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ABSTRACT: We implemented a scaling approach, based on the 10°
relationship between the solution correlation length & = Ig¥/B and
the number of repeat units per correlation blob g for polymers with
repeat unit projection length /, to quantify properties of solutions
of carboxymethylcellulose and polystyrene sulfonate with mono-
valent and divalent counterions. The parameter B is equal to B,,,
By, By, and 1, and the exponent v = 1, 0.588, 0.5, and 1 in 5
semidilute polyelectrolyte solutions, solutions of overlapping j
electrostatic and thermal blobs, and concentrated polymer /De 10° 02 o 109
solutions, which are separated by crossover concentrations cp, c [M]

cgy and c**, respectively. The values of the B-parameters are

obtained using the linear relationship between the specific viscosity 7,,(c) in the unentangled solution regime and the number of
correlation blobs N, /g per chain, with the weight-average degree of polymerization, N,,, and g = B¥Gr=D(cP)V(1-3) 35 a function of
the repeat unit concentration, ¢, and the B-parameters in different solution regimes. This analysis shows that (i) there is only a small
fraction of free counterions, f* < 12%; (ii) divalent ions have a strong effect on the renormalization of the excluded volume, reducing
it by a factor of 2; and (iii) the effect of divalent counterions is much weaker on the renormalization of the Kuhn length, accounting
for an increase of up to 10%. In combination, these effects significantly reduce chain stretching, increase the number of repeat units
per solution correlation length, and promote chain disentanglement in polyelectrolyte solutions with divalent ions in comparison
with that in solutions with monovalent counterions. There is an indication of chain bridging by Ca®" ions in concentrated solutions
of carboxymethylcellulose, manifested as an increase in solution viscosity. The concentration dependence of the solution correlation
length £ calculated using the set of B-parameters is in good agreement with that obtained from the peak position of the scattering
function for concentrations ¢ < cp.

B INTRODUCTION manifested by a dramatic increase in the solution viscosity in a
Divalent counterions can si(gniﬁcantly alter the behavior of narrow 'conéen'tratlon rang§.4’20 410111320 '

polyelectrolyte solutions.'>° In salt-free solutions, they are Bﬁs}g’lte significant eXPfrilf;"iletjg;_n’ Y computation-
more effective in screening the charge of polyelectrolytes by al, and theoretical "7 efforts, a quantitative
doubling the contribution to the solution ionic strength in description of polyelectrolyte solutions with divalent counter-
comparison with their monovalent counterparts.”’ This ions continues to be desired. Here, we will address this issue by
efficient screening weakens electrostatic interactions between applying a recently developed data analysis technique”** to
ionized groups, reduces chain size, and shifts the semidilute evaluate scaling parameters, describing the conformations of
solution regime toward a higher concentration range. In polyelectrolyte and neutral chains at different length scales.
addition to charge screening, divalent ions are more susceptible The method>>>* is based on the linear dependence of the
to counterion condensation due to a lower entropy penalty for solution specific viscosity on the weight-average degree of

ion localization around the charged polymer backbone.”!
Condensed divalent ions mediate the attraction between
polyelectrolytes, forcing their collapse and precipitation with
increasing polymer concentration—effectively worsening sol- ] =
vent quality for the polymer backbone."'>'* This ability of Recfﬂved: June 20, 2021
multivalent ions is used by nature in the condensation of DNA Revised:  September 13, 2021

for packaging inside cells and viruses.”**** At high polymer
concentrations, divalent ions can play the role of Ehysical
crosslinks, bridging polyelectrolyte chains together.””” This
leads to the formation of reversible physical networks, which is

polymerization and the concentration dependence of the
solution correlation length in the unentangled solution regime.
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In particular, we apply this scaling approach”** to obtain the
fraction of ionized groups, excluded volume, and Kuhn length
in salt-free solutions of carboxymethylcellulose (CMC) with
Na', Ca*', Mg**, Mn?*, Co*", and Ba™ counterions'®*® and
polystyrene sulfonate with Na* and Mg** counterions.”* >’
This information is used to elucidate the differences and
similarities in the system behavior dependin§ on the
counterion valence. Furthermore, this approach®*" allows us
to represent solution specific viscosity as a universal function of
the number of repeat units per solution correlation length in a
broad concentration range.

