight fraction of PAMPS-Dod in 10g L' aqueous mixtures of
JR400/PAMPS-Dod. The dynamic moduli were measured at a fre-
quency of 1 Hz.

fluids of f,- > 0.02 exhibited viscoelastic behavior:
in the low frequency domain, the mixtures are viscous
(G” > G’) while at frequencies higher than a certain
threshold value the elastic response dominates (G' >
G”"). We confirmed that aqueous solutions of JR400 in
the absence of PAMPS-Dod are typical Newtonian flu-
ids with G’ ~ w?, G” ~ w!, and G” > G’ over the
entire frequency domain studied (0.001-10Hz) (Fig-
ure 3). The weak elastic response of the JR400 solu-
tion reflects the formation of a transient network cre-
ated via interchain entanglements, since the concen-
tration of the solution is well above the dilute regime
(< 4.0gL™1).15 Attempts were made to fit the data plot-
ted in Figure 3 for the mixed fluids to the single-mode
Maxwell model which is commonly applied to charac-
terize viscoelastic fluids and to describe the frequency
dependence of G’ and G”'. No satisfactory fit could be
obtained, which should not surprise, as it is a known
fact that the Maxwell data analysis is rarely adequate
to model associating polymers or two-component sys-
tems.'®!7 The ineptness of the single-mode Maxwell
model hints at the complexity of the JR400/PAMPS-
Dod system.

It can be seen also in Figure 3 that the crossover fre-
quency for the fluid of f,- 0.08 is lower than that ob-
served for the fluid containing less PAMPS-Dod (f,-
0.04). This is a general trend, the lower the polyanion
content, the higher the crossover frequency, as seen in
Figure 4, where the crossover frequency of mixed sam-
ples is plotted as a function of fluid composition. Thus
the relaxation time 7 of the fluid (v = 1/w) is shifted
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Figure 5. Schematic representation of the transient network for
the interpolyelectrolyte complexes formed in the clear homoge-
neous fluids.

towards longer times as the PAMPS-Dod concentration
in the sample increases. A similar observation has been
reported in a study of mixed JR400/surfactants sys-
tems.” The slowing down of the system dynamics with
increasing polyanion concentration is indicative of the
formation of a network of increasing crosslinking den-
sity and junction lifetimes. Figure 4 also presents the
changes with fluid composition of G’ and G” at a given
frequency (1 Hz). Both moduli increase sharply with
increasing PAMPS-Dod concentration, reaching values
~ 500 times higher than the values registered for a solu-
tion of JR400. Maximum elastic modulus enhancement
is reached for fluids of f,- ~ 0.1. Increasing the polyan-
ion concentration beyond this value has practically no
effect on either the moduli or the crossover frequency.
The G’, G”, and the crossover frequency, which all
three reflect the cross-linking density of a viscoelastic
system, concur in favor of the interaction model pre-
sented in Figure 5, based on the structural differences
between the two oppositely charged polyelectrolytes.
Although JR400 is only lightly charged (27 mol% pos-
itive charges), it exists in a stretched conformation as
a result of the rigidity of its polysaccharide backbone.
In contrast, PAMPS-Dod forms compact unimolecular
micelles, ~ 6 nm in diameter. Thus it is possible for a
single highly charged PAMPS-Dod unimer to associate
with two or more JR400 chains and consequently to act
as crosslinking point of a network composed predom-
inantly of entangled rigid polycation chains. Increas-
ing the weight fraction of PAMPS-Dod results in an in-
crease in crosslinking density, until a saturation concen-
tration is reached where further polyanion addition does
not generate new joining points and macroscopic phase
separation occurs. This interaction model, suggested by
the oscillatory shear experiments and the physical ap-
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pearance of the fluids, was confirmed by measurements
of the shear flow viscosity described next.

Shear Flow Viscosity

Figure 6 displays the steady shear viscosity () as
a function of shear rate for mixed fluids of f,- 0.01,
0.02, and 0.04. It can be seen that the three mix-
tures exhibit a Newtonian regime at low shear rates but
they become shear thinning in the high shear rate do-
main. With increasing polyanion content, the viscos-
ity of the mixtures increases and the onset of the shear
thinning regime shifts to lower shear rates. Figure 6
also gives the corresponding variations of the dynamic
complex viscosity (%) with frequency. In the Newto-
nian regime, the 7+ and 7 profiles coincide and, as ex-
pected, 7+ approaches the steady-flow viscosity (770) at
low frequencies. However, at high frequencies or shear
rates, the values of n and n* diverge, with 1 consis-
tently higher than n+. The difference between 1 and
n* increases with shear rate and it becomes more pro-
nounced as the PAMPS-Dod content of the fluids in-
creases, as seen if one compares Figure 6, top, (fp-
0.01) and Figure 6, bottom (fy- 0.04).

