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ABSTRACT: Quantitative studies of capillary-driven thinning and pinch-off
dynamics of semidilute polyelectrolyte solutions, and their response to
extensional flows, typically encountered in drop formation applications, are
relatively rare and are the focus of this contribution. Here the pinch-off dynamics
and extensional rheology of two model polyelectrolytespoly(sodium 4-
styrenesulfonate) (NaPSS) and poly(acrylic acid) (PAA)in two different
solvents are characterized by using Dripping-onto-Substrate (DoS) rheometry.
Unlike shear relaxation time that decreases with increase in concentration in the
unentangled, semidilute solutions, the extensional relaxation time of PAA
solutions increases with an exponent of 1/2, and the entangled semidilute
solutions also exhibit a stronger concentration dependence of 3/2. In contrast,
the extensional relaxation time is not measurable for the unentangled, semidilute
aqueous NaPSS solutions, though entangled NaPSS solutions show concen-
tration-dependent values. The experiments and analysis described herein
elucidate how the interplay of stretching due to electrostatics and hydrodynamics influences extensional rheology response
and printability of polyelectrolyte dispersions.

■ INTRODUCTION
Biological macromolecules like proteins, DNA, and poly-
saccharides, as well as many industrial polymers, are classified
together as polyelectrolytes, for in solution the repeat units in
their backbone are decorated with disassociated, charge-
bearing ionic groups, surrounded by a cloud of counterions.1−9

A large number of polyelectrolytes are processed or used as
rheology modifiers in aqueous sprayable dispersions with
applications including paints, pharmaceuticals, fertilizers,
pesticides, and cosmetics.9,10 Many printed bioassays, DNA
microarrays, photovoltaics, electronics, and organs involve the
processing of inks containing polyelectrolytes.11,12 Under-
standing of and control over the influence of added
polyelectrolytes on complex free surface flows encountered in
printing13−15 (inkjet, gravure, etc.) as well as spraying,
dispensing, and microfluidic drops (or emulsion) formation
are both scientifically and technologically significant prob-
lems.11−16 The aforementioned drop formation techniques all
involve the formation of columnar necks that undergo
capillary-driven instability, thinning, and pinch-off.14−19

Streamwise velocity gradients with strong extensional kine-
matics develop in a fluid neck undergoing capillary-driven
thinning, and therefore the response to extensional flow field
influences printability, jettability, sprayability, or spinnabil-
ity.19−21 Even though the Trouton ratio, Tr (the ratio of
extensional to shear viscosity), is only three for Newtonian
fluids, the solutions of neutral polymer solutions can display
significantly high values (Tr = 102−105).19−25 Even though a
large number of experimental and theoretical studies character-

ize the response of polyelectrolyte solutions to shear flow
(summarized in reviews),1−6,26−29 only a countable few
studies30−45 characterize their extensional rheology response.
Among these, the experimental studies primarily include the
stagnation-point flow experiments carried out by the Bristol
group30−33 and by Dunlap and Leal34,35 in the 1980s.
Quantitative studies of capillary-driven thinning and pinch-off
dynamics of semidilute polyelectrolyte solutions, and their
response to extensional flows encountered in printing,
spraying, and coating applications, are relatively rare and are
the focus of this contribution.
Stretching due to electrostatic interactions leads to more

expanded conformations for polyelectrolytes, leading to a
significantly low overlap concentration in contrast to neutral
polymers. Practically, therefore, for the same weight fraction of
added macromolecules, polyelectrolytes can boost shear
viscosity more significantly than neutral polymers. The
contrast between dynamics of charged and neutral polymers
in solution is manifested in experiments26,27 as well as theory
and simulations2−7,28 in the measurements of shear viscosity
and relaxation time (often extracted from the onset of shear
thinning27,29). In contrast to shear flows that weakly perturb
macromolecular coils, strong extensional flow fields can
unravel the chains,19,46−50 leading to a pronounced coil−
stretch transition for flexible neutral polymers.46−51 Previous
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extensional flow studies on dilute solutions of charged
polymers show either a rigid-rod-like continuous extension
or a sharp coil−stretch transition depending upon the
molecular weight, added salt type, and salt concentra-
tion.30−33,35,36 Although polyelectrolyte chains are partially
stretched by intramolecular electrostatic repulsion of the
charge-bearing segments, the electrostatic interaction in
semidilute solutions gets screened beyond a correlation length,
and macromolecules can be described as a swollen Gaussian
chain of blobs that undergoes Rouse relaxation. As both
correlation blob size and the size of coils decrease with
increasing concentration,1−4 the shear relaxation time
decreases with concentration in semidilute unentangled
polyelectrolyte solutions,26,27 and shear viscosity exhibits a
weaker concentration dependence than observed for neutral
polymers (see the next section). Determining the concen-
tration-dependent variation of extensional relaxation time and
extensional viscosity of semidilute polyelectrolyte solutions is
one of the primary goals of this study.
In this contribution, we characterize the shear and

extensional rheology response of salt-free solutions of two
polyelectrolytes in two solvents: water and water−glycerol
mixture containing 70 vol % glycerol (higher viscosity, but with
a lower dielectric constant than water). We utilize Dripping-
onto-Substrate (DoS) rheometry protocols to probe how the
presence of charge influences the capillary-driven thinning and
pinch-off behavior and extensional relaxation time for semi-
dilute solutions of two polyelectrolytes: poly(sodium 4-
styrenesulfonate) (NaPSS) and poly(acrylic acid) (PAA).52

We have recently shown that the DoS rheometry protocols
that rely on the visualization and analysis of capillary-driven
thinning and pinch-off dynamics of a stretched liquid bridge
formed between a nozzle and a sessile drop on a substrate can
be used for measuring extensional viscosity (transient ηE

t =
ηE(ε,̇ε,t) as well as steady, terminal extensional viscosity, ηE∞)
and extensional relaxation time.52−54 Here we aim to
investigate the concentration-dependent variation in exten-
sional relaxation time and pinch-off dynamics for unentangled
and entangled semidilute polyelectrolyte solutions. We identify
the unentangled and entangled semidilute regimes from the
steady shear viscosity versus concentration plots. While the
shear and extensional relaxation time of uncharged polymers
always increases with concentration in the semidilute
unentangled and entangled solutions,55 the shear relaxation
time of semidilute polyelectrolyte solutions decreases with
concentration for the unentangled solutions and shows a
concentration-independent value for entangled sys-
tems.3,4,26,27,29 The concentration dependence of extensional
relaxation time of both unentangled and entangled semidilute
polyelectrolyte solutions is characterized herein for the first
time. The experiments and analysis described herein seek an
understanding of how the interplay of stretching due to
electrostatics and stretching due to hydrodynamics control the

extensional rheology response, drop formation dynamics, and
ultimately printability of polyelectrolyte solutions.

■ BACKGROUND THEORY FOR SHEAR VISCOSITY
AND SHEAR RELAXATION TIME

According to the scaling theories, the shear relaxation
dynamics of both charged and uncharged polymers in
semidilute solutions can be described using the composite
Rouse−Zimm model or the blob model.1−4,28,55−57 Even
though the original Zimm paper58 developed for single chain
hydrodynamics considered only the hydrodynamic interactions
(HI), it is well established that excluded volume interactions
can be quantitatively incorporated. The Zimm model46,55,58,59

(with EV and HI included) provides accurate predictions for
the macromolecular dynamics in dilute solutions. In contrast,
the original Rouse model46,59,60 (that neglects both EV and HI
effects) captures the dynamics in unentangled melts. In blob
models used for describing semidilute solution dynamics, the
excluded volume (EV) and/or hydrodynamic (and in the
charged systems, additional electrostatic) interactions are
assumed to play a predominant role below a length scale
shorter than the blob size, ξ ≈ gυb, where g is the number of
segments and b is the size of each of the N segments in the
chain. The size of macromolecules in a dilute solution can be
described as R ∝ Nυb, and the exponent υ = 1/2 for neutral
polymers in theta solvent and υ = 3/5 for good solvent (0.588
according to the renormalization theories), and υ = 1 for highly
charged polyelectrolytes (salt-free). In the blob model, Zimm-
like dynamics apply at length scales r < ξ, as the chain does not
feel the presence of other chains. On length scales larger than
the blob size, r > ξ the chain effectively behaves like a Gaussian
chain of N/g blobs, which displays Rouse-like dynamics due to
screened interactions. Relaxation time on these length scales
can be described using the Rouse model according to the
equation λchain ≈ λξ(N/g)2, where λξ ≈ ηsξ

3/kT is the time
scale associated with Zimm relaxation within the blob. Using
these formulas, together with the understanding that the
number of monomers in the correlation blob is g ∼ cξ3 ∼
c−1/(3v−1), leads to a concentration-dependent relaxation time55

of the form λ ∝ cm with exponent m = (2 − 3υ)/(3υ − 1).
In neutral polymers, the scaling exponent for concentration-

dependent relaxation time equals m = 1/4 for υ = 3/5 (or m =
0.31 for υ = 0.588) for a good solvent and equals m = 1 if EV
interactions are screened or absent. For the case of
polyelectrolytes, the exponent turns out to be m = −1/2 (if
υ = 1 or strong electrostatic-induced stretching is assumed),
and therefore shear relaxation time increases on dilution in
semidilute, unentangled polyelectrolyte solutions. In the
semidilute, unentangled solutions of both neutral and charged
polymers, the shear modulus can be estimated as G ∼ cN−1,
and as shear viscosity is determined using η ∼ Gλ, the scaling
exponents listed in Table 1 follow. In the entangled solutions,
the longest relaxation time of the chains can be estimated using
reptation theory by assuming that the dynamics below the

Table 1. Scaling Relationships for Shear Relaxation Time and Shear Viscosity Describe Concentration-Dependent Response
Expected for Polyelectrolyte and Neutral Polymer Solutions

semidilute solutions blob model polyelectrolyte low salt polyelectrolyte high salt neutral polymer good solvent

unentangled relaxation time λ ∼ ξ−3c−2N2 c−1/2N2 c1/4cs−3/4N2 c1/4N2

unentangled viscosity η ∼ ξ−3c−1N c1/2N c5/4cs−3/4N c5/4N
entangled relaxation time λ ∼ ξ−6c−3N3 c0N3 c3/2cs−3/2N3 c3/2N3

entangled viscosity η ∼ ξ−9c−3N3 c3/2N3 c15/4cs−9/4N3 c15/4N3
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correlation blob size are Zimm-like, below entanglement length
are Rouse-like, and the entanglement length itself is propor-
tional to the correlation blob size. The relaxation time of
entangled polyelectrolyte chains shows a scaling exponent of
zero, and by defining G ∼ ξ−3, the scaling exponent of 3/2 is
obtained for both shear viscosity and modulus.