The rest of the paper is organized as follows. We begin with
a brief overview of the scaling model of salt-free polyelectrolyte
solutions and illustrate how to quantify the scaling relations
and to find numerical coefficients connecting the size of the
solution correlation blob with the number of repeat units in it.
After that, we apply this approach to calculate the fraction of
localized counterions, excluded volume, and Kuhn length in
salt-free solutions of CMC and polystyrene sulfonate with
different types of counterions. For each system, the results of
the scaling analysis for the solution correlation length based on
the solution viscosity are compared with those obtained from
scattering experiments. Finally, we will show how to use the
developed approach to quantify the effect of counterion
valence on counterion condensation, excluded volume, and
Kuhn length and present a picture of polyelectrolyte solutions
supported by our findings.

B SCALING MODEL

In our analysis of the viscosity of semidilute salt-free
polyelectrolyte solutions in the presence of multivalent
counterions, we extend a scaling approach developed in recent
publications.””** This approach is based on the relationship
between the correlation length (blob size) & and the number of
the repeat units in it, g, with projection length 1'~*

£=1g'/B )
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 chain Kuhn length
b and repeat unit projection length I. In semidilute
polyelectrolyte solutions, the exponent v = 1, 0.588, 0.5, and
1, and the B-parameter is equal to B, By, By, and 1 in the
different solution 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 gy, (Figure 1a).

In particular, on the length scales r smaller than the Kuhn
length b but larger than or equal to the projection length, I < r
< b, a section of the chain is rod-like with a linear relationship
between the number of repeat units g and its size

r=lg, forl<r<b )
This corresponds to the values of B = 1 and exponent v = 1.
Within a thermal blob, on the length scales b < r < Dy, the
chain statistics is that of a random walk of Kuhn segments such
that

r= (lbgr)o'5 = lgro'S/Bth, forb <r <Dy 3)

where the parameter
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é- = lBl/(3v—1) (Cl3)v/(1—3v)

1
B=B, 1B=B, B=1
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v=0.588 v=0.5 v=1

v=1
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Figure 1. (a) Schematic representation of the hierarchy of length
scales in semidilute salt-free polyelectrolyte solutions. (b) Concen-
tration dependence of the solution correlation length in salt-free
polyelectrolyte solutions for ¢ > c*. cp—electrostatic blob overlap
concentration, cy—thermal blob overlap concentration, and ¢**—
crossover concentration to the concentrated solution regime. Insets
show the chain structure on the length scales of the correlation length.
Logarithmic scales. Adapted from ref 33. Copyright ACS 2021.

By, = (1/b)** (4)

is always smaller than unity, and the exponent v = 0.5.
Excluded volume interactions determine chain behavior on

the length scales Dy, < r < D,. At these length scales, the chain

statistics is that of a self-avoiding walk of thermal blobs

r= Dth(gr/gth)o‘588 = lgro'sgg/Bg, forDy, <r <D, (s)

Thus, the exponent v = 0.588, and the parameter B, describes
the swelling of the chain within the electrostatic blob. It can be
expressed in terms of the repeat unit excluded volume v, Kuhn
length b, and projection length [ as follows

B, = By (v/ (b)) ©)

The last equation immediately follows from the Flory
expression for the chain size when it is rewritten for an
arbitrary exponent 2.*’ Note that the value of the parameter B,
could be larger or smaller than unity, depending on the ratio of
v/(Ib)"> and the value of the parameter By,.

Finally, on the length scales D, < r < &, electrostatic
repulsion between ionized groups results in chain stretching

r= Degr/ge = lgr/BPe, forD <r<¢ (7)

which corresponds to the exponent v = 1. The parameter B, is
related to the number of repeat units g, per electrostatic blob
with size D,*

By = 8./ (8)

It is larger than unity and describes the tension in the chain of
electrostatic blobs.

The space-filling condition of correlation blobs (the repeat
unit concentration inside the blobs is equal to the solution
concentration)

¢ =g/& ©)
provides expressions for the correlation length

£= lBl/(3D—1)(Cl3)D/(1—3b) (10)
and the number of polymer repeat units per correlation volume

g= B3/(3y—1)(d3)1/(1—3u) (11)

as functions of the concentration of repeat units. This is
illustrated in Figure 1b with crossover concentrations between
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Figure 2. (a) Dependence of the specific viscosity 1y, = (7 — #,)/1, and normalized specific viscosity (b) 7,,/N,.;>* (inset shows plots with
original N,, = 820), (c) nSP/NW(pLM, and (d) #,,/N,@* on concentration of repeat units ¢ in solutions of NaCMC, MgCMC, CaCMC, MnCMC,
CoCMC, and BaCMC with the corrected weight-average degree of polymerization N,, = 720 (red and violet symbols) and N,, = 1250 (black
circles) and repeat unit projection length ! = 0.515 nm. Dimensionless concentration ¢ = c. Lines and arrows of different colors (b—d) show
crossover concentrations and plateau values used for calculations of the B-parameters. (d) Blue circles correspond to NaCMC with N,, = 1250 in 2

M NaCl from ref 33.

different solution regimes: cp—electrostatic blob overlap
concentration, cg—thermal blob overlap concentration, and
c**—crossover concentration to the concentrated solution
regime.

