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ABSTRACT: We study the conformational and flow properties of sodium polystyrenesulfonate in aqueous NaCl solutions in the
high polymer, high added-salt region using rheology and small angle neutron scattering (SANS). For low salt concentrations, the
specific viscosity decreases with added salt as expected. At very high salt, however, the specific viscosity is found to rapidly increase
with increasing added-salt concentration (c,). This indicates that addition of salt modifies the system in ways other than simply
decreasing the electrostatic screening length. Beyond a critical shear stress of around 400 Pa, independent of molar mass, solutions
display strong shear thickening reminiscent of shear-induced gelation. Scaling laws for the zero shear rate viscosity and critical shear
rate with molar mass, polymer and added-salt concentration are established and compared to similar behavior observed for other
systems. SANS experiments using the zero-average-contrast technique reveal that the chain size monotonically decreases with
increasing added salt concentration, indicating that the increases in specific viscosity cannot be assigned to chain expansion. Our
results indicate that NaPSS, usually thought to be a model polyelectrolyte system, displays complex and unexpected rheological
behavior when both the polymer and added salt concentration approach the molar range, where the Debye screening length

becomes smaller than the Bjerrum length.

B INTRODUCTION

Polyelectrolytes are polymers with ionic groups along their
backbones. They share properties both with simple electrolytes
and with nonionic polymers. In salt-free polar solvents,
counterions dissociate from the polymer, leading to strong
repulsion between like-charged groups along the backbone via
long-ranged electrostatic forces, and chains adopt highly
extended configurations."” Their thermodynamic properties
are controlled by dissociated counterions, leading to osmotic
pressures several orders of magnitude larger than neutral
polymers®™> and phase boundaries which are largely
independent of the chain molar mass, a unique feature
among polymeric systems.” The rheology of salt-free
polyelectrolytes displays several unusual features, including
the existence of a broad concentration range over which chains
interpenetrate but do not entangle.””’~"” By contrast, in
nonpolar media with low permittivity, the so-called ionomer
regime, dipolar attraction between groups with condensed
counterions dominates.'*™' Temporary associations between
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chains increase the relaxation times in solutions and in the bulk
state, yielding markedly different properties from those of
polyelectrolytes.”” Understanding the crossover between these
two regimes remains challenging because it involves the
balance of dipolar attraction, electrostatic repulsion and the
solvation forces for the polymer backbone, ionic groups and
counterions. 7>

When a salt is added to the solvent media, the mobile ions
preferentially locate themselves around oppositely charged
ones, leading to Debye—Hiickel type screening, with a
characteristic spatial range approaching the Debye screening
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length x~". For sufficiently high ionic strengths, electrostatics
are predicted to become short-ranged and their effects are
similar to excluded volume interactions in nonionic poly-
mers."””*** The analogy between polyelectrolytes in excess salt
and neutral polymers in good solvent is supported by extensive
data sets for the conformational and hydrodynamic properties
of dilute polyelectrolytes.””°~** Data for nondilute solutions,
which generally cover only modestly high polymer and added
salt concentrations, broadly support this view.****°

The behavior of polyelectrolytes at high polymer and high
added salt concentrations (=~ molar) remains largely unex-
plored. In this article, we report rheological measurements for
aqueous solutions of sodium polystyrenesulfonate (NaPSS)
with added sodium chloride (NaCl), the canonical model
polyelectrolyte system. While dilute and modestly concen-
trated NaPSS solutions in excess NaCl conform to the widely
accepted view of neutral polymer-like behavior,”*™** we
observe several unexpected phenomena in the high added salt,
high polymer concentration region: 1) the specific viscosity of
solutions increases with increasing added salt concentration. 2)
The specific viscosity scales with molar mass following the
reptation exponent of 7,, o M.} in excess salt, and Ny & M
(Rouse) in DI water, 3) Solutions display strong and sudden
shear thickening behavior reminiscent of shear-induced gelation
and discontinuous shear thickening of colloids®”*® that is
typically attributed to jamming, 4) Step strain-rate experiments
show that beyond a critical shear rate, the apparent viscosity of
solutions becomes unstable after an induction time, the value
of which depends on the applied shear rate.

