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ABSTRACT: We studied the viscosity of semidilute aqueous solutions of sodium polystyrenesul-
fonate as a function of polymer and salt concentrations. The viscosity data were quantified by 10°
applying a scaling relationship between solution correlation length ¢ = Ig/B and number of 107
monomers g per correlation volume for chains with monomer projection length I. The specific values
B,,B,, and By, of the B-parameter corresponding to exponents v = 1, 0.588, and 0.5 were determined
by the fraction of charged monomers and their degree of ionization, the effective solvent quality for
the polymer backbone, the chain Kuhn length, and the type and strength of monomer—solvent
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interactions. The values of the B-parameters were obtained from the plateaus of normalized specific 104 10° 10-2M]1o-1 10°

viscosity nsp(c) /N, ()Y (3»=1) a5 a function of the monomer concentration ¢ for polyelectrolytes with

c

weight-average degree of polymerization N,,. The extension of this approach to the entangled solution

regime allowed us to determine the packing number of a chain of correlation blobs, P, which completes the set of parameters {B

re)

B, By, P} uniquely describing static and dynamic properties of polyelectrolyte solutions. This information was used to construct a
diagram of states, calculate the fraction of free counterions and the energy of the electrostatic blobs, and establish a crossover

concentration to the entangled solution regime.

Bl INTRODUCTION

Polyelectrolytes are polymers with ionic groups which find
applications as paint, adhesives, or paper' * and medical
products.” Examples of polyelectrolytes include biological
molecules such as DNA, RNA, or hyaluronic acid as well as
synthetic ones such as polystyrenesulfonate, carboxymethyl
cellulose, or poly(acrylic acid). Solution properties of
polyelectrolytes are controlled by the chain degree of
polymerization, fraction and distribution of the ionic groups,
solvent quality for the polymer backbone, polymer and added
salt concentrations, and solution pH.éf}

Sodium polystyrenesulfonate (NaPSS) is one of the most
studied examples of synthetic polyelectrolytes, owing to the
availability of low polydispersity standards covering a wide
range of molar masses and an easy control over the degree of
sulfonation determining polyelectrolyte solubility in aqueous
solutions.””'*~" After over 40 years of research, it is now well
understood that in salt-free solutions of NaPSS strong
electrostatic interactions between ionized groups result in a
chain stretching which is manifested as a strong dependence of
the crossover concentration to a semidilute solution regime
(c*) on the chain degree of polymerization, ¢* oc N2 In the
semidilute solution regime (¢ > c*), electrostatic interactions
between charged groups are screened on the length scales
beyond the solution correlation length & o ¢™"/% This strong
concentration dependence of the solution correlation length
results in the chain size decreasing with increasing polymer
concentration as R ¢ °%° which in turn suppresses chain
entanglements and broadens the Rouse regime of chain
dynamics.”' ™ The addition of excess salt exponentially
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screens the electrostatic interactions between ionized groups
on the polymer backbones such that the polyelectrolyte
solutions behave as solutions of neutral polymer with salt-
dependent second virial coefficient and chain persistence
length.'>'*!72134750 The degree of sulfonation plays an
important role in the solubility of NaPSS such that
polyelectrolytes with a degree of sulfonation below 30%
become insoluble and precipitate.”

Despite these efforts, a quantitative understanding of
polyelectrolyte solutions of NaPSS is still lacking. To fill this
void, we conducted a detailed study of salt effect on the
solution properties over a broad range of molecular weights
and polymer and salt concentrations. Applying a recently
developed quantitative version of the scaling approach based
on the analysis of the solution viscosity in the unentangled
(Rouse) regime,'>*"°'75?
the different solution regimes and crossover concentrations
between them, the fraction of “free” counterions, the salt

we determine blob dimensions in

concentration dependence of the excluded volume, and the
blob packing number defining the onset of entanglements in
semidilute polyelectrolyte solutions.
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Figure 1. (a) Schematic representation of the hierarchy of length scales in semidilute salt-free polyelectrolyte solutions. (b) Concentration
dependence of the solution correlation length in salt-free polyelectrolyte solutions for ¢ > c¢*. ¢p, electrostatic blob overlap concentration; c,
thermal blob overlap concentration; and ¢**, crossover concentration to the concentrated solution regime. Insets show chain structure on the
length scales of the correlation length. Logarithmic scales. Adapted from ref 12. Copyright ACS 2021.