In polyelectrolyte solutions with low salt concentrations,
there is an additional screening of electrostatic interactions by
added monovalent salt ions with concentration ¢, which results

in the following renormalization of the solution correlation
1ength6’42’43

&= lBPeO'S(cls)_O‘S(l + 2¢./2f %) (12)
In writing eq 12, we take into account that the counterions
have valence z and f* is the fraction of ionized groups on the
polymer backbone. The expression in the brackets in the r.h.s.
of eq 12 is a ratio of the ionic strength of a solution due to

counterions with valence z and monovalent salt ions I(c,)
zf*c + 2c; to the ionic strength of counterions I(0) = zf*c in a
salt-free solution. Note that in writing the expression for the
contribution of multivalent counterions to the ionic strength,
we use the electroneutrality condition for the concentrations of
free multivalent ions ¢, and ionized groups f*c, such that zc; =
fre

In the framework of the scaling model of dynamics of
semidilute solutions, it is postulated that the screening of
hydrodynamic interactions between chains takes place at the
length scale &y, which is proportional to the solution
correlation length, &y = E10MY Thig assumption results in
the solution specific viscosity 7, in both the Rouse and
entangled solution regimes to be given by the following

.33
Crossover expression

9579

2 —
N g U forc < o

Ny = Nw(l + FJ

e ) | cbl?, for c** < ¢

(13)

where N, is the weight-average degree of polymerization and
N, is the number of repeat units per entanglement strand,
which scales with concentration as follows™”***’

8 for ¢ < c**

© X Ib)73, for F* < ¢ (14)

In eq 14, P, is the number of entangled strands (packing
number) required for a section of a chain with N, repeat units
to entangle. We use «Z» to indicate that the system
polydispersity is included in the definition of the packing
number.”** Accounting for the different concentration scaling
of the number of repeat units per correlation blob g and strand
degree of polymerization N, in the concentrated solution
regime ¢ > ¢** requires rescaling the specific viscosity by a
factor of A = clb* = ¢/c** for ¢ > ¢** and rewriting eq 9 as™

2
N N
ang, = —W(l + 2w]
g Rg (15)

The number of repeat units g per blob is calculated using eq 11
for ¢ < ¢**, and g = By "*(c**/c)?* for ¢ > c**.

The numerical values of the B-parameters are obtained by
taking into account that in the Rouse regime (see eq 15), the
solution specific viscosity, 7, is equal to the number of blobs
per chain, 77, = N,,/g. This points out that the specific viscosity
scales with the concentration of repeat units as ¢'/®*™V in
accordance with eq 11. Thus, a normalized specific viscosity
ﬂSP/NW(cP)l/ (3»=1) with the scaling exponent v determined by
the chain statistics on the length scale of the correlation blob

https://doi.org/10.1021/acs.macromol.1c01326
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should have a plateau regime or flat minima from the location
of which we can extract the corresponding crossover
concentrations (cp and cg) and values of the B-parameters.’”
In the next section, we apply this approach to obtain B-
parameters in polyelectrolyte solutions with monovalent and
multivalent counterions.

B DATA ANALYSIS AND DISCUSSION

Carboxymethylcellulose. We begin analysis of the effect
of divalent ions on properties of polyelectrolyte solutions of
CMC with repeat unit projection length | = 0.515 nm. Figure
2a shows the concentration dependence of the solution
viscosity for aqueous solutions of CMC with different
counterions Na®, Ca’*, Mg**, Mn®, Co®", and Ba’*, the
weight-average degree of polymerization N,, = 820 and degree
of substitution DS & 1.3 for the red and violet symbols,'® and
N, = 1250 and DS = 1.2 =+ 0.1 for the black circles.* It follows
from the specific viscosity plots in Figure 2a that the specific
viscosity increases faster than 7, ~ c*°, indicating the presence
of residual salt. We account for this effect by using the low-salt
version of the solution correlation length (see eq 12). With this
modification, in order to obtain the value of the parameter B,,,
in the inset of Figure 2b, we normalize specific viscosity data
by a factor N, in which