■ MATERIALS AND EXPERIMENTAL METHODS
Representative Polyelectrolyte Solutions. Poly(sodium 4-

styrenesulfonate) (NaPSS) and poly(acrylic acid) (PAA) of Mw =
1000 and 450 kDa, respectively, were purchased from Sigma-Aldrich
and were used without further purification as representative systems
for studying polyelectrolyte behavior. NaPSS is chosen as a model
polyelectrolyte for it is one of the most well-studied polyelectrolytes,
and it is used in fuel cells and organic photovoltaics (as PEDOT-
PSS),61,62 water softening, and medicine.63 Poly(acrylic acid) is used
in diverse applications ranging from enhanced oil recovery64 to
thickeners in food processing and cosmetics,65 wherein the charge on
the polyelectrolytes is employed to coagulate, flocculate, disperse, or
thicken the medium. Historically, aqueous solutions of PAA were the
earliest polyelectrolyte solutions for which viscosity measurements
were reported by Staudinger,66 Markovitz and Kimball,67 and
Katchalsky and Eisenberg,68 among others, and the early studies
provided the initial insights into the effect of pH, ionic content,
molecular weight, concentration, etc., on polyelectrolyte size and
rheology. Polyelectrolyte solutions were prepared in polyethylene
bottles, and for all the concentrations investigated, the polyelec-
trolytes used in this study were found to form single phase,
homogeneous dispersions. Dry polymer powder was slowly added
to deionized water, and the polymer solution was left on a roller for 5
days to ensure complete mixing and to minimize chain breakup
associated with high deformation rate mixing flows. Additional
solutions were prepared in 70% glycerol per volume glycerol/water
mixtures.
Shear Rheology Measurements. The shear rheology response

of the polyelectrolyte solutions was characterized using a concentric
cylinder (double gap) Couette cell on an Anton Paar MCR 302
rheometer (torque range 10−5−200 mN·m) at 25 °C. The steady
shear viscosity, η(γ̇) ≡ τ/γ̇ was computed from the measured shear
stress, τ, resulting from a specified applied shear rate, γ̇. Steady shear
viscosity values were measurable for the aqueous polyelectrolyte
solutions in the shear rates in the range of 1−103 s−1. Additional data
at higher shear rates were acquired using a microfluidic channel
device, called the Viscometer-Rheometer-on-Chip (VROC, Rheo-
Sense Inc., San Ramon, CA). Each microfluidic channel contains a
series of flush-mounted pressure sensors, each measuring 800 × 800
μm2, located along the centerline of the channel (Type A05 chipset,
with channel width, w = 3.02 mm; height, d = 50 μm and maximum

pressure, Pmax = 10 kPa). In a typical experiment, the flow rate, Q, is
varied using a syringe pump, and the microfluidic device measures the
pressure drop in the channel as a function of the flow rate. The
pressure drop, ΔP, required to drive the flow is related to the wall
shear stress, τw, by the expression ΔPwd = 2L(w + d)τw, and the
nominal wall shear rate, γ̇Nw, associated with fully developed laminar
flow of a Newtonian fluid is γ̇Nw = 6Q/wd2. For a non-Newtonian,
shear thinning fluid, the velocity profiles in the channel are not
parabolic, and the resulting plot of ΔP versus Q is nonlinear. In this
case, the true wall shear rate γ̇w was computed using the
Weissenberg−Rabinowitsch−Mooney (WRM) equation69 and was
used for computing steady shear viscosity. All the VROC measure-
ments were carried out at room temperature, 22−25 °C.

Dripping-onto-Substrate (DoS) Rheometry. The DoS rheom-
etry setup, shown schematically in Figure 1, was utilized for
characterizing pinch-off dynamics and the extensional rheology
response. The setup comprises of a dispensing system and an imaging
system. A finite volume of polyelectrolyte solution is released from the
nozzle onto a substrate to form a liquid bridge between the nozzle and
the sessile drop formed on the surface. The nozzle used in this study
has an outer diameter of D0 = 2R0 = 1.27 mm and an inner diameter
of Di = 0.838 mm), and the aspect ratio selected was kept constant at
H/D0 ≈ 3. The flow rate was also kept constant for all experiments (Q
= 0.02 mL/min). As noted before,53 the relatively slow release of
drops onto a partial wetting substrate (spreading parameter S < 0 and
contact angle θ < 90°) helps to decouple the neck thinning dynamics
from the drop spreading dynamics, and if needed, the contact line of
the sessile drop can be pinned by using a cylindrical plate as a
substrate.

The imaging system consists of a light source with a diffuser and a
high-speed camera (Fastcam SA3) with a train of lenses (Nikkor 3.1 x
zoom (18−25 mm) lens, plus a macro lens) attached for obtaining
images with high magnification and at high frame rate (8000−25 000
frames per second (fps)). The DoS videos were analyzed using
ImageJ70 and MATLAB using specially written codes for edge
detection and for determination of neck radius as a function of time
(codes and procedure are detailed in previous studies53). As aqueous
solutions wet the metal nozzle used in this study, the outer diameter
of the nozzle, Do, is used for scaling the neck diameter and also for
determining the absolute pixel size per unit length. The typical size of
the symbols chosen for all the radius evolution plots is of the same
order as the error (∼10 μm) estimated by accounting for the
resolution of the imaging systems and the analysis protocols. Although
the pinch-off dynamics of simple fluids are dictated by a complex
interplay of inertial, viscous, and capillary stresses,14−16,18,19 additional
viscoelastic stresses associated with stretching and orientation of
macromolecules arise in polymer solutions, leading to a measurable
delay in pinch-off.21,40,71−81 The self-thinning analysis for DoS
rheometry is based on the scaling laws and theories also used for

Figure 1. Schematic for Dripping-onto-Substrate (DoS) rheometry. The DoS setup includes a dispensing system and an imaging system for
visualizing and recording the capillary thinning and pinch-off dynamics of the liquid neck formed by dispensing a discrete amount of fluid onto a
substrate.52−54 The dispensing system includes a syringe pump that releases a finite volume of fluid through a nozzle placed height H above the
clean glass substrate. The imaging system includes a light source, a diffuser, and a high-speed camera (with magnifying lenses) connected to a
laptop.
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analyzing neck thinning dynamics of stretched liquid
bridges,19,40,73−77 including data sets obtained from the commercially
available extensional rheometer called capillary breakup extensional
rheometer (CaBER).80,81 The CaBER measurements rely on the
visualization and analysis of neck thinning dynamics of a stretched
liquid bridge formed by applying step strain to fluid confined between
two parallel plates.19,80,81 As the step-strain itself requires around 50
ms, and the time to pinch-off for low-viscosity fluids including
aqueous polyelectrolyte solutions is typically shorter, such measure-
ments are not possible on CaBER.81 However, using DoS
rheometry,52−54 the delayed pinch-off, relaxation time, and high
extensional viscosity can be measured even for polymer solutions in
low-viscosity solvents like water with η = O(1 mPa·s), and hence the
use of DoS rheometry enables measurement of the extensional
rheology response of aqueous polyelectrolyte solutions, even though
similar measurements are inaccessible in the commercially available
extensional rheometer.