B MATERIALS AND METHODS

Materials. NaPSS for all the molar masses was procured from
Polymer Standards Service, USA. The Spectra/Por dialysis mem-
branes with MWCOs of 3.5, 6—8, and 12—15 kDa were purchased
from VWR. NaCl (99.9%) was obtained from VWR.

Polymer Purification. The NaPSS was dialyzed against DI water,
and the dialysis bath was regularly exchanged until the equilibrium
conductivity of the bath stayed below 2 uS cm™ for at least 6 h. This
threshold was determined from the equilibrium conductivity of pure
DI water, with an initial conductivity of 0.06 uS cm™!, presumably due
to the formation of carbonic acid on absorption of CO, from the
atmosphere."**® These dialyses were precautionary to remove any
residual ionic impurities. In practice, the purification performed by the
vendor was sufficient. The bath conductivity for most of the batches
never went above this value, in which case the dialysis was conducted
for 24 h. For a few batches, the conductivity went slightly higher to a
maximum of 2.6 uS cm™'. Assuming that the entire increase in
conductivity is due to the ionic impurities removed during the dialysis
process, the ratio of salt ions to monomers equates to smaller than
1:500. The dialyzed solution was frozen using liquid nitrogen and
dried in a freeze-dryer under a vacuum pressure of ~0.4 mbar for 72
to 96 h.

All the measurements reported in this study were performed using
freshly dialyzed NaPSS. The NaPSS was recovered after measure-
ments, by dialyzing against DI water. The measurements made using
recovered polyelectrolyte, however, were out of trend, possibly due to
degradation and were, therefore, repeated using a fresh batch of the
polyelectrolyte. In order to confirm that there was no degradation
during the measurement, some of the loaded samples were
remeasured multiple times without removing them from the
instrument. The repeated measurements were found to be in
agreement with each other.

Sample Preparation. The NaPSS was kept under vacuum for at
least 24 h prior to sample preparation to minimize the residual water
content. The samples were prepared in polypropylene vials previously
washed with DI water and dried in an oven at 60 °C. All the samples
were prepared using a weighing balance with a typical error of +0.05
mg. The low-concentration samples were made by dilution with DI
water or salt solutions of known concentrations. The densities of the
master solutions for dilution were calculated using the known
densities of the added components using V' = my,pss/ Pnapss + Mupater/
Puater + Myact/ Prac- Here, V is the volume in cm®, m is the mass in g,
and p is the density in g cm™. The densities of NaPSS, water, and
NaCl at 25 °C were taken as 1.65, 1, and 2.16 g cm™, respectively.
The density of NaPSS has been determined from its partial molar
volume in water reported in the literature,”* which takes into account
the effect of solvent on the apparent polymer density.

Static Light Scattering (SLS). The SLS measurements were
made using a FICA instrument from Systemtechnik (Denzlingen,
Germany). Two lasers with wavelengths, 4, of 407 and 640 nm were
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used, and the dn/dc for PS in toluene was taken to be 1.106 and 1.11
mL/g, respectively.” The final degrees of polymerization reported are
the mean of the two measurements. The measurements were carried
out in quartz cuvettes from Hellma Analytics with a diameter of 20
mm. The cuvettes were washed with freshly distilled acetone inside a
modified distillation column for at least 30 min before loading the
samples. In order to eliminate dust, the samples were filtered using a
0.2 um syringe filter. The instrument was calibrated using toluene as a
standard to define the scattering intensity on an absolute scale.

Rotational Rheometry. The rotational rheometry was carried out
using two stress-controlled rheometers: a Kinexus rheometer from
Netzsch and a DHR-3 rheometer from TA Instruments. The Kinexus
rheometer was used with cone—plate geometries of two different
sizes: a 40 mm plate (@ = 1°, sample volume = 0.3 mL) for high-
viscosity samples and a 60 mm plate (6 = 2°, sample volume = 1.97
mL) for the low-viscosity samples. Regular calibrations were carried
out using a 20 min torque mapping in air. The DHR-3 rheometer was
used with a 40 mm cone—plate geometry (6 = 1°, sample volume =
0.3 mL). Separate torque, inertia, and rotational mappings were
performed regularly. A solvent trap filled with DI water was used for
all measurements.