%Eo.s = ¢*5(1 + 2¢,/2f*c) 07 (16)
with ¢ = ¢ being the dimensionless concentration of repeat
units and the ratios of salt concentration and fraction f* of free
counterions ¢/f* = 3.3 X 107* M and 2.0 X 107> M for
NaCMC and CMC systems with divalent counterions,
respectively. This normalization results in two distinct plateaus
for the short and long chains, suggesting different values of the
B, parameter as shown in the inset. However, the overlapping
values of DS and ¢,/f* for both NaCMC systems suggest that
these two systems should have similar plateaus. To collapse the
data, we adjusted the degree of polymerization of the short
chains from the initial weight-average degree of polymerization
N,, = 820 to N,, = 720 to match the plateau location with that
for the system with longer chains N,, = 1250, as shown on the
main graph in Figure 2b. This correction of the molecular
weight results in plateaus located at C, = 0.30S and C, = 0.181
for monovalent and divalent counterions, respectively. This
gives the corresponding values of B, = CP_Z/ $=221and B, =
3.12.

The values of the parameters B, describing chain statistics on
the length scales of the electrostatic blob were estimated from
the intermediate concentration range plateaus shown in Figure
2c as B, CP_O‘ZSS, resulting in B 0.35 for sodium
counterions and B, = 0.39 for the divalent counterions.
Likewise, values of the parameter By, are obtained from the
minimum in Figure 2d as By = 0.28 for NaCMC and By, =
0.27 for divalent CMCs. The difference between values of B, is
about 10%, while values of By, are very close. The close values
of By, indicate that the solvent packing around the backbone
controls the chain rigidity, while the effect of counterion
valence is insignificant.

With this information in hand, in Figure 3, we replot the
normalized specific viscosity data in terms of the number of
correlation blobs per chain N,/g. For this figure, the
concentration dependence of the number of repeat units per
correlation length g was calculated by substituting the obtained
values of the B-parameters and c,/f* (see Table 1) into the
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Figure 3. Dependence of normalized specific viscosity A5y, on the
number of blobs per chain N, /g for aqueous solutions of NaCMC,
MgCMC, CaCMC, MnCMC, CoCMC, and BaCMC with a weight-
average degree of polymerization N,, = 720 (red and violet symbols)
and N,, = 1250 (black circles) and repeat unit projection length of
0.515 nm. Multiplication factor 4 = 1 for ¢ < ¢**, and 1 = ¢/c** for
c** < ¢. The number of repeat units per correlation blob is calculated
using eq 7 for ¢ < ¢** and g = By, (c**/c)? for ¢ > ¢**. The solid line
corresponds to the best fit to eq 15 with fitting parameter P, = 11.4.

expression g = ¢£ with & given by eqs 10 and 12. In this
representation, all datasets mostly collapse into a single
universal curve, confirming the assumption of the scaling
model that solution specific viscosity is a universal function of
the number of correlation blobs per chain (eq 15) and is
independent of the chain conformations inside a blob. This
means that semidilute solutions of chains with different
degrees of polymerization could have the same solution
specific viscosity and yet be in different solution regimes as
long as the number of correlation blobs per chain remains the
same. The data collapse in Figure 3 also serves as an ultimate
test of our approach in determining the B-parameters used in
the calculations of the number of repeat units per correlation
blob, g.

We can identify two characteristic regimes in the depend-
ence of the specific viscosity on the number of blobs per chain.
For a small number of blobs N,,/g < 40, the specific viscosity
increases linearly with the number of blobs N,/g, which
corresponds to unentangled (Rouse) chain dynamics. Around
N, /g = 100 blobs, the data show a clear deviation from the
linear scaling, and one can argue that the systems begin to
cross over into the entangled solution regime with A7, ~ Q\Tw/
g)*. Fitting the data to eq 13 results in packing number P, =
11.4. This value of the packing number is slightly larger than
the value P, = 9.7 reported in ref 33. This change in the
packing number P, can be attributed to the additional datasets
with different degrees of polymerization and better accuracy in
the evaluation of the B-parameter. Using the packing number
P, we can estimate the number of blobs per chain that is
needed for a chain of blobs to entangle, N./g = P2 ~ 130.
Thus, in solutions with monovalent and divalent counterions,
chains with N,, = 720 entangle at concentrations ¢, & 0.11 M
and ¢, & 0.10 M, respectively.