■ RESULTS AND DISCUSSION
Shear Rheology of Aqueous NaPSS and PAA

Solutions. The steady shear viscosity data as a function of
shear rate are plotted for a range of concentrations for aqueous
NaPSS solutions and aqueous PAA solutions in Figure 2a,b.
Although aqueous solutions of both polyelectrolytes show
nearly Newtonian response, the absolute viscosity values for
aqueous NaPSS solutions are higher at matched concen-
trations, as NaPSS has a higher molecular weight and probably
a higher charge fraction than PAA. The steady shear viscosity
data measured using torsional rheometry (Anton Paar, MCR
302), which are shown with closed symbols, are supplemented

by additional data points (open symbols) acquired at higher
shear rates using the microfluidic viscometer (m-VROC). The
zero shear viscosity η0 extracted from this data and solvent
(water) viscosity value (ηs = 0.89 mPa·s) are used for
computing the relative viscosity increment, ηi = (η0 − ηs)/ηs,
plotted for aqueous NaPSS and PAA solutions respectively in
Figures 2c and 2d. For a range of concentrations, the relative
viscosity increment of both aqueous NaPSS and PAA solutions
shows the concentration dependence ηi ∝ c1/2 which is referred
to as the Fuoss law.1−4,28,82,83 Scaling theories by Witten and
Pincus,84 Dobrynin, Colby, and Rubinstein,28 and Muthuku-
mar2 capture the concentration dependence ηi ∝ c1/2 observed
for semidilute, unentangled polyelectrolyte solutions in many
studies.1−7,26−29,57,82−99 Defining the overlap concentration
(c*) as the polymer concentration for which the solution
viscosity is exactly twice the solvent viscosity, the data sets
yield c* ≈ 0.02 wt % for NaPSS and c* ≈ 0.05 wt % for PAA
solutions. The intrinsic viscosity values estimated using c*[η] =
1 are [η]NaPSS ≈ 50 dL/g and [η]PAA ≈ 20 dL/g, which are
comparatively large in contrast to [η]PEO ≈ 6 dL/g measured
for aqueous PEO solution (neutral polymer in good solvent,
with Mw = 1000 kDa). The higher intrinsic viscosity values of
aqueous solutions NaPSS (Mw = 1000 kDa) and PAA (Mw =
450 kDa) are due to larger pervaded volume of the
electrostatically stretched chains.
In Figure 2c, below the overlap concentration, the aqueous

NaPSS solutions show a dilute regime with a scaling of ηi ∝ c1

for c < 0.02 wt %, and for c > 1 wt % (ce = 50c*), a
concentration dependence ηi ∝ c0.85 is observed. A similar

Figure 2. Shear rheology response of aqueous NaPSS and PAA solutions. (a) Steady shear viscosity as a function of shear rate of aqueous NaPSS
solutions was measured using torsional rheometer (closed symbols) and microfluidic rheometer (open symbols). Viscosity increases with
concentration. (b) Steady shear viscosity as a function of shear rate for aqueous PAA solutions exhibits a concentration-dependent increase. (c)
Relative viscosity increment, ηi = (η0 − ηs)/ηs, as a function of concentration for aqueous NaPSS solutions shows three scaling regimes: ηi ∝ c1 in
the dilute regime, ηi ∝ c1/2 for the semidilute, unentangled regime, and ηi ∝ c0.85 in the entangled regime. (d) Relative viscosity increment as a
function of concentration for aqueous semidilute solutions of PAA increases with ηi ∝ c1/2 in the unentangled and ηi ∝ c3/2 in the entangled regime.
The transition in scaling in semidilute solution can be identified as entanglement concentration, ce, and the value of ce = 1 wt % for NaPSS and ce =
1.5 wt % for PAA solutions.
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power law regime with ηi ∝ c0.85 was observed in the data sets
of Uzum et al.86 for aqueous NaPSS solutions (Mw ranging
from 4.2 to 2260 kDa) the power law regime, referred to as
shoulder region is also observed in additional, older data sets
including those from Prini et al.95 (Mw = 3.98 kDa), Cohen et
al.,96,97 and Oostwal et al.98 (Mw = 3.98 kDa, viscosity values as
cited27), among others. The influence of polydispersity in
molecular weight, variation in charge fraction and chain
hydrophobicity, amount of dissolved carbon dioxide, and flaws
in rheometric measurements (see detailed discussion in Boris
and Colby27) can all contribute to the measured concen-
tration-dependent response. However, the data sets obtained
by Boris and Colby27 (Mw = 1200 kDa) as well as Chen and
Archer99 (Mw = 262, 585, 801, and 1188 kDa) exhibit a 3/2
power law for salt-free aqueous NaPSS solutions. The power
law of 3/2 is also observed for solutions of poly(methyl-2-
vinylpyridinium chloride) (PMVP-Cl) random copolymer in
ethylene glycol,29,100 sodium carboxymethyl cellulose aqueous
solutions,101 and xanthan gum aqueous solutions.93 The
observed concentration dependence for aqueous NaPSS
solutions is weaker than the scaling theory prediction of ηi ∝
c3/2 for entangled polyelectrolyte solutions made by Dobrynin,
Colby, and Rubinstein3,4,26,28 as well as the prediction of ηi ∝
c1.7 obtained by Muthukumar.1,2,57,92 As shear viscosity is

relatively high (ηi ∼ O(10)) and the behavior is distinct from
the unentangled scaling (distinct response is also observed in
extensional rheology measurements discussed later), we refer
to this regime for c > 1 wt % (ce = 50c* = 1 wt %) as the
entangled regime.
In contrast, the aqueous PAA solutions display the power

law exponents of ηi ∝ c1/2 for c > c* (with c* = 0.05 wt %) and
ηi ∝ c3/2 for c > 1.5 wt % (ce = 30c* = 1.5 wt %) that
correspond to the unentangled and entangled semidilute
solution behavior expected from scaling theories3,4,28 and
observed in previous experimental studies.26,27,29,101 Finally,
while the semidilute regime spans only 1 order of magnitude
beyond the overlap concentration, c*, for the neutral
polymers,55,59 the semidilute unentangled regime can span
1−4 orders of magnitude in concentration for low salt or salt-
free strong polyelectrolytes, including the aqueous NaPSS
solutions investigated in this study (see Figure 2).2−4,27−29 The
lower Mw aqueous PAA solutions show the concentration
dependence ηi ∝ c1/2 expected for semidilute, unentangled
solutions over a narrower range of concentrations but display
an outright transition to the concentration dependence of ηi ∝
c3/2 expected for entangled, semidilute polyelectrolyte
solutions. In contrast, the neutral polymers do not display
any regime with ηi ∝ c1/2, and for c > c*, a stronger

Figure 3. Characterizing capillary-driven thinning and pinch-off dynamics of unentangled aqueous NaPSS solutions (Mw = 106 Da) using the DoS
rheometry technique. (a−e) Image sequences, 1 ms apart, acquired using 25 000 fps for solutions with c = 0.1, 0.3, 0.5, 0.7, and 1 wt %, show a clear
transition from the conical shape obtained at the lowest concentration of 0.1 wt % to a cone, connected to the sessile drop via a short, slender
filament for 1 wt %. (f) Radius evolution over time for the aqueous NaPSS solutions obtained using DoS rheometry shown on a semilog plot shows
concentration-dependent variation in both shape of the curves and the pinch-off time. (g) Radius evolution data replotted as a function of shifted
time. The power law fits R(t)/R0 = A(tf − t)n for each data set show that the solution with lowest concentration, 0.1 wt %, shows an inertio-capillary
response with n = 2/3 (conical shape) and at 1 wt %, the highest concentration shown, although n = 1, the slender cylindrical neck associated with
visco-capillary response is observed as a filament between the cone and sessile drop, just before pinch-off.
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concentration dependence ηi ∝ c1.3 is observed for semidilute,
unentangled solutions.55 Likewise, the scaling exponents
observed for concentration-dependent viscosity data in Figure
2 are inconsistent with the exponents predicted in the high salt
limit (see Table 1) and observed experimentally in
polyelectrolyte solutions with added salt.27,102−104

Pinch-Off Dynamics of Aqueous NaPSS Solutions
Characterized Using DoS Rheometry. The snapshots
showing progressive capillary-driven thinning and pinch-off
of five representative aqueous semidilute NaPSS solutions (Mw
= 106 Da, with c = 0.1, 0.3, 0.5, 0.7, and 1 wt %) shown in
Figure 3a−e were acquired using the DoS rheometry setup.
The capillary-driven thinning leads to a conical-shaped neck,
characteristic of inviscid fluid response, as observed for the
lowest concentration samples (Figure 3a−c). The conical neck
progressively disappears as the concentration-dependent
viscosity of the polyelectrolyte solution rises (see Figures 3
and 4). The image sequence for the highest concentration
solutions (1 wt %, Figure 3e) shows that the conical neck is
connected to the sessile drop by a slender cylindrical filament
in the late stage before pinch-off event. Figure 3f shows the
radius evolution for the same range of concentrations as image
sequences, and the dotted lines show power law fits R(t)/R0 =
A(tf − t)n, where tf represents the pinch-off time. The data and
power law fits are shown again in Figure 3g using time to
pinch-off as the ordinate, such that pinch-off is approached

from right to left. For these semidilute, unentangled aqueous
NaPSS solutions, the scaling exponents observed seem to lie
between the two asymptotic values, i.e., 2/3 ≤ n ≤ 1, as
discussed next. The radius evolution data for the lowest
concentration solution (0.1 wt %) can be characterized as
inertio-capillary thinning response, described by the following
expression:105,106

=
−ikjjjjj y{zzzzzR t

R
t t

t
( ) 0.8 f

R0

2/3

(1)

Here, R0 is the outer radius of the nozzle, and ρ and σ are the
fluid density and surface tension, respectively. The character-
istic time scale for inertio-capillary thinning14,17,107 called the
Rayleigh time tR = (ρR0

3/σ)1/2 is correlated to oscillation
frequency of a drop of mass ρR0

3 acted upon by surface tension
that acts like an “effective spring constant”.
However, on examining the snapshots for the highest

concentration solution included in this plot (c = wt. 1%), we
find that a slender cylinder neck appears as a filament that
connects the cone to the sessile drop and exhibits the visco-
capillary (VC) response before pinch-off, described by the
following expression:19,108