Rolling Ball Viscometry. A rolling ball microviscometer (Lovis
2000 M from Anton Paar) was used for samples with very low
viscosity. The capillary (O = 1.59 mm) with a lower measurement
limit of 0.3 mPa s was used. This instrument utilizes a closed capillary
block for the measurements, which prevents evaporation. The
measurement principle is based on the calculation of solution
dynamic viscosity from the time taken by a steel ball of known
density to roll a known distance across the capillary at a certain angle.
The instrument was calibrated regularly using a viscosity standard
from VWR. The error for this instrument was +0.5%, as estimated
from comparative measurements using a Ubbelohde capillary
viscometer. In order to check for shear-thinning, most of the
measurements were made as a function of angles between 20° and 70°
(steps of 5°) in order to obtain varying shear rates. The shear rates at
a given angle can be calculated using the following equations:*®

- [ ][ ()

where D is the capillary diameter, d is the ball diameter, V is the ball
velocity, and n is the flow behavior index calculated as

"Z( )

where V; and V, are the velocities of the rolling ball at angles 8, and
0,, respectively. In some cases, where shear-thinning was not observed
for a higher molar mass at a given concentration, the measurements
for the lower molar masses were made at a constant angle of 30°.

DV
(D -dy?

2(1 + n)(1 + 2n)*
n(2 + n)(2 + 3n)

log(sin 6,/sin 6,)
log(Vi/V3)
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Table 1. Degree of Polymerization for NaPSS and the Parent PS

Degree of Polymerization (N)

Sodium Polystyrenesulfonate”

Parent Polystyrene

M, Napss” [kg/mol] (] SLS DLS
10 70 SS
30 140 135
66 354.5 305 315
150 940 800 800
271 1605 1700 1350
483 2650 2765
645
1012 4915 6500

a,c,

6

SANS
N

145
280

GPC® ] SLS PDI® Ny, roust
50 1.04
151 146 1.06 105
331 374 348 1.04 230
752 808 885 1.04 528
1354 1.02 1355
2417 2610 1.05 2415
3226 1.07 4140
5062 5231 1.09 5610

“Provided by Polymer Standard Services. bDegree of polymerization for NaPSS samples determined by different techniques.”®” 9N, is calculated

from MHS given by Fetters et al. for PS in toluene. 6 “Polydispersity indices (PDI) calculated as M,,/M, measured using GPC. TN, is estimated
from the analysis of the specific viscosity in the Rouse regime at ¢, = 1.0 M. The molecular weights can be obtained by multiplying corresponding
degrees of polymerizations by 104 and 200 g/mol for precursor and sulfonated polymers, respectively.

Scaling Analysis. We applied a scaling approach'>***°7%% to

analyze the viscosity of semidilute polyelectrolyte solutions. In the
framework of this approach, the correlation length (blob size) & and
the number of the repeat units in it, g, with projection length [ are
related through the general scaling relation*>*"*®

&=1Ig"/B 3)

The numerical coefficient B and exponent v are determined by the
solvent quality for the polymer backbone and the type and strength of
interactions at different length scales starting from the solution
correlation length £ down to the repeat unit projection length I In
semidilute salt-free polyelectrolyte solutions, the exponent v = 1,
0.588, 0.5, and 1, and the B-parameter is equal to B,,, B, By, and 1 in
the different solution concentration regimes, reflecting that
correlation blobs are made of electrostatic blobs with sizes D, and
number of repeat units g,, which in turn contain thermal blobs each of
size Dy, and number of repeat units g, (Figure 1a).

At the shortest length scales r smaller than the Kuhn length b but
larger than or equal to the projection length, ] < r < b, a section of the
chain is rod-like (v = 1) with a linear relationship between the
number of repeat units g, and its size

r=lgr, fori<r<b (4)
This corresponds to the value of B = 1. On the length scales smaller
than the thermal blob size such that b < r < Dy, the chain statistics is
that of a random walk of Kuhn segments
r= (lbgr)o'5 = lgro‘S/Bth, forb <r <D,

()
where the parameter

By, = (I/b)** (6)

is always smaller than unity and the exponent v = 0.5.