It is important to point out that the CaCMC system appears
to demonstrate a faster increase in the specific viscosity with
the number of blobs per chains in comparison with other
systems, which cannot be accounted for by the error in the
determination of N,/g. This could be due to intermolecular
association between two CMC chains that are bridged together
by Ca*" ions. This bridging increases the effective chain degree
of polymerization. We can estimate the degree of polymer-
ization of an aggregate by moving the last point to the best-fit
line. This analysis results in N, . ~ 1020. Note that the

https://doi.org/10.1021/acs.macromol.1c01326
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Table 1. Summary of the System Parameters”

system N, c/f* [M] B, D, [nm] I8
NaCMC 1250 33 x 107 22 21 94
NaCMC 720 3.3 x 107" 22 21 94
X*CMC 720 2.0 % 1073 3.1 29 189
NaPSS 125—740 40 x 107* 2.9 8.8 100
NaPSS 1400—4600 0.0 22 7.9 69
MgPSS 125—4600 3.0 x 107* 6.6 20 517

p [M] Bg Dth [nm] 8th Cth [M] Brh b [nm] ok [M]
0.016 0.35 6.8 13 0.070 0.28 6.8 0.070
0.016 0.35 6.8 13 0.070 0.28 6.8 0.070
0.013 0.39 15 62 0.030 0.27 7.1 0.064
0.24 0.43 2.9 15 1.04 0.34 2.2 1.35
0.23 0.39

0.11 0.50 5.0 S0 0.65 0.36 2.0 1.6

“The table entries are calculated using the following expressions: crossover concentrations: ¢, was obtained numerically from
Bpeo's(ch3)(1_”)/(6"_2)(1 + 2¢,/2f %) = Bé/G”_U, Ch = Bdf(Bm/Bg)1/(2V_1)/l3, and ¢** = By*/P; electrostatic blob size D, = lg/Bg; thermal
blob size Dy, = Igy,**/By,; number of repeat units per electrostatic blob g, = (Bg3/ opl)VC=D; number of repeat units per thermal blob gy, = (Bg/
By)¥®Y; and Kuhn length b = IBy, ™% Good solvent exponent v = 0.588. Repeat unit projection length I = 0.515 nm for CMC and [ = 0.255 nm

for polystyrene sulfonate.

observed difference in solution specific viscosity #,, as a
function of N, /g between systems with Ca*" and Mg*" ions
could be due to the ions’ relative strengths in the Hofmeister
series (i.e, Ca®* > Mg“) in promoting associations in aqueous
solutions.”’

Finally, we compare the solution correlation length
estimated from the analysis of the viscosity data with the
ones obtained in the scattering experiments’>> shown in
Figure 4. For this figure, the concentration dependence of the

10

=)
—
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*
Z
= 10
(]
O CD 05109
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10° 107 107!
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Figure 4. Correlation length £ as a function of concentration for
aqueous solutions of NaCMC, (red line), MgCMC, CaCMC,
MnCMC, CoCMC, and BaCMC (violet line) with a repeat unit
projection length of 0.515 nm. Open black symbols show 27/g* for
NaCMC with N,, = 720 (circles) and 1250 (squares), where g*
corresponds to peak positions obtained in the SAXS and SANS
experiments in refs S1 and 52, respectively. Arrows point to locations
of crossover concentration cp.

correlation length of the CMC systems was calculated by
substituting the obtained values of the B-parameters (see Table
1) into eqs 10 and 12. For the concentration range below the
electrostatic blob overlap concentration, ¢ < ¢p, electrostatic
interactions are dominant, and the correlation length is given
by eq 12. At very low concentrations of the repeat units, the
effect of the residual salt is significant, resulting in a deviation
from the expected salt-free scaling dependence of the solution
correlation length, £ ~ ¢™*°. In the concentration intervals cp, <
¢ < ¢y and ¢y < ¢ < ¢*¥, we substituted the values of the
parameter B = B, and B = By, in eq 6. Finally, in the
concentrated solution regime ¢ > ¢**, the correlation length &
~ ()™,

In the concentration interval ¢ < c¢p, the calculated
correlation length is larger than the correlation length & ~
27/q* obtained from the scattering peak position g*
determined in the small-angle X-ray scattering (SAXS)
experiments for N, = 720 systems (see Figure 4).”" This
value is proportional to the correlation length with a
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proportionality coefficient of 1.5. The concentration depend-
ence of the length scale corresponding to 27/q* has a
crossover at ¢ & 0.02 M to a regime with 277/g* ~ ¢ **°. At this
concentration range, the peak in the scattering function
correlates with the characteristic length scale of the charge
density fluctuations,” which is different from the solution
correlation length &. Note that this crossover concentration is
consistent with ¢y & 0.016 M estimated from the viscosity
data.