=
−ikjjjjj y{zzzzzR t

R
t t

t
( )

0.0709 f

vc0 (2)

Figure 4. Characterizing capillary-driven thinning and pinch-off dynamics of entangled aqueous NaPSS solutions using DoS rheometry technique.
(a−e) Image sequences, 1 ms apart, acquired at 25 000 fps, are shown for five concentrations c = 0.2, 1.5, 2.5, 3, and 3.5 wt %. A progressive,
concentration-dependent transition from conical shape (0.2 wt %) to a slender, cylindrical filament occurs, and pinch-off time gets longer. (f)
Radius evolution plots as a function of time are shown on semilog axis for semidilute entangled solutions. The pinch-off event shifts to longer times
with increase in concentration. The 0.2 wt % data is included to show inertio-capillary behavior. (g) Radius evolution data shown using a linear−
linear axes for both scaled radius and time shows that the lowest concentration solution, 0.2 wt % (conical shape, connected to a cylindrical neck),
exhibits the inertio-capillary response. The entangled NaPSS solutions, c ≥ 1.5 wt % (slender cylindrical shape), exhibit an elastocapillary response
in the small tail region which can be fit by eq 3 (fit is shown as line passing through data points).
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Here the visco-capillary time tvc = ηR0/σ represents the
characteristic time scale for VC thinning. The relative
importance of viscous and inertio-capillary effects can be
evaluated by computing the Ohnesorge number,

η ρσ= =Oh t t R/ /vc R 0 , which can be considered to be a
suitable, dimensionless measure of viscosity. As the viscosity of
semidilute, unentangled aqueous NaPSS solutions is quite low
(Oh < 0.1), the conical shape of the neck is consistent with the
expectations for a nearly inviscid fluid. However, due to
sustained orientation and stretching of polyelectrolyte chains
under extensional flow field, the higher concentration solutions
exhibit higher effective viscosity, leading to the observed
increase in the scaling exponents extracted here by analyzing
the evolution of the minimum radius of the nonuniform neck.
The nonuniform shape of the neck in these images (see Figure
3e) is strikingly different from the uniform slender, cylindrical
necks observed for high viscosity, Newtonian fluids (Oh > 1)
undergoing visco-capillary thinning.19,54 Henceforth, we would
term this the terminal visco-capillary (TVC) regime. We
introduce the qualifier terminal to denote the fact that the
TVC regime arises due to the highly nonlinear, microstructural
changes within the polymeric fluid under sustained extensional
flow field, even though a visco-capillary response is not
expected based on an estimate of Oh. Indeed, the apparent or
effective viscosity value extracted from the TVC regime is
usually higher than shear viscosity19,23,40,53,74,77 and is known
as steady, terminal extensional viscosity.
However, the neck shape, overall life of the filament, and

capillary thinning and pinch-off dynamics change quite
dramatically at NaPSS concentrations beyond 1 wt % (or
beyond the entanglement concentration, ce = 1 wt %). The
snapshots shown in Figure 4a−e and radius evolution data in
Figure 4f show the progressive capillary-driven thinning and
pinch-off of five aqueous NaPSS solutions (Mw = 106 Da, with
c = 1.5, 2.0, 2.5, 3.0, and 3.5 wt %) in the entangled regime.
Although the elastocapillary regime is hard to visualize in the
radius evolution data shown in the semilog plot (Figure 4f), an
unmistakable slowing down in dynamics is observed just before
pinch-off in a plot on linear−linear axis (shown in Figure 4g).
The radius evolution profiles obtained here appear to be quite

similar to the radius evolution profiles obtained for entangled
cellulose solution in an ionic liquid (cellulose behaves like a
semiflexible polymer), reported by Haward et al. and obtained
using CaBER measurements.109

The radius evolution data in the elastocapillary regime is
modeled by using the following expression based on a theory
developed by Entov and Hinch:74

∑ σ λ
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Here gi and λi are modulus and relaxation time that correspond
to the ith mode of the relaxation spectrum.74 For many
polymer solutions,19,74 this response can be captured
reasonably well by a single-exponential relaxation function,
where GE represents an apparent extensional modulus and λE
represents the extensional relaxation time. The elastocapillary
fits to the radius evolution data included in Figure 4 (shown as
dotted lines) are used to extract the values of extensional
relaxation time. The value of extensional relaxation time varies
only weakly with concentrations, and all values are close to a
nominal value of λE = 0.2 ms.

Pinch-Off Dynamics of Aqueous PAA Solutions
Characterized Using DoS Rheometry. Although the radius
evolution data show no visible elastocapillary response for
aqueous NaPSS solutions in the semidilute, unentangled
solutions (c < 1.0 wt %), the aqueous PAA solutions exhibit
elastocapillary thinning, associated with an exponentially slow
decrease in radius for the semidilute, unentangled regime c >
0.2 wt %. Figures 5a−d show image sequences with 1 ms
between each image for a range of PAA concentrations in the
semidilute, unentangled regime. The radius evolution data
plotted in Figure 5e show a transition from the asymptotically
approached inertio-capillary behavior before transitioning to
the exponentially slow elastocapillary regime (fit by eq 3, see
dashed line) for semidilute solutions c > c*. The data sets are
shifted to match the transition point, tc, beyond which the

Figure 5. Capillary-driven thinning and pinch-off dynamics of aqueous PAA solutions in the semidilute, unentangled regime, characterized using
DoS rheometry. (a−d) Image sequences with time step of 1 ms acquired at 25 000 fps, for c = 0.1, 0.3, 0.5, and 1 wt %. Scale bar is for 0.5 mm. (e)
Radius evolution plots as a function of shifted time are shown on a semilog plot for semidilute, unentangled solutions. The pinch-off event shifts to
longer times with increase in concentration. The data for water is included to show the characteristic inertio-capillary response (fit with solid line).
The time axis shifted using the transition time scale tc highlights the change in thinning dynamics from the inertio-capillary regime to elastocapillary
thinning behavior (fitted with dashed line). A third regime that follows the elastocapillary regime manifests just before pinch-off is henceforth
christened as the terminal visco-capillary regime (fitted with dotted line).
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elastocapillary regime appears linear on a semilog radius
evolution plot.
Additionally, for the lower concentration PAA solutions

(0.1, 0.3, and 0.5 wt %), the last few points before pinch-off
show a third regime, which can be captured by the terminal
visco-capillary (TVC) thinning response that involves a fit with
eq 2 with viscosity as the fit parameter. Again the TVC regime
arises here due to microstructural changes within the fluid,
even though visco-capillary thinning is not expected on the
basis of the estimated value of Oh. The apparent viscosity
deduced from the fit shown by dotted line in Figure 5e
provides a measurement of the terminal, steady extensional
viscosity, ηE∞. It has been pointed out before that ηE∞ is arguably
a true material response23,40,53,77 that depends on both
molecular weight and polymer concentration, but not on
extension rate or accumulated strain. The ηE

∞ values are
reached before all the chains are completely stretched
out71,77,110 and are quite sensitive to the extensibility
parameter (ratio of fully extended chain size to unperturbed
coil dimensions or N1−υ). Here the values of Trouton ratio
Tr∞ = ηE

∞/η0 equaling 25 and 40 are measured for the 0.3 and
0.5 wt % solutions, respectively. Dinic et al. showed53 that the
absolute values of extensional viscosity of the intrinsically
semidilute, unentangled polymer solutions (PEO, Mw = 106

Da) are 250−3200 times higher than their zero shear viscosity,
and in dilute PEO solutions, Tr = 103−106 can be observed.
The value of the terminal Trouton ratio depends on the
absolute value of zero shear viscosity as well as extensional
viscosity, which itself depends on extensibility, L = Rmax/
⟨R2⟩1/2 = NK

1−υ (defined as ratio of the size of a chain stretched
by flow to the size of the unperturbed coil). As extensibility
depends on both the value of exponent υ and the number of
Kuhn segments, NK (or molecular weight), neutral polymers
are more extensible than polyelectrolytes of similar molecular
weight. In polyelectrolytes, the chains are prestretched by

electrostatic interactions, and the shear viscosity at similar
concentration is much higher than of neutral polymers. Thus,
the much higher Trouton ratio for neutral polymers is due to
higher extensibility as well as much lower shear viscosity value.
Figure 5e shows that the duration of elastocapillary regime

and the lifetime of the breakup increase with increasing
polyelectrolyte concentration. The extension rate, ε ̇ = −2(dR/
dt)/R values in the inertio-capillary, visco-capillary, and TVC
regimes diverge as the pinch-off event is approached, but in the
elastocapillary regime, a homogeneous extensional flow with a
large, constant, extension rate is established within the neck.
The Wiessenberg number or the ratio of extension rate to the
extensional relaxation rate has a constant value of 2/3 in the
elastocapillary regime. The transition from an inertio-capillary
regime to elastocapillary regime in the aqueous PAA solutions
is relatively sharp, implying that the initial configuration of
chains is coil-like in the semidilute solutions, but the high
extensional flow field in the neck leads to coil−stretch
transition. The resulting pronounced change in macro-
molecular conformation and the associated increase in drag
contribute viscoelastic stresses that compete with capillary
stresses, leading to the elastocapillary regime.52,53,111,112 For
polyelectrolytes in a semidilute solution deformed under
comparable extensional rates in cross-slot geometry, birefrin-
gence shows a step increase after coil−stretch transition
occurs.25,30 However, the elastocapillary regime is not observed
below overlap concentration (see for example c = 0.1 wt % data
included in Figure 5e that show primarily the terminal visco-
capillary response). The PAA chains are prestretched by
electrostatics in dilute solution (R ∝ Nυ expected to show υ =
1). The titration and conductivity measurements indicate that
the aqueous PAA solutions used in this study are highly
charged, with the charge fraction f = 1. Pronounced
elastocapillary response is observed for the semidilute,
entangled PAA solutions for concentrations above 1 wt %.