Excluded volume interactions take over the chain statistics on the
length scales Dy, < r < D,, where the chain statistics is that of a self-
avoiding walk of thermal blobs with exponent v = 0.588:

r=Dy(g,/g,)""" = lg*" /By, forD,, <r <D (7)
The parameter B, characterizes the degree of swelling of the chain
within the electrostatic blob and is related to the repeat unit excluded
volume (second virial coefficient) v, Kuhn length b, and projection

length [ as follows:*°

B, = By, (v/(1b)"*)' ™ (8)

On the length scales D, < r < £, electrostatic repulsion between
ionized groups stretches the chain (v = 1) such that

r=Dg /g =1g/B,, forD <r<¢ (9)
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The parameter By, is related to the number of repeat units g, per

electrostatic blob with size D,:">
B, =lg /D (10)
It is larger than unity and describes the tension in the chain of
electrostatic blobs.
The concentration dependence of the solution correlation length &
is derived by combining the space-filling condition of correlation

blobs:
c=g/& (11)

with scaling relation eq 3. This results in the following expressions for
the correlation length:

5 — ZBI/(3I/—1)(C13)Z//(1—3Z/) (12)

and the number of chain repeat units per correlation volume:

— B3/(3”_1)(cl3)1/(1_3”) (13)
in terms of the B-parameters, exponent v, and concentration c. Figure
1b illustrates concentration dependence of the solution correlation
length in different semidilute solution regimes whose boundaries are
defined by cp, electrostatic blob overlap concentration, ¢y, thermal
blob overlap concentration, and ¢**, crossover concentration to the
concentrated solution regime.

In polyelectrolyte solutions with low salt concentrations, there is an
additional screening of the electrostatic interactions on the length
scale of correlation blobs by added monovalent salt ions with
concentration ¢, which results in the following renormalization of the
solution correlation length and number of repeat units in it:**>*’

g

5 (1-)/(6v-2)
&=1IB) cl3)0'5[1 + f)
fre (14a)
) (3-3v)/(6v-2)
15/ 13\-0.5 S
g=B7(cl") (1 +—]
" fre (14b)

where f* is the fraction of the free counterions distributed outside the
electrostatic blob volume. Equations 14a and 14b are written for an
arbitrary exponent v and can be reduced to the familiar form*® by
substituting the Flory exponent v = 0.6. At high salt concentrations,
the electrostatic interactions are exponentially screened and can be
treated as short-range interactions with the B,-parameter being salt
concentration dependent.

In the framework of the scaling approach it is postulated that the
hydrodynamic interactions between chains are screened at the length
scale &y, which is proportional to the solution correlation length, £, ~
£57997%3 This assumption results in the solution specific viscosity Ny

https://doi.org/10.1021/acs.macromol.2c02128
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in both the Rouse and entangled solution regimes to be given by the
following crossover expression:'”

2

N, ]

N (15)
where N, is the weight-average degree of polymerization and N, is the

number of repeat units per entanglement strand, which scales with
. 12,64,6
concentration as follows:'>**%

g_l, forc < ¢
Ny, = N1+ § »
cbl®, forc < ¢

| & forc < ¢
=P

e

N,
(b)Y, forc < ¢ (16)
In eq 16, P is the number of entangled strands (packing number)
required for a section of a chain with N, repeat units to entangle,
which also includes information about system polydispersity as
explained in refs 12 and S3.

Degree of Polymerization. The degree of polymerization of the
NaPSS samples and those of the parent polystyrene samples were
determined by several techniques. Gel permeation chromatography
(carried out by the manufacturer) and SLS and SANS (carried out by
us) provide a direct measurement of the molar mass of the polymers,
which is translated to a degree of polymerization after dividing by the
molar mass of a monomer, set to 200 g/mol for NaPSS, which
corresponds to the degree of sulfonation &~ 95%. Estimates of N from
the diffusion coefficient and intrinsic viscosity are based on Mark—
Houwink—Sakurada (MHS) relationships; see refs 8 and 66 for details
of their application to the current PSS samples. For the unsulfonated
polystyrene we use the MHS relation given by Fetters et al.®® The
results from various techniques are listed in Table 1.

Viscosity Measurements. Viscosity measurements were made in
aqueous solutions of NaPSS with M,, = 30, 271, 483, and 1010 kg/
mol at different polymer and added salt concentrations. The data
acquired with the Kinexus and DHR-3 rheometers agreed to within
about 5% of each other, with the former generally providing slightly
higher viscosities. The measurements from DHR-3 are considered to
be more accurate owing to its higher sensitivity and lower torque
limit. These aspects help to obtain a wider Newtonian plateau in the
low-shear regime, thus providing a more accurate estimate of the zero-
shear viscosity (7(0)). Measurements for 7(0) in DI water for some of
the polymers were reported in earlier publications.**® These results
are combined with current measurements; see the SI for additional
information. The LOVIS was used to make measurements for samples
with viscosities lower than or close to the limit for either rheometer.
All the data, along with the instrument used, are provided in the SIL
Representative viscosity vs shear rate curves for the 1010 kg/mol
polymer are shown in Figure 2 for ¢, = 0.1 M and different polymer
concentrations. The zero-shear rate viscosity is obtained by averaging
the values in the Newtonian plateau at low shear rates.