These results demonstrate that while the polyelectrolyte in
excess salt-neutral polymer analogy holds well in the dilute
polymer concentration region and the semidilute regime with
not too much added salt, the role of added salt in concentrated
polyelectrolyte solutions goes beyond the screening effect and
causes the emergence of unusual rheological phenomena.
Thus, even simple systems such as NaPSS/NaCl/H,0
solutions display complex flow properties. While the molecular
origin underpinning the sharp increases in the apparent
viscosity at high concentrations remains unclear, our results
indicate the presence of attractive forces in the concentrated
polymer and added salt regime. The NaPSS system combines
two features that are commonly found across systems
displaying such type of rheological behavior, namely the
presence of both electrostatic and hydrophobic interac-

B MATERIALS AND METHODS

Data. All rheological and neutron scattering data are provided in a
spreadsheet appended to the Supporting Information.

Chemicals. NaPSS for the different molar masses was purchased
from Polymer Standards Service (Mainz, Germany). The polymers
were prepared by sulfonation of polystyrene and purified by
ultrafiltration. The details of their characterization can be found in
refs.'®*%*" A deuterated polystyrenesulfonate with N = 750 was also
supplied by Polymer Standards Service. NaCl with purity ~99.9%
(Grade: ACS, Reagent. Ph. Eur) and the viscosity standard oil, S3
(Product no. 99472), used to create the seal around the sample on the
rotational rheometer were obtained from VWR. NaCl with purity
~99.5% (Grade: BioReagent) from Sigma-Aldrich was used for the
sample for the measurement in Figure 3. Dialysis tubings
manufactured by Spectra/Por with MWCO 3.5 kDa, 6—8 kDa and
12—15 kDa were purchased from VWR. D,0 (99.9% isotopic purity)
was purchased from Deutero.

Polymer Purification. The NaPSS was purified by dialyzing it
against DI water. The dialysis baths were regularly exchanged until an
equilibrium bath conductivity of below 2 S cm™ was attained. The
maximum conductivity was determined by measuring the equilibrium
conductivity of DI water when exposed to the atmosphere. The DI
water used had an initial conductivity of 0.06 uS cm™, which went up
to the threshold value, presumably due to the formation of carbonic
acid due to the absorption of CO, from the atmosphere.'”** These
dialyses were carried out as a precautionary measure to remove any
residual ionic impurities from the polymer. In practice, the
conductivity never went beyond the threshold, in which case the
dialyses were carried out for 24 h. The dialyzed solutions were then
freeze-dried under a vacuum pressure of ~0.4 mbar for 3 to 4 days.

Small Angle Neutron Scattering. SANS measurements were
carried out at the SANS2D beamline at the ISIS neutron facility
(Chilton, UK). The sample-to-detector distance was set at 4 m. A
white neutron beam with an average wavelength of 6 A was used.
Samples were measured in 2 mm quartz cells and reduced using
standard protocols. All measurements were carried out using 71/29
D,0/H,0 by mole fraction as a solvent and equal number
concentrations of h-PSS and d-PSS. This corresponds to the zero-
average contrast condition.*”

Sample Preparation. Samples for viscosimetry or rheology were
prepared in 2 mL polypropylene vials. Prior to use, these were
carefully washed using DI water and dried in an oven at 60 °C. The
weighing balance used had a typical error of +0.05 mg. The densities
of water, NaCl and NaPSS were taken to be 1, 2.16, and 1.65 g cm™3,
The density of NaPSS has been retrieved from literature®™ where it
has been determined from its partial molar volume.

Measurement Methods. The procedures for sample preparation
and loading into the rheometer were found to influence the
rheological properties of NaPSS/NaCl/H,0 solutions. Four methods
were evaluated until a final protocol was established referred to as
’Method 2’ in the Supporting Information. All the data presented in
the main text are for samples prepared by method 2. Data for samples
prepared using the other methods are discussed in the SI.

Rheology. All the rheological measurements reported in the main
paper were carried out using a Kinexus stress-controlled rotational
rheometer from Netzsch. A 40 mm cone—plate geometry (6 = 1°,
sample volume = 0.3 mL) with a solvent trap was used. The
instrument was routinely calibrated by running a 20 min torque
mapping in air. The sample temperature of 25 °C was maintained on
this rheometer using a Peltier bottom plate with enclosed top. A
strain-controlled rheometer, RFS3 from TA Instruments, was used for
the measurements shown in Figure S6 in the Supporting Information.