However, the analysis of the small-angle neutron scattering
(SANS) data®® shows that the scaling for the length scale
27/q* ~ ¢ * continues past cp, all the way through the
concentrated solution regime, serendipitously overlapping with
the calculated correlation length in the concentration interval
c** < ¢ (see Figure 4). It is unclear what causes the difference
between SANS and SAXS results for g* in the concentration
range cp < >

Table 1 summarizes all the parameters for the CMC systems
obtained from the analysis of the viscosity data.

Polystyrene Sulfonate (PSS). We extend the approach
developed above to quantify the effect of divalent ions on
solution properties of polystyrene sulfonate.””™** Figure $
shows the analysis of viscosity data for sodium polystyrene
sulfonate (NaPSS) with six different molecular weights ranging
from 2.9 X 10* to 9.7 x 10° g/mol.”’®*” The degrees of
polymerization were determined from the molecular weights of
the parent polystyrene samples divided by the molar mass of
the polystyrene repeat unit, My = 104 g/mol. The repeat unit
projection length for a carbon backbone is | = 0.255 nm. At
low concentrations, the specific viscosity data shown in Figure
5a scale with concentration as 77, ~ "% for solutions of chains
with N, = 740, indicating some level of residual salt, while the
samples with N,, = 1400 show no such deviation from the
electrostatics-dominated salt-free scaling regime 7, ~ 3. In
particular, for datasets with N,, < 740, c,/f* was estimated to
be 4 x 107" M. To improve the data overlap within each
group, we have corrected N,, and shown the corrected values in
bold with the original N,, values shown in brackets. These N,,
corrections are within 20%. Analysis of the data in Figure 5c,d
is done similarly to the CMC systems with the obtained values
of the B, and By, parameters summarized in Table 1.

The separation of the datasets into two sets of curves
indicates that the actual sulfonation degrees of these samples
are different. In particular, this variation in the degree of
sulfonation would affect the chain Kuhn length (and thus By,),
solvent quality for the polymer backbone, a determining value
of the parameter By, and the strength of the electrostatic
interactions on the length scale of the electrostatic blob size
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Figure 5. Concentration dependence of specific viscosity 7, (a) and reduced specific viscosity nsp/quoeffO's (b), 1151,/wap1‘31 (c), and rysp/quo2 (d)
of aqueous solutions of sodium polystyrene sulfonate (NaPSS). Dashed lines and colored arrows (b—d) indicate plateau values and crossover
concentrations used in calculations of the B-parameters, respectively. Dimensionless concentration ¢ = cl. Results of analysis are summarized in

Table 1.

described by parameter B,.. This manifests in the existence of
the different plateaus in Figure Sb—d.

Figure 6 shows the solution specific viscosity data in terms of
the number of correlation blobs per chain. Once again, we can

104
&
QQO
Q
10° 4 <& x 3
> 4T
2 10 3
10 Q\O\{’e 3
]
10° . .
10° 10 10 10°

Nuw/g

Figure 6. Specific viscosity 7, as a function of the number of
correlation blobs per chain, N,/g. The solid line corresponds to the
best fit to eq 15 with the fitting parameter P, = 18. Symbol notations
are the same as in Figure S.

clearly identify the two different scaling regimes of Rouse and
entangled chain dynamics. Fitting the data to eq 15 results in
P, ~ 18. We can use the relationship N,/g ~ P> ~ 324 and
estimate the entanglement concentration in solutions of chains
with N, = 4600 as ¢, ~ 0.78 M.

The same NaPSS samples were then used to prepare and
study MgPSS solutions in ref 39. Figure 7a shows specific
viscosity data taken from this study with the same adjusted
values of N,, as ones used for NaPSS. The largest-molecular
weight samples show a concentration dependence of 77, ~ &7
indicating the existence of residual salt, which we estimate to
be ¢,/f* = 3 X 10™* M. The data in Figure 7b—d are compiled
to perform analysis similar to the NaPSS systems, with the
results summarized in Table 1.

9582

Figure 8 shows the dependence of specific viscosity on the
number of correlation blobs per chain N,/g. The data are
almost entirely in the Rouse regime, only deviating from 7, =
N, /g around N,/g & 60. For reference, we have added the
same curve as in Figure 6. The overlap of this curve with the
data suggests that the divalent MgPSS systems have a similar
value of P, as the monovalent NaPSS$ systems.