Figure 6. Capillary thinning dynamics for the aqueous PAA solutions in the semidilute entangled regime. (a, b) Image sequences for PAA solutions
with 2 ms between each image using 25 000 fps, c = 2, 4 wt %. Scale bar is for 0.5 mm. (c) Radius evolution plot for the aqueous PAA solutions
with the x-axis shifted to show an overlapping tc. (d) Extensional viscosity as a function of Hencky strain for aqueous PAA solutions using DoS
extensional rheometry. The extensional viscosity values are much higher than the shear viscosity values, and the Trouton ratio values range from
102 to 103, showing significant strain hardening.

Macromolecules Article

DOI: 10.1021/acs.macromol.8b00148
Macromolecules 2018, 51, 5191−5208

5198

http://dx.doi.org/10.1021/acs.macromol.8b00148


Figures 6a,b show image sequences with 2 ms between each
image, and Figure 6c shows a radius evolution plot for a range
of aqueous PAA solutions in the semidilute, entangled regime.
As the elastocapillary regime is dominated by a competition

between tensile viscoelastic stresses ηEε ̇ and the capillary stress
σ/R, an extensional viscosity measurement can be obtained
from the radius evolution data by using the following equation:

η σ
ε

σ= ̇ = −R R t t2 d ( )/dE (4)

During the elastocapillary thinning phase, a transient exten-
sional viscosity, ηE

t (ε ̇,ε,t), is measured using the DoS
rheometry technique. Although the extension rate stays
constant during the elastocapillary regime, the Hencky strain
or the total accumulated strain in the liquid filament, ε = 2
ln(R0/R(t)), increases steadily, and hence the measured
extensional viscosity is plotted as a function of Hencky strain,
as shown in Figure 6d. The polyelectrolyte solutions are strain
hardening in extension, and the entangled PAA solutions
display the Trouton ratio values that are reasonably higher
(102 < Tr < 103) than those obtained for the unentangled
semidilute aqueous PAA solutions (Tr < 50).
Extensional Relaxation Time of Aqueous PAA and

NaPSS Solutions. The elastocapillary regime appears linear in
a semilog plot of the radius evolution data and can be fit by eq
3 as shown in Figures 5e and 6c. Since the elastocapillary
regime for aqueous NaPSS solutions is manifested only for c >
1 wt %, the extensional relaxation times are measured only for
the semidilute solutions that display ηi ∝ c0.85 (see Figure 2),
and the values show very weak concentration dependence of λE
∝ c0.27, as shown in Figure 7 (and a table of measured values is
included in the Supporting Information). Scaling theories
predict that for entangled polyelectrolytes the shear relaxation
time remains concentration-independent, and Boris and
Colby27 reported that λ ∝ c0 can be observed for aqueous
NaPSS solution (similar molecular weight). However, we
checked that the λ ∝ c0 concentration dependence is only
observed for a narrow range of concentrations in the previously
reported data sets,27,29 and in some cases, like entangled
sodium carboxymethyl cellulose solutions,101 a weak concen-
tration dependence is observed.
In contrast, the extensional relaxation times measured for

aqueous PAA solutions increase by an order of magnitude
(0.2−2 ms) as concentration increases. Furthermore, the PAA

solutions data show that λE exhibits a concentration-dependent
scaling of λE ∝ c1/2 for the unentangled, semidilute regime and
λE ∝ c3/2 for the entangled regime. The concentration-
dependent scaling behavior shown by λE data for aqueous PAA
solutions in both regimes is strikingly different from the shear
relaxation time values predicted by scaling theory and
measured experimentally in both the semidilute, unentangled
regime3,4,26−29,55,99,113 with λ ∝ c−1/2 and the entangled regime
with λ ∝ c0 (independent of concentration).2,3,28 Using the
intrinsic viscosity of the polyelectrolyte, the Zimm time for the
polyelectrolyte chain (in single chain limit) can be estimated
using the formula λ = Λ[η]ηsMw/RT (here pre-factor Λ
depends on solvent quality and has an O(1) value) which gives
λZ ≈ 0.82 ms as the estimate for NaPSS and λZ ≈ 0.15 ms for
PAA solutions. The Zimm time represents a lower bound for
relaxation time, and even though the estimated value for PAA
solutions is lower, the elastocapillary regime is observed for
semidilute, unentangled PAA solutions, and λE is measurable
for c > c*. In contrast, the unentangled dilute and semidilute
aqueous solutions of NaPSS, a strong polyelectrolyte, hence
contain chains that are highly prestretched electrostatically,
leading to an absence of coil−stretch transition and
elastocapillary regime.
The relaxation time values obtained from shear as well as

extensional rheology measurements, or from simulations,
always increase with concentration for neutral polymers in
dilute as well as semidilute solutions.59 In the presence of high
concentration of salt, the polyelectrolyte solutions are expected
to show a weaker concentration-dependent increase (see Table
1). Previous researchers have noted that aqueous solutions
with no added salt exposed to air have an effective salt
concentration, cs ≈ 4 × 10−6 M, due to dissolved carbon
dioxide.28,88 However, for the semidilute polyelectrolyte
solutions considered here, the effect of dissolved carbon
dioxide is expected to be negligible, as the polyelectrolyte
concentration is relatively high (or in semidilute solutions, cs/c
≪ 1). Furthermore, we verified that the aqueous PAA
solutions with a low concentration of added salt (cs = 0.01
M NaCl) exhibit extensional relaxation time values in close
agreement with the nominally salt-free solutions. The shear
relaxation times for these aqueous polyelectrolyte solutions are
not measurable, as the onset of shear thinning lies in a higher
shear rate regime, inaccessible in the torsional rheometers.
Furthermore, the onset of shear thinning in semidilute

Figure 7. Extensional relaxation time as a function of concentration of the two aqueous polyelectrolyte solutions. (a) The extensional relaxation
time as a function of concentration data is measurable only for the nearly entangled aqueous NaPSS solutions. (b) Extensional relaxation time for
aqueous PAA solutions is measured for both unentangled and entangled solutions (closed symbols), and additional data was acquired for low salt
added (open symbols). Two distinct concentration-dependent scaling regimes are observed with the power law exponents (1/2 and 3/2) that are
similar to those observed in the viscosity vs concentration plot for unentangled and entangled semidilute solutions, respectively.
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unentangled polyelectrolyte solutions shifts to higher shear
rates with an increase in concentration as the relaxation time
for polyelectrolytes decreases with concentration.27 In contrast,
the onset of shear thinning for neutral polymers shifts to lower
shear rates with an increase in concentration, as the longest
relaxation time increases steadily with concentration. The shear
relaxation time is predicted to remain constant in entangled,
semidilute polyelectrolyte solutions. We posited that raising
the background solvent viscosity by adding glycerol could
provide a simple and effective way of increasing the shear and
extensional relaxation time, and thus for reevaluating the
concentration-dependent response, as discussed next.
Pinch-Off Dynamics of NaPSS Solutions in Glycerol/

Water Mixture Characterized Using DoS Rheometry.
Increasing solvent viscosity (ηs = 26.8 mPa·s) proportionally
increases solution shear viscosity and the overall pinch-off
time, as apparent from the data sets shown in Figure 8. In
contrast to aqueous NaPSS solutions, the capillary thinning
dynamics involves evolution as slender cylindrical necks,
though the elastocapillary region is again not observed for
semidilute unentangled solutions (example montages in Figure
8a,b are for 1 and 3 wt %, both are entangled solutions). Steady
shear viscosity of NaPSS solutions in glycerol/water mixture
increases with concentration, and as the rate-dependent steady
shear viscosity shown in Figure 8d has a well-defined onset of
shear thinning, the shear relaxation time can be determined.
Following the procedure outlined by Boris and Colby,27 we
extracted a shear relaxation time λB from the onset of shear
thinning by drawing straight line through the rate-dependent
viscosity data, and finding its intersection with line drawn
through rate-independent viscosity data, as shown in Figure 8d.
Alternatively, the rate-dependent viscosity response of the
NaPSS solutions can be well described using the Cross
model114

η γ η
η η

γ γ̇ = +
−

+ ̇ ̇∞
∞( )

1 ( / )c
m

0

(5)

as shown by the lines in Figure 8d.
The Cross model incorporates four parameters: (i) a rate-

independent zero shear viscosity, η0; (ii) an exponent, m, that
captures the power law dependence of the viscosity and shear
stress on shear rate in the intermediate shear rate region; (iii) a
critical strain rate, γ̇c, that defines the onset of this power-law
region, or alternatively a measure for the shear relaxation time,
λc = γ̇c

−1; and (iv) a high shear rate viscosity, η∞. For these
polyelectrolyte solutions, the solvent viscosity was used for the
high shear rate viscosity, i.e., η∞ = ηs, reducing the number of
adjustable parameters to three (λc = γ̇c

−1, m, and η0) as
summarized in Table 2. Although the generalized Newtonian
fluid models115 such as the Cross model cannot predict normal
stress phenomena like die swell or any time-dependent
viscoelastic effects, such models are useful for computing
flow rate and wall shear stresses in steady shear flow conditions
and for judging processability over a wide range of shear rates.
The relative viscosity increment data for the NaPSS

solutions in glycerol/water mixtures show the concentration
dependence ηi ∝ c1/2 expected for unentangled solutions for c
< ce (here ce ≈ 1 wt %) and a concentration dependence of ηi ∝
c1 for entangled solutions, as shown in Figure 9a. The best fits
to the entangled solution data (included in the Supporting
Information) give ηi ∝ c1.1, and the exponent 1.1 is higher than
0.85 observed for aqueous solution but lower than 3/2

anticipated by the scaling theory. The extensional relaxation
time extracted by fitting the radius evolution data with eq 3
(fits shown as dashed line in Figure 8c) shows a concentration-
dependent increase of λE ∝ c1 as shown in Figure 9b. In
contrast, the shear relaxation time extracted from the onset of
shear thinning appears to be concentration-independent in the
entire range of concentrations (see λB in Figure 9b) if the
Boris−Colby protocol is used, or weakly concentration
dependent, if the Cross model fit values (λc) are compared.