B RESULTS AND DISCUSSION

We begin with the analysis of polyelectrolyte solution viscosity
at different polymer and salt concentrations to quantify the
effect of the electrostatic interactions. Figure 3 shows typical
N Vs ¢ curves for NaPSS with M, = 30, 271, 483, and 1010 kg/
mol at different concentrations of added salt. The maximum
measured concentration ¢ was 2 M, and the lower limit was
determined by a crossover to the dilute regime at the overlap
concentration (c*), which is estimated as 77, = 1 (1, = (7(0) —
n,)/1, where 7, is the solvent viscosity and #(0) is the zero-
shear viscosity determined from the Newtonian plateau as
illustrated in Figure 2). The effective solvent viscosity in
solutions of NaCl was obtained from the data of Kestin et al.®’

There are three characteristic regimes of the concentration
dependence of solution specific viscosity in Figures 3. At low
polymer and salt concentrations for polyelectrolytes with M,, =
271 kg/mol and higher, the specific viscosity first increases
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Figure 2. Shear rate dependence of the solution viscosity in aqueous
solutions of NaPSS with M,, = 1010 kg/mol at salt concentration ¢, =
0.1 M and different monomer concentrations as indicated in the
legend. The four flow curves with limited shear rate range (c = 0.01,
0.02, 0.03, and 0.07 M) are measured with a LOVIS viscometer, and
the rest are measured with the DHR rheometer.

with polymer concentration as 7, o ™31 which is a

characteristic feature of semidilute polymer solutions of neutral
polymers in a good solvent for the polymer backbone. This
reflects the dominant role of salt ions in screening the
electrostatic interactions on the length scales of the solution
correlation length, £ The observed scaling relationship
immediately follows from the expression for the number of
chain repeat units per correlation volume (eq 14bb) and the
linear scaling of the solution specific viscosity with the number
of correlation blobs per chain (1, = N,/g) in the Rouse
regime. After some algebra we arrive at

n, o N, 1308 1)
Thus, the addition of salt decreases solution viscosity and
broadens the salt-dominated screening regime. Note that this
behavior is even observed for salt-free systems, indicating the
presence of a residual salt in DI water samples. With increasing
polymer concentration, we observe a crossover to the classical
polyelectrolyte regime with 7, o 57971 This is followed by a
regime with 7, o c¢'*' corresponding to a solution of
overlapping electrostatic blobs (¢ > cp) where electrostatic
interactions are screened by counterions and charges on the
polymer chains such that solution properties are similar to
those in semidilute solutions of neutral polymers. At even
higher polymer concentrations, there is a stronger concen-
tration dependence of the solution viscosity, which could be
attributed either to the crossover to the concentrated solution
regime (¢ > c**) or to the onset of entanglements. We will
come back to this issue below.

At salt concentrations ¢, > 0.01 M, we observe 7, « -
scaling in the entire semidilute solution regime. This points out
the complete screening of the electrostatic interactions by salt
ions. For such salt concentrations, polyelectrolytes behave as
neutral polymers with salt-dependent second virial coefficient
and chain persistence length. This is confirmed by a systematic
decrease of the solution viscosity at the same polymer
concentration as the salt content increases.

Having established the existence of different solution
regimes, we can use the approach developed in refs 12, 31,
and 51—53 and briefly described in the Methods section to
obtain the corresponding numerical values of the B-parameters
(Figure 1b) and use this information to estimate blob
dimensions and crossover concentrations between different
solution regimes (Table 2). The approach takes advantage of
the linear relationship between solution specific viscosity and

31
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Figure 3. Concentration dependence of specific viscosity (7,,) in polyelectrolyte solutions of NaPSS with M,, = 30 kg/mol (a), 271 kg/mol (b),
483 kg/mol (c), and 1010 kg/mol (d) at different added salt concentrations of NaCl. Logarithmic scales.

number of correlation blobs per chain in the Rouse regime
which immediately follows from the crossover expression eq 15
by setting N, /N, < 1. Thus, by using the concentration
dependence of g given by eqs 13 and 14b, we obtain B-values
from the plateau values C, of the normalized solution viscosity
nsp/Nw(c 3)V/(¥=1) a5 a function of concentration using the
corresponding exponent v in the different solution regimes
(see Figure 1b).