As in the case of the CMC systems, we can overlay the
calculated values of the correlation length & with experimental
values obtained from the peak position 277/q*. For this plot, we
use values for scattering peak positions g* given in refs 15, 16,
39, and 54. These data are shown in Figure 9, with arrows
indicating our estimations for the locations of the electrostatic
blob overlap concentration c¢p for NaPSS and MgPSS solutions
(see Table 1). As in Figure 4, there is a constant shift factor
between our viscosity measurements of ¢ and 2x/q%,
approximately equal to 1.2. In the inset, the peak position
data g* are plotted as a function of concentration. Based on the
location of the crossover between g* ~ ¢®° and gq* ~ %
concentration regimes, the estimated values of c¢p for the
MgPSS and NaPSS systems are 0.10 and 0.35 M, respectively.
Thus, crossover concentrations between different solution
regimes determined using both techniques are consistent.

Counterion Condensation and the Structure of
Polyelectrolyte Solutions. Using the results presented in
Table 1, we can estimate what fraction of counterions f* is able
to escape the electrostatic blobs and what fraction remains
inside the electrostatic blobs, reducing the effective charge of
the polyelectrolyte chains. In the framework of the scaling
approach, the electrostatic blob size D, or the number of repeat
units per blob g, is determined by the conditions that the
electrostatic energy of the blob with charge valence f*g, is on
the order of the thermal energy kzT (kg is the Boltzmann
constant and T is the absolute temperature) and chain statistics
on the length scales smaller than the blob size is unperturbed
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Figure 7. Concentration dependence of specific viscosity 7, (a) and reduced specific viscosity nsp/qu)effO's (b), ﬂsp/qufLSl (c), and rySP/Nw(,z)2 (d)
of aqueous solutions of magnesium polystyrene sulfonate (MgPSS). Dashed lines (b—d) indicate plateau values used to calculate the B-parameters.
Dimensionless concentration of repeat units @ = cl>. Results of analysis are summarized in Table 1. Data are from ref 39.

10% & o/ F
{\\‘{b(\% o,
Q) o,
10 J
1] &
10 Q,OQ
ot
10°
10° 10! 10
Nu/g

Figure 8. Specific viscosity 7, as a function of the number of
correlation blobs per chain, N,,/g. The solid line corresponds to eq 15
with the value P, = 18. Symbol notations are the same as in Figure 7.
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Figure 9. Concentration dependence of correlation length & for
NaPSS with N, < 740 (blue line) and MgPSS (violet line) and 27/g*
for the scattering peak position g* (black symbols). Correlation
length data are calculated using eqs 10 and 12 with the B-parameters
given in Table 1. Filled left and right black triangles correspond to
scattering data of NaPSS from refs 15, 16, and 54. Open left black
triangles correspond to scattering data of CaPSS from ref 15. Open
black pentagons correspond to scattering data of MgPSS from ref 39.
The inset shows original peak position data. Arrows point to locations
of crossover concentration cp.

by the electrostatic interactions. Due to the ambiguity in the
definition of the electrostatic blob energy, we set this value
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equal to 4kzT and use this relationship to estimate the fraction
of escaped (free) counterions as follows*"**
le*Zg 2
—— 4= f*n2g (D)
D, = T (17)

where Iy is the Bjerrum length, which is equal to Iz = 0.7 nm in
aqueous solutions at room temperature. This selection of the
electrostatic blob energy results in the fraction f* = 0.116 of
free counterions for NaPSS being close to the value estimated
from osmotic pressure measurements f* & 0.16.">°° Repeating
similar calculations for other systems, we find that f* varies
between 2 and 12% (see Table 2). For the same type of
polymer backbones, the systems with divalent ions have a
smaller fraction of free counterions. Thus, a significant fraction
of counterions is localized inside the electrostatic blobs, as
illustrated in Figure 10. This is an unexpected result, which,
however, is consistent with the concentration dependence of
the solution viscosity and the location of the crossover
concentration to the concentrated polyelectrolyte solution
regime observed in scattering experiments. It also could shed
light on why scattering from polyelectrolyte solutions at
concentrations below the electrostatic blob overlap concen-
tration, ¢ < ¢p, provides a good estimate for the solution
correlation length. In scattering experiments, counterions
localized within the electrostatic blobs play the role of a
natural contrast for the chains of blobs. When the electrostatic
blobs overlap, the correlation between the solution correlation
length and the charge density fluctuations decouples. It is
important to point out that it is impossible to say with the
information at hand how the counterions are distributed inside
the electrostatic blobs. Are they condensed on the charged
groups or localized within electrostatic blobs freely moving
along the backbones? Addressing this question will require
further investigations.