Pinch-Off Dynamics and Extensional Viscosity of PAA
Solutions in Glycerol/Water Mixtures. In analogy with the
studies carried for NaPSS solutions, here we investigate the
shear and extensional rheology response of PAA in glycerol
water mixtures, as shown in Figures 10 and 11. In the image
sequences included for three PAA solutions (in Figure 10a−c),
the cylindrical slender necks characteristic of the viscoelastic
response can be observed clearly. The corresponding radius
evolution data shown in Figure 10d show a sharper transition
into the elastocapillary regime than observed for the NaPSS
solutions. The pronounced elastocapillary region is observed
for all the concentrations shown in Figure 10d, and the dashed
lines show the fit to eq 3. The extensional modulus and
extensional relaxation time values extracted from these fits are
tabulated in Table 3. The last regime before pinch-off in the
radius evolution data for the entangled PAA solutions (see
Figure 10d) can be described as the terminal visco-capillary
(TVC) regime, implying that the terminal, steady extensional
viscosity value is also measured here. The steady shear viscosity
data (Figure 10e) show that the onset of shear thinning is
clearly manifested for concentrations above 0.5 wt %; however,
the onset of shear thinning as determined using the Boris−
Colby protocol27 seems to be independent of the concen-
tration. The steady shear viscosity data is also fit using Cross
model,114 and the parameters thus obtained are listed in Table
3. Figure 10f shows extensional viscosity as a function of
Hencky strain where both apparent extensional stress and
Hencky strain are determined using the radius evolution data,
using the procedure discussed earlier in this paper. The
extensional viscosity values show pronounced concentration-
dependent strain hardening as well as the saturation to strain-
independent steady, terminal extensional viscosity.
The plot of relative viscosity increment vs concentration

shows the two regimes (see Figure 11): the concentration
dependence of ηi ∝ c3/2 expected for entangled, semidilute
polyelectrolyte solutions is observed for c > ce (here ce ≈ 1 wt
%). However, for c < ce the concentration-dependent variation
appears to be stronger than the scaling of ηi ∝ c1/2 expected for

Table 2. Concentration-Dependent Values of Zero Shear
Viscosity, Power Law Index, and Shear Relaxation Time as
Well as Relaxation Time Value Obtained Using Boris−
Colby Fit from Steady Shear Viscosity Data Are Included
Together with Extensional Relaxation Time and Apparent
Modulus Values Obtained from Fits to Radius Evolution
Data for NaPSS Solutions (Mw = 1000 kDa) in Glycerol/
Water Mixtures (with 70% Glycerol)

c [wt %] η0 [Pa·s] m λc [ms] λB [ms] λE [ms] GE [Pa]

1.0 0.20 0.65 1.53 22 3.2 1.46
1.5 0.29 0.64 1.54 22 4.3 1.70
2.0 0.41 0.58 1.79 22 6.2 1.76
2.5 0.52 0.54 2.04 22 7.6 2.21
3.0 0.62 0.58 2.13 22 9.9 2.45
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semidilute, unentangled polyelectrolyte solutions (the best fit
shown in the Supporting Information returns a power law of
0.79). The steady terminal viscosity values obtained for
entangled PAA solutions also exhibit a concentration depend-
ence of ηE∞ ∝ c3/2 (see Supporting Information) mimicking the
concentration dependence displayed by the relative viscosity
increment measured from the shear rheology response.

Therefore, all solutions show similar Tr∞ = ηE
∞/η0 ≈ 350

value as shown in Figure 11a.
The shear relaxation time data for PAA solutions extracted

from the onset of shear thinning determined using Cross
model fits of data shown in Figure 10e exhibit two regimes as
shown in Figure 11b: in the unentangled regime, λ ∝ c−1/2,
which is consistent with the scaling theory predictions and a

Figure 8. Shear and extensional rheology response for NaPSS solutions in glycerol/water mixtures obtained using torsional rheometry and DoS
rheometry respectively. (a, b) Image sequences with time step of 20 ms acquired at 19 000 fps for c = 1 and 3 wt % are shown for NaPSS solutions.
The neck shape is of a slender filament, characteristic of high-viscosity fluids and of elastic fluids. Scale bar is for 0.5 mm. (c) Radius evolution data
plotted on linear−linear axes shows a pronounced elastocapillary response; the fits to eq 3 are shown as a dashed line. (d) Shear viscosity as a
function of shear rate shows two regimes: rate-independent regime observed at low shear rates is followed by a shear thinning regime. The straight
lines show fits following the Boris−Colby protocol,27 whereas the lines passing through experimental data are the Cross model114 fits (see text for
details).

Figure 9. Viscosity and relaxation time measured using shear and extensional rheology of NaPSS solutions in glycerol/water mixture. (a) Relative
viscosity increment as a function of concentration for the semidilute NaPSS solutions in glycerol/water mixture increases with ηi ∝ c1/2 in the
unentangled and ηi ∝ c1 in the entangled regime. The transition in scaling in semidilute solution can be identified as the entanglement
concentration, ce = 1 wt %. (b) The extensional relaxation time as a function of NaPSS concentration in glycerol/water mixture shows values
intermediate to the values of shear relaxation times obtained from shear viscosity data. The two values of shear relaxation time extracted from shear
viscosity data are respectively obtained by Boris−Colby fits (λB) and the Cross model fits (λc); see text for details and Table 2 for values obtained.
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weak increase in the entangled regime. The absolute values of
the shear relaxation time obtained using the Boris−Colby
procedure are larger in magnitude than the values obtained
using the Cross model fit. Furthermore, the Boris−Colby
procedure gives a concentration-independent relaxation time,
both above and below the entanglement concentration, ce ≈ 1
wt %. In contrast, the extensional relaxation times for PAA
solutions in glycerol/water mixture show a concentration-

dependent scaling λE ∝ c1/2 for the unentangled and λE ∝ c3/2

for the entangled regime, consistent with the scaling exponents
observed for the aqueous polyelectrolyte solutions. The best fit
value for extensional relaxation time data (shown in the
Supporting Information) yields an exponent of 0.73, which has
a stronger concentration than expected from the scaling theory
(and mirrors observations for the relative viscosity increment
that yield an exponent of 0.79). The observed concentration-
dependent increase of extensional relaxation time for
unentangled and entangled semidilute polyelectrolyte solu-
tions, i.e., λE ∝ c1/2 and λE ∝ c3/2, respectively, has a much
weaker concentration dependence than λE ∝ c2 and λE ∝ c14/3,
respectively, reported for the aqueous solutions of a neutral
polymer poly(ethylene oxide) (PEO) in unentangled and
entangled regime using CaBER measurements116,117 and λE ∝
c3.8 reported for entangled solutions of cellulose in an ionic
liquid.109

Influence of Changing Solvent from Water to
Glycerol/Water: Discussion. Semidilute aqueous solutions
of PAA show the expected concentration dependence ηi ∝ c1/2

for unentangled solutions and ηi ∝ c3/2 for the entangled
regime. However, the semidilute solutions of PAA solutions in
glycerol/water show a stronger concentration than ηi ∝ c1/2 for
unentangled solutions, though ηi ∝ c3/2 is still observed for the
entangled regime. Likewise, while NaPSS solutions show the

Table 3. Concentration-Dependent Values of Zero Shear
Viscosity, Power Law Index, and Shear Relaxation Time as
Well as Relaxation Time Value Obtained Using the Boris−
Colby Fit from Steady Shear Viscosity Data Are Included
Together with Extensional Relaxation Time, Apparent
Modulus, and Terminal, Steady Extensional Viscosity
Values Obtained from Fits to Radius Evolution Data for
PAA Solutions (Mw = 450 kDa) in Glycerol/Water Mixtures
(with 70% Glycerol)

c
[wt %]

η0
[Pa·s] m

λc
[ms]

λB
[ms]

λE
[ms]

GE
[Pa]

ηE
∞

[Pa·s]

1.0 0.23 0.47 0.9 28 17 43 92
1.5 0.40 0.48 1.2 28 26 119 152
2.0 0.69 0.47 2.2 28 33 34 172
2.5 0.97 0.48 2.6 28 52 79 267
3.0 1.50 0.46 4.5 28 73 248 325