In the so-called polyelectrolyte regime where electrostatic
interactions induce chain stretching on the length scales of the
solution correlation length such that exponent v = 1 and the
concentration-dependent normalization factor is (c*)®S. This is
illustrated in Figure 4a, where data for polyelectrolyte solutions
of chains with different degrees of polymerizations have
collapsed defining location of the plateau shown by the dashed
line. From this plateau value we calculate B, = C_Z/ 3 =2.09,
which is consistent with B, = 1.5-1.8 obtamed from the
SANS/SAXS measurements of the correlation length in
aqueous salt-free solutions of NaPSS.»”*>”>”* Note that the
difference between viscosity and SAXS/SANS-based values of
B, is due to selected normalization. In the viscosity approach,
Ny = N,/g = Npre3/ 2(cP)"2, while in scattering &£q*

*lBl/z(CP) 1/2 _

Values of the B parameters at different salt concentrations
are determined by plotting 7,/ N, (cP?)"*! as a function of the
monomer concentration where we substituted v = 0.588 to
obtain exponent 1/(3v — 1) = 1.31 (Figure 4b and c). The
plateau values, shown by the dashed lines, monotonically
decrease with increasing salt concentration (see eq 17), which
is consistent with a decrease of the effective excluded volume
representing the strength of the electrostatic interactions. The
existence of the plateau even in the salt-free solutions (Figure
4b) points out the presence of residual salt in the DI samples
Using plateau values in Figure 4b and ¢, we calculate B,,
C,**%% and B, = C)/*~%, respectively (Table 2). The values
of By (Figure 4b§ describe screening of the electrostatic
interactions on the length scales larger than the electrostatic
blob size, while B,-parameters obtained from Figure 4c
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characterize properties of the polymer backbone at short-
length scales and quantify the effective solvent quality and
Kuhn length (see eq 8).

At high salt concentrations (c, = 0.1—1 M), the screening by
salt ions reduces electrostatic interactions between ionized
groups on the polymer backbones to the short-range
interactions with salt concentration dependent excluded
volume. In this salt concentration range, polyelectrolytes
behave as neutral polymers in a marginally good solvent. We
use normalized viscosity data at ¢, = 0.1 M and ¢, = 1 M to
adjust the provided values of the weight-average degree of
polymerization N,, by achieving a collapse of the plateaus for
samples with different molecular weights (Table 2). For this
molecular weight correction, samples with 271 and 483 kg/mol
were used as molecular weight standards since their normalized
viscosity data overlap in the plateau region without requiring a
correction.

The plateau values in Figure 4b for the salt-free and low-salt
concentrations allow us to estimate the residual salt
concentration ¢, & 7.4 X 107° M and fraction of free
counterions f* & 0.16 for ¢, < 0.01 M and f* = 0.19 for ¢, =
0.01 M by taking into account that in the salt-dominated
regime (see eq 14)

(3-3v)/(6v-2)

2(c, + ¢ )13

f*
B3/(3y 1)( 13)1/(1 3v)

Bl 5( 13)1/(1 3v)

(18)

where B corresponds to a low-c plateau in Figure 4b and
solving eq 18 for the ratio

(C + STCS) _
f* (19)

at different salt concentrations, ¢, The estimated values of f*
are consistent with osmotic pressure and conductivity
measurements, which yield f* ~ 0.2.%7%75 Note that a similar

(3u 1)/(v— 1)32/(1 v)
213 pe g¢ff
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Figure 4. Dependence of the normalized specific viscosity 1751,/Nw(cl3)0‘5 (a), 115‘1,/Nw(cl3)1‘31 (b and ¢), and 715},/Nw(cl3)2 (d) on polymer
concentration in polyelectrolyte solutions of NaPSS with M,, = 30 kg/mol (squares), 66 kg/mol (circles), 150 kg/mol (up triangles), 271 kg/mol
(down triangles), 483 kg/mol (rhombs), 645 kg/mol (left triangles), and 1010 kg/mol (right triangles) at different salt concentrations. Panel (b)
only shows data for M,, = 483 and 1010 kg/mol at salt concentrations c, < 0.01 M. Panel (c) shows the rest of the data for 775},/Nw(cl3)1‘31 with only

high concentration plateaus corresponding to the B

-parameter being highlighted. The degree of polymerization for these plots was corrected to

overlap data at ¢, = 1 M (Table 2) as described in the text, N, is calculated with M; = 200 g/mol and I = 0.255 nm is the monomer projection
length. Dashed lines show corresponding plateau locations, C,. Symbol notations are the same as in Figure 3. Logarithmic scales.