Birefringence Measurements. Birefringence measurements
under shear flow were performed on a stress-controlled MCRS02
rheometer (Anton Paar), equipped with shear-induced polarized light
imaging (SIPLI). The geometry consisted of a bottom glass plate and
a metal top plate with a diameter of 25 mm. More details on the
instrument setup can be found in ref [44]. The gap was set to 25 and
50 um. The sample was prepared following method 1 and the
measurement was carried out in the presence of an oil trap but no N,
flow. The measurements on a ¢ = 0.8 M and ¢, = 2.3 M sample were
carried out in the Newtonian region and in the shear thickening
region (up to viscosities 2 X 4 than the Newtonian value). These did
not result in any measurable birefringence signal.

Viscosimetry. A Lovis 2000 M rolling-ball viscometer from Anton
Paar was used for some measurements, which were found to agree
with the rheometer data. This confirms that the air—water or oil—
water interfaces, which are present in the rheometer but not in the
Lovis, do not significantly influence our results. Two different
capillaries with internal diameters of 1.59 mm and 1.8 mm were used
for low and high-viscosity samples, respectively. The dynamic
viscosities were determined from the time taken by a steel ball to
roll a fixed distance across the capillary at an angle of 30°. The closed
setup prevented any evaporation and eliminated any role of the air—
water interface, which is always present in a rotational rheometer for a
cone—plate geometry. The instrument was calibrated using a viscosity
standard procured from VWR.
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pH Measurements. The pH measurements were carried out at
room temperature using the Metrohm 744 pH meter. The instrument
was calibrated before the measurements using two standards with pH
= 4 and 10, respectively, and verified using a standard with pH = 7.
Tests with litmus paper were used for selected samples to check the
accuracy of the pH meter readings.

B RESULTS

Sample Stability and Solubility. The stability of the
NaPSS samples was investigated. It was found that NaPSS
degraded in aqueous solutions in the presence of NaCl over
long time scales, indicated by the solutions turning amber. This
amber coloration was observed after a few months in a 1 molar
aqueous NaPSS (150 kg/mol) sample with ¢, = 2.6 M. The
solution had turned acidic and the pH of this degraded sample
was found to be 1.68. Similar degradation for HPSS has also
been reported by Reddy and Marinsky.*” The data reported
here are for solutions which were stable over shorter time
scales and the measurements were carried out as soon as the
samples dissolved so they did not have a chance to degrade, as
determined visually and by measuring the viscosity as a
function of time.

In 2.5 M NaCl, NaPSS was found to be soluble at low and
high polymer concentrations. At intermediate concentrations
(¢ 2 0.2—0.5 M), NaPSS did not fully dissolve (see SI for
further details). This behavior is consistent with the closed-
loop phase diagram for polyvinyl sulfate reported by Eisenberg
and co-workers.**** An important aspect of this study is that
the solutions with unexpected results are never far from a
phase boundary.

Rheology. Stable measurements in the cone and plate
geometry were usually obtained within 20 s of imposing a
particular shear stress. It took about 3 s for the instrument to
reach the target shear rate, followed by 6 to 7 s for stress
equilibration. The instrument was programmed to record 10 s
of viscosity data with a variation of less than 1% and average
over that period to obtain the final viscosity for a given shear
rate. The measurement program had a cutoff time of 60 s for
most of the measurements (180 s for the others). However, the
acquisition times for each point in the reported data were
within these limits (<45 s). This confirms that the viscosity
data reported in the following (except for Figure 3 as discussed
below) correspond to steady-state.