Figure 10. Shear and extensional rheology response of PAA solutions in the glycerol/water mixture. (a−c) Image sequences for PAA solutions with
time step of 60 ms, acquired at 19 000 fps, for c = 1, 2, and 2.5 wt %. Scale bar is for 0.5 mm. (d) Radius evolution plot for PAA solutions with the
x-axis shifted to show an overlapping tc. The dashed lines show the fits to the elastocapillary regime obtained by using eq 3. (e) Shear viscosity as a
function of shear rate shows two regimes: rate-independent regime observed at low shear rates is followed by a shear thinning regime. The straight
lines show fits following the Boris−Colby protocol27 (see text), whereas the lines passing through experimental data (symbols) are the Cross
model114 fits. (f) Extensional viscosity as a function of Hencky strain, obtained by analyzing the radius evolution data shown in (d). The extensional
viscosity increases with strain and strain rate, showing strain hardening in contrast to shear thinning behavior manifested in the steady shear
viscosity measurements.
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expected concentration dependence ηi ∝ c1/2 for unentangled
solutions in both solvents, entangled solutions in water exhibit
ηi ∝ c0.85 and a stronger ηi ∝ c1.1 dependence in glycerol/water
mixture (see best fits to data, included in the Supporting
Information). Likewise, the extensional relaxation time values
for unentangled PAA solutions and entangled NaPSS solutions
display stronger concentration-dependent increase in glycerol−
water solutions. Changing the solvent from water to glycerol/
water mixture results in (a) 30-fold increase in solvent
viscosity, (b) decrease in dielectric constant by 68%, (c)
increase in density by a factor of 1.19, (d) change in solvent
quality and solvent−polymer interactions (influences excluded
volume interactions, hydrogen bonding, and hydrophobicity),
and (e) decrease in surface tension. The change in solvent−
polymer interactions and change in dielectric constant
influence the observed changes in exponents that capture the
concentration-dependent shear and extensional response. Next
we discuss how the cumulative influence of increase in solvent
viscosity and decrease in solvent quality and dielectric constant
affect shear viscosity and intrinsic viscosity of the two
polyelectrolytes.
A comparison of shear viscosity of 0.5% PAA solution in

water and in glycerol/water mixture shows that even though
solvent viscosity is increased by 26 times, the solution viscosity
increases only by a factor of 5, and likewise for 0.5% NaPSS
solutions, the shear viscosity increases by less than 3 times.
Since the solution viscosity is exactly twice the solvent viscosity
at c* = 0.1 wt % for NaPSS solution and c* = 0.2 wt % PAA in
glycerol−water mixture, the intrinsic viscosity estimates
respectively are [η]NaPSS ≈ 10 dL/g and [η]PAA ≈ 5 dL/g, in
contrast to aqueous solutions that display [η]NaPSS ≈ 50 dL/g
and [η]PAA ≈ 20 dL/g, respectively. The decrease in intrinsic
viscosity implies that the pervaded volume is smaller, and thus
polyelectrolyte chains are less expanded in the glycerol/water
mixture. Thus, the increase in solvent viscosity by 26 times is
offset by a 4- and 5-fold decrease in pervaded volume (at
overlap concentration) of PAA and NaPSS, respectively.
Likewise, the shear relaxation time can be contrasted in two
solvents, but as shear relaxation time values are not measured
in our experiments with aqueous solutions, we estimate and
contrast the Zimm time (for the polyelectrolyte chain in single
chain limit) using the formula λz = Λ[η]ηsMw/RT. As Zimm
time depends on both intrinsic viscosity and solvent viscosity,
we find λZ ≈ 4.9 ms as the estimate for NaPSS and λZ ≈ 1.3 ms
for PAA solutions, in contrast to λZ ≈ 0.82 ms and λZ ≈ 0.15
ms for the corresponding aqueous solutions. The experimental
results for the overall pinch-off time as well as the measured
relaxation times of the semidilute polyelectrolyte solutions also
show that the effect of increase in solvent viscosity is offset to
some extent by a decrease in the pervaded volume of the
polyelectrolyte chains.
Extensional Relaxation Time of Polyelectrolyte

Solutions: Discussion. Although there are no previous
comprehensive studies of concentration-dependent extensional
relaxation times for polyelectrolyte solutions, for neutral
polymers including aqueous solutions of poly(ethylene
oxide), experimental data from Dinic et al.53 show two distinct
regimes: the concentration-dependent scaling λE ∼ cm has
exponent m ≈ 0.65 for dilute solutions (c/c* < 1), whereas m
≈ 1 for intrinsically semidilute, unentangled solutions (1 < c/
c* < ce/c*; intrinsically emphasizes that even unperturbed coils
are interpenetrating and interacting with each other).
Furthermore, for dilute solutions of neutral polymers, the

extensional relaxation time measured is often larger in
magnitude than the value of relaxation time obtained in
oscillatory shear or stress relaxation experiments;19,25,40,71−76

however, in the semidilute solutions both relaxation times
show a comparable magnitude. Following the arguments of de
Gennes,51,56 Pincus,118,119 and Brochard-Wyatt et al.25 that
outline relaxation dynamics for single stretched chains using
tension blob concepts, Dinic et al.53 argued that in extensional
flows the stretching of polymer coils leads to progressive
screening of excluded volume (EV) interactions as well as
change in the local hydrodynamic interactions due to
conformational anisotropy, leading to increased screening of
the EV interactions. For PEO solutions with c < c*, through
the unperturbed coils do not interpenetrate, the intrachain and
interchain interactions dramatically change as the chain gets
progressively stretched by extensional flow, and many groups
have argued that the stretched chain hydrodynamics could be
described using blob models used for semidilute solu-
tions.40,52,77,120−122 However, the concentration-dependent
scaling observed in experiments changes dramatically above
overlap concentration, and therefore the solutions for c > c*
were designated as the intrinsically semidilute solutions. The
stretched PEO Rouse−Zimm chains in intrinsically semidilute
solutions show scaling law obtained in blob models for theta
solvent even though water is a good solvent for PEO.53 Due to
electrostatic stretching of chains and the presence of
electrostatic interactions, the theoretical description of
dynamics of semidilute polyelectrolytes is more challenging,
even more so, when the chains are additionally stretched by
flow.
We postulate that the polyelectrolyte chain conformations in

both dilute and semidilute solutions can display one of the
following two types of transitions with increasing extensional
rate. Type I behavior could arise for polyelectrolytes with
higher flexibility (determined by both intrinsic and electro-
static persistence length1−4) and larger extensibility (defined as
ratio of the size of fully stretched chain to its equilibrium size).
First, a coil−stretch transition can transform a swollen coil
made up of correlation blobs into a stretched chain of tension
blobs (the tension blobs could be smaller than the correlation
blobs and larger than the electrostatic), and a second transition
could occur to the nearly fully extended chain. Type II
behavior would arise for lower concentration solutions, and
also for polyelectrolytes with lower extensibility and lower
flexibility, such that even at the quiescent state the chain
conformation is akin to a prestretched chain of electrostatic
blobs, and the only possibility is a transition to a nearly fully
extended state. In the present study, aqueous NaPSS solutions
in unentangled, semidilute solutions display the type II
behavior, and hence elastocapillary response that arises in
unentangled solutions due to coil−stretch transition is not
observed. In contrast, the presence of a pronounced
elastocapillary regime that appears after a sharp change from
initial inertio-capillary thinning response suggests that PAA
macromolecules in unentangled, semidilute solution undergo
the coil−stretch transition. In this case, under the influence of
sustained extensional strain, the prestretched chains of tension
blobs transition to fully extended chains which leads to the
terminal visco-capillary (TVC) regime, observed in the radius
evolution data sets for semidilute, unentangled PAA solutions.
The concentration-dependent relaxation dynamics of poly-
electrolyte chains that have undergone both hydrodynamic and
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electrostatic stretching can be derived using this phenomeno-
logical picture, as discussed next.
In the tension blob description of a stretched chain, the

Pincus relation F = kT/ξt sets the length scale for local
interactions. In the 1970s, Pincus postulated that single
polymer chains under tension (force, F) can be described by
considering an equivalent chain made up of tension
blobs56,118,119 (or Pincus blobs), such that structural
anisotropy and the influence of the applied tension on
intrachain interactions play a role only above ξt. However,
the macromolecular level description of dynamics of a
stretched chain surrounded by a sea of similarly stretched
chains in a good solvent is still lacking in the literature.
Following ideas put forth in the context of drag on a tethered
chain moving in sea of other chains123 and the effective
medium theory to describe hydrodynamics of unentangled
chains,124 we provide a mean-field model for semidilute
polyelectrolyte solutions by arguing that the drag experienced
by each tension blob is proportional to the solution viscosity,
rather than the solvent viscosity. We postulate that beyond a
critical extensional rate that satisfies εċλE ∼ 1, the stretched
chains must be described as a string of tension blobs rather
than as a chain of correlation blobs. Every blob in the stretched
chain experiences a drag force Fd0 = ηpξtV, such that for εċ ∼
V/ξt and for N/gt tension blobs the following expressions can
be deduced for the unentangled polyelectrolyte solutions:

η ξ ε ξ≈ ̇ =F N
g

kT
p t c

t

2

(6a)

λ
η ξ η

≈ ≈N
g kT

N
b

kT
gE

t

p t p
t

3 3
1/2

(6b)

For a chain that has undergone both hydrodynamic and
electrostatic stretching, the number of bonds in a tension blob
should be a small number (implying gt1/2 ≈ O(1)). Though the
scaling argument and the expressions capture the concen-
tration-dependent scaling observed for the four semidilute
unentangled solutions considered in this study, a more robust
model is needed to account for the influence of both interchain
and intrachain interactions and the interplay of hydrodynamic
and electrostatic stretching, as well for evaluating the effective
medium viscosity for a dispersion of stretched polymers. For

the entangled polyelectrolyte solutions, deriving an expression
for the extensional relaxation time would require a careful
assessment of entanglements, as well as of both electrostatic
and elasticity effects, and is left as a problem for a future
investigation. Even though the extensional relaxation time and
relative viscosity increment exhibit similar exponent for the
concentration-dependent behavior for the entangled PAA
solutions in both solvents and entangled NaPSS solutions in
glycerol/water mixture, any deduction for relaxation time for
the entangled chains requires an assessment of the number and
dynamics of topological constraints.