result can be obtained from location of the maximum in the
nsp(c) /¢ plot. The calculated value of ¢, is close to the value
of 2 X 10™* M obtained by Han et al.'"* from conductivity
measurements of CsPSS in salt-free aqueous solutions.

Finally, we calculate By, by plotting 1,/N,, (cI’)* vs ¢ (Figure
4d). This gives By, = 0.320 for ¢, < 0.1 M and By, = 0.344 for c,
=1 M The corresponding Kuhn lengths of the backbones are b
= 2.49 nm and b = 2.15 nm, respectively. This indicates that
polyelectrolytes become more flexible at the highest salt
concentration ¢, = 1 M. These Kuhn length values are close to
the bare Kuhn length of NaPSS 2.2 nm estimated in previous
studies.””’ Note that the upturn in the data at high
concentrations corresponds to crossover to a solution of
entangled chains, which is consistent with an observed strong
dependence on the degree of polymerization.

Information about the electrostatic blob size and the number
of monomers in it, summarized in Table 2, can be used for the
evaluation of the electrostatic energy of a blob in terms of the
thermal energy kzT for low salt concentrations (¢, < 0.01 M).

&f*)’

D, (20)

Uy ® 1kgT = kTl

where Iz & 0.7 nm is the Bjerrum length in water at normal
conditions. Taking into account f* & 0.16, we estimate the
electrostatic energy per blob to be 8.1kyT. Note that the large
value of the blob energy is a result of including all numerical
coeflicients into the blob definitions by setting N,, & g at the
overlap concentration (nsp(c*) =1) and in eq 11 defining the
concentration dependence of blobs.

The Manning counterion condensation parameter’>’® for
such electrostatic blobs is equal to

~
~
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D ' (21)

This value is close to unity, which is usually used to estimate
the counterion condensation threshold. Thus, counterions
localized inside an electrostatic blob reduce the energy of
electrostatic attraction of a free counterion on the blob surface
to approximately —0.92k,T.

We can estimate the fraction of free counterions f* by using
the value of B, = 2.09 and its definition (eq 10) and setting the
Manning counterion condensation pexr;imeter76’77 to unity.
This gives f* & 0.17, which is close to the value obtained from
the viscosity data. In the framework of this approximation, the
energy of the electrostatic blob in terms of the thermal energy
kgT is calculated as the ratio of the electrostatic blob size D,
and the Bjerrum length Iy such that Uy, = kzTD,/Iz = 9.6kpT,
which immediately follows from eq 20. This value is about 15%
larger than the one evaluated directly from blob dimensions
but still provides a reasonable estimate. Thus, the outlined
approach could be implemented for calculations of the
electrostatic energy of a blob and f* for polyelectrolyte
systems where it cannot be directly determined from the
viscosity data.

Figure S shows the dependence of the excluded volume (v)
on the salt concentration in different solution regimes. The
values of ¢, are calculated by adding up added salt and residual
salt concentrations, using the estimated value of ¢, & 7.4 X
107> M. The black square corresponds to the & conditions (v =
0) reported by Takahashi et al. for NaPSS in 4.17 M NaCl at
25 °C.*° The excluded volume first remains constant then
begins to decrease with increasing salt concentration when the
Debye screening length becomes smaller than electrostatic
blob size, indicating changes in the backbone solvation and
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Figure 5. Dependence of the excluded volume on the salt
concentration in NaPSS solutions. The values of ¢, are calculated
taking into account a residual salt concentration of 7.4 X 107> M.
Colored points are from Table 2, and the black square marks the
Takahashi et al.”® @ point at 4.17 M. Solid line is an interpolation
spline.

exponential screening of the electrostatic interactions on length
scales smaller than the electrostatic blob size where the chain
statistics is determined by the polymer—solvent affinity.
Using the results of the specific viscosity analysis in the
different solution regimes together with corresponding cross-
over concentrations (Table 2), we can replot all viscosity data
in the universal form (Figure 6) and fit the data to determine a