Figure 1a plots the specific viscosity of a NaPSS sample with
M, = 271 kg/mol as a function of ¢, for different polymer
concentrations ¢. The specific viscosity is calculated from the
zero-shear viscosity, which in turn is determined by averaging
the apparent solution viscosity over a range of shear rates in
the low-shear Newtonian regime. A residual salt concentration
of ~7.4 X 107> M is considered under no added-salt condition
as estimated in a previous work.” The specific viscosity
initially decreases with added salt content, in line with the
predictions of the scaling theory."*® The data for ¢, < 1 M and
¢ < 1 M were fitted to the scaling model of Dobrynin et al.,*’
see ref [36] for details. In brief, it was found that the scaling
model could capture the experimentally observed trends for
the viscosity as a function of polymer and added salt
concentrations, but the obtained structural parameters do
not always match estimates for these quantities from scattering
data. Beyond a critical salt concentration (c,,), the trend in
Figure 1 reverses, as 7], increases with increasing c,. The value
of ¢, is found to be independent of the degree of
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Figure 1. a) Specific viscosity as a function of added NaCl
concentration for NaPSS with an M, = 271 kg/mol at different
polymer concentrations, indicated on the legend. The dashed lines are
guides to the eye. Some of these measurements were reported in a
previous publication.®® b) Upturn salt concentration (c) as a
function of M,, at ¢ = 0.34 M and ¢ = 1 M. The dashed lines represent
¢, = 1 M (pink) and ¢, = 2 M (blue). The hollow symbol is an
interpolated value for M,, = 271 kg/mol at ¢ = 0.34 M using the trend-
line in part c. ¢) Upturn salt concentration (c,,) as a function of the
polymer concentration for NaPSS with M,, = 271 kg/mol. The solid
line is a best-fit power-law giving c,, ~ ¢ 7%
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Figure 2. a) Viscosity (17) vs shear rate (7) flow curves for NaPSS with different M,, at c = 1 M and ¢, = 2.5 M. 77 vs 7 flow curves for NaPSS with M,
=483 kg/mol at b) ¢, = 2.5 M for different ¢ and c) ¢ = 1 M for different c,. The different colors correspond to different measurements for the same
sample loaded once. Zero-shear viscosity (7(0)) and critical shear rate (j.) as functions of d) M, at c= 1 M and ¢, =2.5M, e) cat ¢, = 2.5 M for M,,
= 483 kg/mol. f) 7(0) (normalized by (M,,)*) (circles) and . (triangles) as functions of ¢, at ¢ = 1 M for M,, = 483 kg/mol and M,, = 66 kg/mol
(squares). The numbers in the triangles are the best-fit exponents only for the data for NaPSS with M,, = 483 kg/mol.

polymerization, as shown in Figure 1b and a decreasing
function of the polymer concentration with

Cou = 0.91¢ %7 (1)
see Figure 1c. No upturn is observed for ¢ = 0.1 M for ¢, as
high as 4 M, beyond which NaPSS begins to precipitate. This
observation is our first hint that the interesting data at high ¢
in Figure 2 might be the consequence of being close to a phase
transition.

Representative flow curves for samples with ¢, 2 ¢, plotted
in Figure 2a-c, reveal unusual rheological properties. At low
shear rates, Newtonian or weak shear thinning is observed,
which is the standard behavior of semidilute neutral polymer
or polyelectrolyte solutions.””***°~>* Beyond a critical shear
rate (7.), the apparent viscosity displays a strong upturn with
shear rate. Measurements at shear rates much higher than the
critical shear rate were not possible because sample expulsion

from the cone—plate geometry occurs. These types of flow
curves look remarkably similar to the shear-induced gelation
behavior observed for a variety of systems.*”****~% The time
for the sample to equilibrate (i.e., yield a stable signal) was
found to be on the order of a few seconds both in the
Newtonian region and in the upturn. The abrupt change in
behavior around the critical shear rate was found to be
instantaneously reversible. After crossing over to the shear-
induced gelation regime, the measurements were promptly
repeated from low-to-high shear rates, commencing from the
Newtonian regime. The viscosities were found to be in
agreement for all consecutive measurements, indicating that
the recovery is too rapid to measure.

At a fixed polymer and added salt content (c =1 M, ¢, = 2.5
M), the specific viscosity scales as Ny M in the 66 kg/mol <
M, < 620 kg/mol range, suggestive of entangled dynamics.
The onset of shear-thickening scales with molar mass as y, ~
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M3, making the critical shear stress 6, ~ 400 Pa independent
of molar mass (see Figure S3a), which corresponds to an
energy of kT per ~9 X 10° nm’. Approximating the
conformation of NaPSS as ideal, we use R;/N ~ 1 nm%*
and find this volume corresponds to l—lORg3 for the M,, range
plotted in Figure S3a. The critical shear stress for shear-
induced gelation has previously been found to be independent
of polymer concentration (6, ~ 20 Pa) for solutions of
poly(methacrylic acid) in salt-free water.”” For our system,
however, 6, shows a significant dependence on polyelectrolyte
concentration (o, ~ ¢*) as can be seen in Figure S3b.