Printability, Spinnability, and Jettability of Aqueous
Polyelectrolyte Solutions. Polyelectrolytes are used as
rheology modifiers in many applications and are present in
many biologically relevant fluids. Addition of a much lower
concentration of polyelectrolytes is required to provide the
same enhancement in shear viscosity as obtained with neutral
polymers, and decreasing the amount of rheological modifier
provides savings in terms of material costs. The dripping-onto-
substrate rheometry characterization shows that the exten-
sional relaxation time and pinch-off times for the polyelec-
trolytes are relatively short, and addition of polyelectrolytes
suppresses satellite drop formation. Shorter pinch-off times
allow faster processing speeds. Because of the electrostatic
prestretching of chains, strong polyelectrolytes exist in their
extended conformation, and in the absence of a coil−stretch
transition, the elastocapillary regime is not realized in the
radius evolution data sets for strong polyelectrolytes below
entanglement concentration. In the entangled semidilute
solutions, however, a hint of elastocapillary regime can be
observed, but the capillary-driven thinning and pinch-off are
relatively short, and although this is ideal for drop formation
applications, filament spinning would be challenging in
comparison with flexible neutral polymer solutions. However,
if desired, fibers can be spun using strong polyelectrolytes by
adding a small amount of high molecular weight flexible
neutral polymer like poly(ethylene oxide).125,126 The weak
polyelectrolytes show the elastocapillary regime for both
entangled and unentangled semidilute solutions, but due to
lower flexibility and extensibility, pinch-off occurs in a
relatively short time compared to neutral flexible polymers
like poly(ethylene oxide).

Figure 11. Viscosity and relaxation time measured using shear and extensional rheology for PAA solutions in glycerol/water mixtures. (a) Relative
viscosity increment plotted as a function of PAA concentration is shown in closed symbols, and the terminal Trouton ratio, estimated from the ratio
of steady, terminal extensional viscosity and zero shear viscosity, is shown in open symbols. (b) Extensional relaxation time as a function of PAA
concentration in glycerol/water mixture (closed symbols) shows two distinct scaling exponents of 1/2 and 3/2 for the unentangled and entangled
solutions, respectively. The two shear relaxation times values extracted from shear viscosity data are obtained by the Boris−Colby27 protocol and
the Cross model114 fits.
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■ CONCLUSIONS
In the present contribution, we contrast the shear and
extensional response of aqueous solutions of two representa-
tive polyelectrolytespoly(sodium 4-styrenesulfonate)
(NaPSS) and poly(acrylic acid) (PAA)in the absence of
added salts in two solvents: water and a higher viscosity
water−glycerol mixture. The steady shear viscosity measure-
ments with aqueous polyelectrolyte solutions show nearly rate-
independent values that increase with concentration of the
added polymer. The intrinsic viscosity values estimated using
c*[η] ≈ 1 for the aqueous NaPSS and PAA solutions are
[η]NaPSS ≈ 50 dL/g and [η]PAA ≈ 20 dL/g, respectively, and in
the glycerol/water (70:30) mixture, the intrinsic viscosity
values decrease to [η]NaPSS ≈ 10 dL/g and [η]PAA ≈ 5 dL/g,
respectively. In contrast, the intrinsic viscosity value for
aqueous PEO solution (neutral polymer in good solvent,
with Mw = 1000 kDa) is 6 dL/g. The higher intrinsic viscosity
values of aqueous NaPSS solutions (Mw = 1000 kDa) as well as
of aqueous PAA solutions (Mw = 450 kDa) show that the
polyelectrolyte chains are stretched electrostatically compared
to a neutral polymer and that changing solvent−polymer
interactions influences equilibrium coil size of polyelectrolytes.
Semidilute PAA solutions in water show the expected
concentration dependence ηi ∝ c1/2 for unentangled solutions
and ηi ∝ c3/2 for the entangled regime. However, the semidilute
solutions of PAA in glycerol/water mixture show stronger
concentration than ηi ∝ c1/2 for unentangled solutions, though
ηi ∝ c3/2 is still observed for the entangled regime. The steady,
terminal extensional viscosity measurements for entangled,
semidilute PAA solutions in glycerol/water mixture also exhibit
the same concentration dependence of ηE∞ ∝ c3/2 leading to a
nearly constant value of terminal Trouton ratio, Tr∞ = ηE

∞/η0
≈ 350. However, even though the aqueous NaPSS solutions
show the expected concentration-dependent behavior for the
semidilute unentangled regime, ηi ∝ c1/2, a concentration
dependence with ηi ∝ c0.85 is observed at higher concentrations
of c > 1 wt % (20c*). The power law scaling of ηi ∝ c1/2 is
characteristic of polyelectrolyte solutions for the neutral
polymers do not display any regime with ηi ∝ c1/2, and for c
> c*, a stronger concentration dependence ηi ∝ c1.3 is observed
for semidilute, unentangled solutions of neutral polymers.55

The extensional relaxation times, λE, are not measurable for
aqueous NaPSS in the semidilute, unentangled regime but
exhibit a relatively weak increase with concentration in the
entangled regime. However, for NaPSS solutions in the
glycerol/water mixture, the λE values measured in the
semidilute, entangled solutions increase linearly with concen-
tration. In contrast, the measured λE for semidilute solutions of
PAA in water as well as in glycerol/water mixture exhibits a
concentration-dependent scaling of λE ∝ c1/2 for the
unentangled (the best fit values of PAA in G/W mixture
yield an exponent of 0.73) and λE ∝ c3/2 for the entangled
regime. The concentration-dependent scaling behavior shown
by λE data for PAA solutions in both regimes is strikingly
different from the predicted exponents for shear relaxation
time of semidilute polyelectrolyte solutions in both the
unentangled regime (λ ∝ c−1/2) and the entangled regime (λ
∝ c0; independent of concentration). Though aqueous
solutions of both polyelectrolytes display a nearly rate-
independent steady shear viscosity, the solutions made in
higher viscosity glycerol/water mixtures can be used for
estimating the shear relaxation time, λ. The extracted values of

λ obtained from the onset of shear thinning determined using
Boris−Colby fits of steady shear viscosity data appears to be
concentration-independent for both NaPSS and PAA. The
shear relaxation time data for PAA solutions in glycerol−water
mixture extracted from the onset of shear thinning determined
using Cross model fits of data shows λ ∝ c−1/2 in the
unentangled regime, consistent with scaling theories and a
weak increase in the entangled regime (scaling theories predict
λ ∝ c0). In contrast, the extensional relaxation times for PAA
solutions in glycerol/water mixture show concentration-
dependent scaling λE ∝ c1/2 for the unentangled and λE ∝
c3/2 for the entangled regime, consistent with the scaling
observed for the aqueous PAA solutions. The increase in
extensional relaxation time for polyelectrolyte solutions in the
semidilute unentangled as well as entangled regime is thus a
self-consistent feature of multiple measurements. We have
verified similar increase in extensional relaxation time also
occurs for several different molecular weights of hydrolyzed
polyacrylamide (HPAM), and the data sets will be described in
another study. Increased degree of interchain overlap, increase
in the screening of both excluded volume interactions and
hydrodynamic interactions, and possibly increased screening of
electrostatic interactions all combine together to provide the
concentration-dependent values for extensional relaxation time
for polyelectrolyte solutions.
We provide a phenomenological scaling argument that

captures the concentration-dependent behavior shown by the
extensional relaxation time of polyelectrolyte chains in
unentangled, semidilute polyelectrolyte solutions. We argue
that the observed relaxation dynamics can be described by
recognizing that hydrodynamically stretched chains can be
considered to be a string of tension blobs (rather than
correlation blobs), and for such stretched chains, the drag
coefficient for each blob is effectively proportional to solution
viscosity (invoking a coarse-grained, effective medium
description). The experimental data sets included here
highlight the fact that polyelectrolytes provide a greater
enhancement in shear viscosity for relatively low weight
fraction, but for similar molecular weight, polyelectrolytes
possess lower flexibility and lower extensibility than neutral
polymers, leading to a lower degree of strain hardening and
shorter relaxation time and pinch-off time and, thus, increased
suitability as rheology modifiers for printability applications. As
many formulations contain additives that can affect the
electrostatic interactions, a careful study of, say, the effect of
salt on extensional relaxation times, pinch-off dynamics, and
shear rheology response is needed and is underway.
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