In solutions of a polymer in the entangled regime
or in polymer melts, it is usually observed that, for
identical values of the oscillatory frequency and the
shear rate, n+ equals 77 over the entire frequency range,
an observation commonly known as the Cox—Merz
rule.'® 1 Departure from the rule is taken as an indi-
cation that long range interactions occur and provides
supportive, indirect, evidence for the presence of ag-
gregates. Therefore, the invalidity of the Cox—Merz
rule observed here (Figure 6) confirms the formation
of a network-like structure in the JR400/PAMPS-Dod
fluids. A similar observation was reported by Chron-
akis and Alexandridis in their rheological study of the
interactions between JR400 and surfactants.’

Carreau—Yasuda Model

The non-Newtonian properties of the aqueous
JR400/PAMPS-Dod mixtures were further examined
by fitting each shear viscosity profile, as a function of
shear rate, with the Carreau—Yasuda equation (eq 2):2°

n=no[l+ Ay )

where 77 represents the shear viscosity, 779 the zero-shear
viscosity, ¥ the shear rate, and A a time constant which
is equal to the inverse of the critical shear rate corre-
sponding to the onset of shear thinning and is related
to the relaxation time of the system. The dimensionless
parameter a describes the transition region between the
Newtonian region and the power-law region while d,
the negative of the power-law slope, shows directly the
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Jo- 0.02 and 0.04 and for a 10 g L™" aqueous solution of JR400. The
solid lines represent the best fits with the Carreau—Yasuda equation.

Table 111. Best-fit parameters obtained from Carreau—Yasuda
equation for the rheological data recorded with aqueous solutions
(10 g L") of JR400/PAMPS-Dod mixtures of various

Complex Viscosity, Shear Viscosity (Pa.s)

compositions
Sample f,- no/Pa.s Als a d
0.00 0.04 0.02 1.38 0.22
0.01 1 0.01 024 004 0.83 0.51

0.02 1.39 0.13 0.83 0.66

0.03 4.10 0.25 0.95 0.71
~ 100 0.04 12.10 0.50 0.90 0.76
(/]
s fp- 0.04 0.05 19.60  0.55  0.80 0.78
% 0.06 26.60 0.58 0.88 0.80
g 0.08 44.00 0.70 0.80 0.84
2 0.10 78.00 0.80 0.50 0.86
s 0.12 100.00 1.00 0.40 0.90
Tt
S n
=
7]
£ .
3 steepness of the power-law region.
2 o1 - The Carreau—Yasuda model gave excellent fits to
i ) the shear induced changes in viscosity of the mixed
] . . .
% JR400/PAMPS-Dod fluids, as shown in Figure 7 for the
S mixed fluids of f,- 0.02 and 0.04 and for a JR400 solu-

0.01 tion. The parameters derived from the fits for all mixed
0.001 0.1 10 1000

Frequency, Shear Rate (s”%)

Figure 6. Steady shear viscosity () and dynamic complex vis-
cosity (;7%) as a function of shear rate or frequency for 10g L~!
aqueous solutions of JR400/PAMPS-Dod mixtures of various com-
positions.
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fluids are given in Table III. The increase in the param-
eter A with increasing f,- can be taken as an indication
of the increase in the size and number of crosslinking
points between JR400 chains as more PAMPS-Dod mi-
celles are added to the mixtures. Turning to the pa-
rameter d, which also increases with increasing f,-,
it is useful to recall that, in his studies of linear and
star polystyrene of different molecular weights, Yasuda
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demonstrated that d depends on the molecular weight of
the polymer, but not on its shape.?’ Thus, the increase
in the parameter d with increasing PAMP-Dod provides
yet additional support to the JR400/PAMPS-Dod model
proposed here, since it can be assigned to an increase in
the apparent molecular weight of the JR400/PAMPS-
Dod complex as more and more anionic crosslinking
agents are added, even though the total polymer con-
centration remains constant and the molecular weight
of the individual components remain unchanged.

CONCLUSION

We have reported here the preparation of clear ho-
mogeneous viscoelastic aqueous fluids composed of a
stretched rigid lightly charged polycation and a com-
pact flexible highly charged polyanion. Steady shear
and oscillatory shear measurements show that the non-
Newtonian properties of the aqueous mixtures are dic-
tated primarily by the relative amounts of the two op-
positely charged polyelectrolytes at constant total poly-
mer concentration. The rheological study supports an
association model involving interpolyelectrolyte com-
plexes with a network-like structure, based on elec-
trostatic interactions between two oppositely charged
polyelectrolytes of grossly unmatched size, rigidity,
and charge density. The Cox—Merz rule did not ap-
ply to the rheological data, however the non-Newtonian
behavior of the JR400/PAMPS-Dod mixtures could be
fitted with the empirical Carreau—Yasuda equation, pro-
viding the time constants associated to the relaxation
process. The increase, with increasing PAMPS-Dod
content, of the parameter d of the Carreau—Yasuda
model, the zero shear viscosity, the dynamic moduli,
and the relaxation time, suggests that increasing the
weight fraction of PAMPS-Dod in mixtures enhances
the extent of the interpolymeric network, accounting
for the amplification of the viscosity and viscoelasticity
effects.
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