The zero-shear rate viscosity displays strong dependencies
on the polymer and added salt concentrations. As shown in
Figures 2e,f, the zero-shear viscosity scales as

7’](0) ~ M3/C1212C513il (2)

The polymer concentration exponent contrasts with the much
weaker values observed in nonionic polymers (3.75—5) and
with those observed for NaPSS in DI water in this same
concentration regime (= 1.5)'"3 The critical shear rate
displays similarly strong dependencies on the polymer and
added salt concentrations

o~ M3 oEL e 3)

S

Alternatively, the ¢ and ¢, dependence of #(0) can also be
described by exponential functions, see the Supporting
Information (Figure S2). These strong dependences of the
rheological parameters on solute concentration are consistent
with the findings of Robin et al. for concentrated aqueous
solutions of polymethacrylic acid (PMA) at 25 °C, who found
that the specific viscosity and the critical shear rate scale as 7,,
~ ¢ and ¢ ~ 7165, respectively.*’

Figure 3 plots the apparent viscosity of a solution (c = 0.9 M,
¢, = 2.5 M) as a function of time following the application of
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Figure 3. Evolution of viscosity (17) with time during the start-up of
shear. Measurements performed at different shear rates for NaPSS
with M,, = 483 kg/mol (c = 0.9 M, ¢, = 2.5 M) in the presence of N,
atmosphere using a stress-controlled rheometer.

different shear rates. (Note: A stress-controlled rheometer was
used for these step strain-rate experiments. The strain rate vs
time equilibrates to a constant value after ~2—3s, see the
Supporting Information. Similar experiments with a strain-
controlled rheometer are reported on the Supporting
Information.) For the lowest shear rate considered (14 s™!),
the viscosity stabilizes to a constant value within approximately
3s. For higher shear rates, after reaching a steady state in less
than 10 s, the system becomes unstable and the apparent

viscosity rapidly increases with time beyond a critical time (z;),
which is a decreasing function of applied shear rate scaling as
T~ }'/_5. Measurements were not carried out at longer times to
avoid sample expulsion from the geometry. This is in
qualitative agreement with the observations of Robin et al.*’
and Ono et al.°" for polymethacrylic acid in aqueous solution,
see Figure S4. The increase in the apparent viscosity indicates
structure formation upon imposition of a constant strain rate.

SANS. Small angle neutron scattering measurements were
carried out under zero-average contrast (ZAC) conditions.
The scattering signal is therefore proportional to the form
factor of the chain. When the fraction of hydrogenated and
deuterated chains is set to 0.5, the ZAC scattering intensity is
given by*

I(q) = Nyb, NeP(q) )

where N, is Avogadro’s constant, N is the degree of
polymerization and b,, is the contrast parameter for the PSS
monomer, see eqs 3 and 6 of ref 42. Note that as Nb,,”Nc is
known (=~ 1.98 cm™! for this system), the form factor P(gq),
which describes the correlations of monomers in a single chain,
can be directly calculated from the SANS measurements. The
presence of NaCl affected the D,O fraction required for the
ZAC condition by less than 2%, even at a 3 M NaCl
concentration.

In the low g < 1 region, semidilute chains are not expected
to be influenced by excluded volume®” and the form factor is
therefore given by the Debye function:

P(q) [qug —1+ e“fRsz]

(@)

where R, is the radius of gyration of the chain.
Figure 4 plots the background subtracted scattering intensity
of a NaPSS solution with a concentration of ¢ = 0.33 M in

(5)

10 ¢

I(q) [em']

01

0.001 0.01 0.1

q[A1]

Figure 4. SANS intensity for NaPSS with ¢ = 0.33 M in H,0/D,0
mixture without added salt (red symbols) and with 3 M NaCl (blue
symbols). Lines are fits to eqs 4 and 5. The only free parameter is R,.
Note that low g data are not considered in the fit.