104 "
Entangled
104 o 3
< 1074 N L
<
Rouse _,,
1] 4 L
10 "‘ ;.'
‘.&
100 42 - :
10° 10! 10 10°
Nuw/gAg

Figure 6. Universal representation of the solution specific viscosity as
a function of the number of correlation blobs per polyelectrolyte chain

2

N, N, . —~
“11 + 5| with P, =

&y Pighy

-1.5

N,,/g. The solid line is the best fit to }“'7511 =

18 with normalization factors 4, = 1 for ¢ < ¢** and 4, = (c/c**)
for ¢ > ¢**; A =1 for ¢ < ¢** and 4 = ¢/c** for ¢ > ¢**. Symbol
notations are the same as in Figure 3.

packing number, P, = 18. There are two well-defined scaling
regimes. At a small number of correlation blobs per chain, we
recover the linear scaling of 77, = N,,/g, corresponding to the
Rouse regime. When the number of correlation blobs per chain
exceeds ~350, there is a crossover to the entangled solution

regime with P = 18. The crossover concentration to the
entangled solution regime ¢, (Table 2) is estimated by setting
N,, & N,, whose concentration dependence and relation to the
packing parameter are given by eq 16. For all systems it is in
the concentrated solution regime, ¢, > ¢**. Note that with
increasing salt concentration beyond ¢, = 1 M one should
expect a crossover to a O-solvent regime (see Figure S), where
entanglement molecular weight is determined by the
Colby—Rubinstein conjecture.*”>”

Figure 7 summarizes our results by showing the diagram of
states of different solution regimes calculated using data in
Table 2 for samples with M,, = 1010 kg/mol. There are two
characteristic scaling regimes describing the crossover to

2190

6-solvent

Dilute

Good solvent

Semidilute

‘p

107!

1072 10°

C

Figure 7. Diagram of states of different solution regimes for NaPSS
with M,, = 1010 kg/mol. Solid lines represent crossovers between
different regimes with c¢; and ¢y, pointing out crossovers between
polyelectrolyte, good, and @-solvent solutions, respectively.

semidilute polyelectrolyte solutions. Crossover to the semi-
dilute solution regime for ¢, < 0.01 M is given by ¢ (c¥)1e2,
which immediately follows from eq 17 by setting 7, ~ 1. For
high salt concentration, we observe c* o (c*)**'. This scaling
follows from the salt dependence of the B,-parameter, B, o
™13 which accounts for the variation of both the excluded
volume v and Kuhn length with the salt concentration (see eq
8). At high salt or polymer concentrations, their effect of the
electrostatic interactions reduces to changes in the solvent
quality for the polymer backbone and its Kuhn length (good
and 6-solvent regimes). This takes place above the

concentration of overlapping electrostatic blobs.

B CONCLUSIONS

We have studied the effect of salt concentration on the
viscosity of semidilute polyelectrolyte solutions. By applying a
scaling approach, we have determined the solution correlation
length, chain interaction parameters, and Kuhn length and
established their dependences on the polymer and salt
concentrations. In particular, we have calculated blob sizes
and number of monomers in them in different solution regimes
and corresponding crossover concentrations (Table 2). The
unexpected result is that a crossover to the semidilute solution
regime for polyelectrolytes with high molecular weights takes
place at polymer concentrations where residual and added salt
dominate the screening of electrostatic interactions. In this salt
concentration regime, analysis of the viscosity data has allowed
us to decouple contribution of residual salt and fraction of
ionized group into the solution correlation length, providing a
means for their estimate, and use this information to calculate
the counterion condensation parameter and blob electrostatic
energy (eqs 18 and 19). By representing viscosity data in terms
of the number of correlation blobs per chain (Figure 6), we
have shown that polyelectrolyte chains entangle at monomer
concentrations above the crossover concentration to the
concentrated solution regime for the studied range of degrees
of polymerization. A linear scaling of the solution viscosity with
the degree of polymerization in the Rouse regime offers a new
way to determine the weight-average molecular weight (Table
2). Furthermore, the obtained information is used to construct
a diagram of states of polyelectrolyte solutions (Figure 7) and
to predict solution properties at different salt and polymer
concentrations. We hope that the developed approach will
become a useful tool for the quantitative analysis of other
polyelectrolyte systems.
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