We can check what values of the counterion condensation
parameter correspond to such low fractions of the free
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Table 2. Counterion Condensation and Excluded Volume Parameter”

system N, z D, [nm]
NaCMC 720 1 21
X*CMC 720 2 29
NaPSS 125—-740 1 8.8
NaPSS 1400—4600 1 7.9
MgPSS 125—4600 2 20

& f* B b [nm] v [nm’]
94 0.118 0.36 6.8 1.77

189 0.068 0.62 7.1 0.89

100 0.071 0.56 22 0.11
69 0.097 0.59

517 0.02 0.75 2.0 0.052

“The table entries are calculated according to the following procedures: the fraction of free counterions f* is estimated using eq 17 and Bjerrum
length Iy = 0.7 nm; the counterion condensation parameter f is calculated from eq 18; and excluded volume v is obtained from eq 19.

/De

Figure 10. Schematic representation of the charge distribution in salt-
free polyelectrolyte solutions. Lighter colors correspond to lower
charge densities. High charge density on the polyelectrolyte chain is
partially compensated by counterion density inside electrostatic blobs
with size D, The remaining counterions are distributed outside
electrostatic blobs with complete charge compensation occurring on
the length scales of the solution correlation length &.

counterions. The condensation parameter f is defined as the
ratio of the magnitude of the energy of electrostatic attraction
of a counterion with valence z on the surface of the
electrostatic blob to the thermal energy | e

P~ zlgf*g /D, (18)

Values of this parameter vary between 0.36 and 0.75 (see
Table 2). Note that this estimate does not account for the
contribution from correlation-induced attraction due to the
redistribution of the charged groups on the polymer backbone
and localized counterions, which should make the condensa-
tion parameter even larger.

The effect of the divalent ions on the renormalization of the
Kuhn length is weak and accounts only for up to a 10% change
in the PSS systems. This points to the solvation of the
backbone as a dominant factor for the Kuhn length
renormalization. We can use the obtained values of the
Kuhn length to quantify the effect of multivalent ions on the
repeat unit excluded volume by solving eq 6 for v

v = (lb)3/2(Bth/Bg)1/(2”_l) (19)

using the B-parameters from Table 1 and substituting the good
solvent exponent v = 0.588. The results of these calculations
are presented in Table 2. This analysis shows that divalent ions
reduce the excluded volume by a factor of 2, indicating a
stronger screening of the electrostatic interactions.

Bl CONCLUSIONS

We use a scaling approach to quantify the effect of divalent
counterions on properties of aqueous solutions of CMC- and
PSS-based polyelectrolytes. Our analysis shows that a

significant fraction of counterions resides inside the electro-
static blobs with only a small fraction f* < 0.12 filling the space
between the chains (see Table 2). There are more condensed
divalent counterions than one would expect. In both systems,
the condensation of divalent ions results in a significant
increase in the number of repeat units per electrostatic blob, a
decrease in the chain tension, and the disentanglement of
polyelectrolyte chains (see Table 1). There appears to be a
stronger increase in solution viscosity in the CMC systems
with divalent Ca®>" counterions, which could be attributed to
the counterion-induced association of the chains at high
polymer concentrations. This is illustrated in Figure 11,
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Figure 11. Dependence of normalized specific viscosity /'msp/f’ez on
the number of entanglements per chain N,,/N,, with N, given by eq
14, for datasets in Figures 3, 6, and 8. The solid black line is given by
iﬂsp/f’ez = (N,/N,)(1 + N,,/N,)* with a multiplication factor 1 = 1 for
¢ < c¢** and 1 = ¢/c** for ¢ > c**,

showing a combined plot of normalized viscosity for all
datasets discussed in this paper. Note that the observed
difference between the viscosity of CMC systems with Ca**
and Mg*" counterions could be attributed to the difference of
these counterions in promoting associations according to the
Hofmeister series.”

Furthermore, divalent counterions have a strong effect on
the renormalization of the excluded volume v responsible for
the swelling of chain sections inside electrostatic blobs. For
both systems, it decreases by a factor of 2 in polyelectrolyte
solutions with divalent ions in comparison with that in
solutions with Na* counterions (see Table 2). However, the
effect of the divalent ions on the polymer Kuhn length is less
dramatic, only accounting for less than 10% increase (see
Table 1). For all studied systems, the calculated values of the
solution correlation length at concentrations below the
electrostatic blob overlap concentration, ¢ < ¢p, using the
parameters presented in Table 1, are consistent with those
observed in the scattering experiments, as illustrated in Figures
4 and 9.

Thus, our approach is shown to be very efficient in
quantifying the effect of multivalent ions using only solution
viscosity data. Furthermore, this analysis can also be used to
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correct reported weight-average molecular weights and to
estimate the fraction of free counterions. We hope that,
considering the advantages of the developed technique and its
simplicity, it will find a broad application in the analysis of
solutions of charged and neutral polymers.
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