aqueous solutions without added salt and with 3 M added
NaCl. The fits to eq 5 are shown by the red and blue lines and
are used to extract the radius of gyration of the chains as the
sole fitting parameter. This fitting method was preferred over
the Zimm or Berry methods because polyelectrolytes typically
display excess scattering at low q. While this can be removed
by filtration, we opted not to filter our samples due to their
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high sensitivity to applied shear. The decrease of the radius of
gyration with increasing added salt can be seen from the fact
that the scattering intensity starts decreasing at a lower q for
the salt-free sample. The high-q data were not analyzed in
detail here as we found that background subtraction was
difficult to perform accurately, and this has a large impact on
the high-q signal, where the samples scatter weakly. A further
complication arises from the influence of inelastic scattering at
high g, which we are not able to accurately account for. These
effects do not influence the low and medium g data
significantly. An evaluation of various literature studies for
the crossover between P(q) « g~ and P(q) o g~ for NaPSS
in aqueous solution with no added salts'’ demonstrated that
chains become flexible at a length scale proportional to ¢™/?
(=~ 4 nm at ¢ = 1 M). This is ~230% larger than the correlation
length and around 4X larger than the Debye screening length,
thus supporting Dobrynin et al’s conjecture on electrostatic
screening.

B DISCUSSION

Scaling Laws. Figure S shows the crossover between the
dilute and semidilute regimes as well as the upturn salt

NaCl solubility-limit 1
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0 o, M, ?? )
10 o, 0 A ;
.
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Figure 5. Overlap concentrations (c*, circles) and upturn salt
concentrations (c,,, triangles) for NaPSS with M,, = 271 kg/mol and
1010 kg/mol. A residual salt concentratlon of 74 x 107° M, as
determined in a previous publication,*® has been added to determine
the final c,. The horizontal dashed line represents the NaCl solubility
limit in water and the vertical dashed line is the bulk NaPSS
concentration. The solid blue and pink lines describe the Dobrynin
predictions for the respective molar masses (eq 6), which work well
until the Debye length reaches the Bjerrum length (red line). The
Debye length is calculated based on the concentration of salt ions and
free counterions.

concentration as a function of polymer concentration for two
NaPSS polymers with M,, = 271 and 1010 kg/mol. The red
curve represents the ¢, and ¢ combinations where the Debye
screening length (k') is the same as the Bjerrum length (Ip).
The plot also shows the Dobrynin predlctlon for ¢* and ¢
according to the following equation:'

5 -15 3
c*(l + —C*] ~ N_Z[E]
fe b (6)

where f is the fraction of monomers with a dissociated charge,
B is the stretching parameter and b is the monomer size. For

NaPSS, we have used f = 0.2, B = 1.5 and b = 0.25 nm. We
observe a decent agreement between the experimental data and
the theoretical prediction at low and intermediate ¢, However,
in the high salt limit, the measured ¢* is larger than the
predicted values, which means that chain dimensions decrease
with added salt to a smaller degree than expected by eq 6. This
probably occurs because the chains approach the neutral
polymer dimensions at high c, so that c* is expected to be
independent or weakly dependent on c. Additionally, the
Debye—Huckel theory, which serves as the basis for the
electrostatic screening effects considered for the scaling
predictions, does not hold in the k™' < I; limit.

The model of Dobrynin et al. predicts the end-to-end size of
chains in semidilute solution to scale with added salt as

—1/8
R(c) = R(0)

2c,
1+ =
fe

(7)

where R(0) is the end-to-end distance of a chain in a solution
without added salt.

Figure 6 plots the radius of gyration of PSS chains
normalized by the value in solution without added salt as a
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Figure 6. Chain dimensions as a function of cg/c for NaPSS chains in
water-NaCl solutions (our work, ¢ = 0.33 M) and water-NaBr
solutions (Spiteri, ¢ = 0.34 M). Spiteri’s data are from.*® Line is the
scaling prediction (eq 7) with a constant value of f = 0.2 (no free
parameters), which is qualitatively correct. The scaling prediction with
f=11is added for comparison.

function of ratio of salt to polymer concentration for ¢ = 0.33
M. Our results are found to be in close agreement with those
of Sp1ter1, who measured R, using the zero-average contrast
technique for NaPSS of similar degree of polymerization N =
780 at ¢ = 0.34 M. The scalmg prediction (eq 7) using the
conductivity and osmometry®* value of f = 0.2 is shown as a
black line. The scaling model works qualitatively. The R, values
at ¢, = 3 M correspond to R? /N = 18.5 A2 and RZ/N ~11.5
A? (our work), which are ~20—40% hlgher than the
dimensions of NaPSS under #-solvent conditions.”

Increases in the specific viscosity with increasing added salt
have been reported by Matsumoto et al. for égogr(ionic liquids)
in ionic-liquid/organic solvent solutions.”~®" These data,
which have been interpreted in terms of the underscreening
theory of Perkin and co-workers®®® show qualitatively
different behavior from ours in that the onset of the 7,
increase occurs at fixed ionic strength, so that at low polymer
concentrations, c,, is essentially independent of the polymer
concentration, in contrast to the behavior observed in Figure
Ic. No shear thickening was observed by Matsumoto et al. for
any of their solutions, which always displayed shear thinning.
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Our SANS experiments as well as light scattering measure-
ments on dilute NaPSS$ solutions”’ do not show expansion of
the chains at high c.

The viscosity upturns with increasing ¢, are observed only
for semidilute solutions, while for dilute solutions 7, is a
continuously decreasing function of the added salt content as
shown in Figure SS. This observation is consistent with
attractive forces between chain segments, which in dilute
solutions lead to chain contraction and in nondilute solutions
promote network formation via associative interchain inter-
actions. The power-laws of the viscosity on polymer
concentration in the ¢, > ¢, regime, where c,, is given by eq
1, are stronger than those usually observed for associative
polymers.”' ="

The 7, M dependence observed for samples in the ¢, >
¢, matches the reptation exponent for entangled linear
polyrners.62 For NaPSS in DI water at ¢ = 1 M, a previous
study'” estimated the entanglement molar mass from the
crossover between the Rouse exponent (ﬂsp X Mw) to the
reptation exponent to be M,, ~ 400 kg/mol. The data plotted
in Figure 2d for ¢, = 2.5 M (= 2.5¢,,) by contrast show that the
Ny M scaling holds down to at least 66 kg/mol, which
would require that the entanglement molar mass decreases by
an order of magnitude by the addition of 2.5 M NaCl, in
contrast to the theoretical expectation that entanglement
density decreases upon chain shrinking."** Oscillatory sweeps
for the 483 kg/mol polymer, plotted in Figure S8, reveal an
increase of the entanglement plateau modulus (estimated from
the crossover point between G’ and G”) in 2.5 M NaCl relative
to DI water,"” by a factor of ~1.3, which is insufficient to
explain the apparent decrease in the entanglement molar mass
or an order of magnitude. Thus, reptation dynamics do not
account for the cubic dependence of the specific viscosity on
the molar mass.

Shear-Induced Gelation. Robin et al.*’ have recently
proposed a model treating PMA chains as soft-colloids that
overlap and coalesce due to inter and intramolecular
associations at high concentrations. This is in part based on
the hydrophobic nature of PMA but we note that PSS could be
even more hydrophobic, given the insolubility of the parent
polymer (polystyrene) in water. However, the quantification of
the hydrophobicity of a polymer backbone in the presence of
the functional groups is not possible. Robin et al’s proposed
mechanism suggests an analogy with shear-induced jamming
transitions observed for concentrated dispersions of hard
colloids”® (shake-gels), where shear can induce the formation
of large necklace structures where colloidal particles are
connected by extended polymer chains.”” The scaling relations
reported by Robin et al.*’ and Ono et al.°" for aqueous PMA
are in qualitative agreement with our findings for the aqueous
NaPSS/NaCl system, indicating similarities in the rheological
phenomena shown by the two systems. Robin et al. have
demonstrated a strong decrease of the viscosity-concentration
exponent as the charge fraction of the polymer increases.*’
This would, presumably, account for the quantitative differ-
ences observed in the scaling exponents, at least in part.
Antonietti et al.”® reported Ny = M>$ for soft spherical
microgels in the bulk phase above the glass transition
temperature. Thus, assuming a collapsed chain conformation
might also explain the 7, ~ M? dependence observed for
nonentangled chains. However, as discussed above, the
measurements of chain conformation using SANS show that

chains remain in an expanded conformation in the high added
salt region.

As salt is added to water, the Debye length decreases and it
reaches the Bjerrum length of 0.71 nm at ¢, = 0.18 M. Above
this salt concentration, Debye—Huckel screening estimates no
longer apply; average ion spacings are now only of order 1 nm.
In this very high salt regime, the salt ions, sulfonate anions and
countercations start to form a gel and this accounts for the
sharp increase in viscosity at high salt concentrations in Figure
la. In this picture, Figure 1c makes perfect sense, as less salt is
needed to form a gel at higher polyelectrolyte concentrations.
Such gels have been studied for many years, based primarily on
neutralized poly(methacrylic acid).””’*~®" The interaction of
the polymer with water also appears to play some role, as the
less hydroghobic neutralized poly(acrylic acid) does not form
such a gel.”” Like all associating polymers, the precise nature of
the association is not yet clear but the consequences are very
clear.

If samples are sheared with a salt concentration not too far
below c,,, the polyelectrolyte coil can be stretched in the flow,
effectively trading intramolecular associations for intermolec-
ular ones, which leads to the gel formation in shear shown in
Figures 2 and 3. Such a gel formation mechanism in shear flow
is a very old idea: “more intermolecular bonds are likely to be
formed in a field of flow”,” and was discussed by Witten and
Cohen in the context of ionomer solutions.*> At higher shear
rates, more chains are stretched and the gel transition occurs
faster (Figure 3). The chains stretch at lower shear rates if (1)
chain length is increased (Figure 2a), (2) polymer concen-
tration is increased (Figure 2b) or (3) salt concentration is
increased (Figure 2c). The latter presumably arises because at
a given polymer concentration, adding salt brings the system
closer to ¢, (i.e, approaching the phase boundary).

Witten and Cohen expect the existence of a positive-
feedback mechanism for associating ionomers whereby shear-
induced chain elongation leads to cluster formation, and
cluster formation enhances the ability of shear flows to
elongate chains. This is expected to lead to an instability above
a threshold value of the shear rate, which is consistent with the
results observed in Figures 3 and S6 for our system, and the
data of Robin et al.*’ and Ono et al.®' for PMA.

Three outstanding questions should be addressed to
understand the mechanism underlying the shear-thickening
of NaPSS in NaCl: at the nanoscopic level, the origin of the
apparent attractive interchain interactions should be eluci-
dated. Second, the degree to which chain alignment and/or
extension occur under shear needs to be established, for
example by scattering techniques under flow. Third, a direct
evaluation of the chain conformation for ¢, > ¢, in the shear
thickening region should be undertaken. Measurements of
single-chain conformation will necessitate rheo-SANS meas-
urements under zero-average-contrast conditions, as carried
out here under quiescent conditions.

B CONCLUSIONS

The main conclusion from this study is to confirm Nobel
Laureate PG de Gennes’ characterization of polyelectrolytes as
"the least understood form of condensed matter’. In contrast to the
intuitive expectation that polyelectrolytes in excess salt behave
like neutral polymers, we find that NaPSS in concentrated
NaCl solutions displays several unusual features. At high
polymer and added salt concentrations, the viscosity is found
to rapidly increase with increasing added salt content, the
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reptation scaling of 7, o M? is observed, but this scaling
extends to molar masses which are too low to be entangled.
Most surprisingly, solutions display strong and sudden shear
thickening beyond a critical shear rate, which is reminiscent of
shear-induced gelation. Neutron scattering measurements for
the radius of gyration of NaPSS chains as a function of added
salt qualitatively agree with the scaling theory and do not show
any unexpected features. We, therefore, conclude that the
strong discrepancies observed for the solution viscosity are
purely dynamic in origin.

We interpret these results using the model of Witten and
Cohen®® for associative ionomer solutions, which expects that
shear-induced chain elongation favors interchain contacts. The
physical mechanism underlying interchain attraction for
NaPSS remains unresolved, but may be the result of a
crossover to an ionomer-like regime where dipolar attraction
between condensed counterions becomes important. We hope
this work stimulates further investigations into concentrated
polyelectrolyte solutions, an area which has received relatively
little attention thus far.
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