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Abstract

Intramolecular hydrodynamic contribution 7;,.,/C to the reduced viscosity nsp/C of polyelectrolyte solutions is derived as a function of
polymer concentration C by separating the theoretically calculated intermolecular electrostatic contribution 7;,,/C from the observed
reduced viscosity, assuming an additivity, 1gp/C = Mjpua/C + Miner/ C- The resulting intramolecular part 7,.,/C reflects nearly the net effect
of the polyion conformation; it increases monotonously with decreasing polymer concentration and levels off to a constant in sufficiently
dilute concentrations. The leveling-off value of 7;,,/C corresponds to the intrinsic viscosity [n]. From the estimated values of [7], the ionic
strength I dependence of the polyion conformation has been visualized, resulting in a similarity between two relations, 1,,/C vs. C and

[n] vs. 1. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In discussing the conformation of a single polymer chain
from viscometric data, information about the intrinsic
viscosity [7] is indispensable. Although there are several
reports on the intrinsic viscosity of polyelectrolyte solutions
[1-7], all these reports were limited to the case where a
sufficient amount of salt was added. In salt-free and low
added-salt concentration cases, the reduced viscosity
nsp/C, C being concentration, of polyelectrolyte solu-
tions exhibits a drastic increase with dilution and an intense
maximum appears in a very dilute concentration range
(10°=10"*mol/1) [8=10]. Such a strong peak makes it
difficult to extrapolate the reduced viscosity to C = 0 and
determine [7].

In a previous paper [10], we derived the reduced viscosity
of intermolecular part 71, /C based on the statistical
relationship between viscosity and intermolecular potential
given by Rice and Kirkwood [11], where the shielded
Coulomb potential and the ‘skewed rods approximation’
were used. We found that the characteristic features of the
reduced viscosity of polyelectrolyte solutions are
reproduced in the concentration dependence of the
calculated m;,/C vs. C by taking into account the inter-
molecular electrostatic interactions and that the calcu-
lated m;ye/C can very well fit in with the observed 1gp/C in

* Corresponding author. Tel.: +81-774-38-3140; fax: +81-774-38-3146.
E-mail address: kkaji@scl.kyoto-u.ac.jp (K. Kaji).

the very low concentrations by shifting it by a constant.
Based on this result, it is possible to separate the reduced
viscosity of polyelectrolyte solutions into inter- and intra-
molecular parts, by assuming the additivity of these two
parts in analogy with Huggins equation [12].

In this report, we propose a practical method to derive
intramolecular hydrodynamic contribution 7,,,/C in non-
zero concentrations and to obtain [1] by extrapolating it.
Thus, the intramolecular part of reduced viscosity 1iy/C is
attempted to calculate as a function of C by subtracting the
calculated 1;,./C from the experimentally observed 7ngsp/C,
and to obtain [n] by extrapolating 7;,./C to the zero
concentration. In order to perform this attempt in the salt-
free condition as well as in a wide range of added-salt
concentrations C;, we needed to measure mgp/C to very
dilute concentrations. [7n] is obtained for a wide range of
ionic strength 7 in this way and then it is converted to the
persistence length b, using the Yamakawa—Fujii theory [13].

In Appendix A, we propose a simple empirical relation-
ship between the electrostatic persistence length b, and the
ionic strength /. This empirical equation has been derived by
making use of not only the present data but also the data
from literature [14—17], and hence, it will be applicable to
the usual vinyl-type of polyelectrolytes with monovalent
strong acidic groups. For the readers’ convenience, in
Appendix B we also provide an approximate representation
for the 7;,/C vs. C relation since the rigorous calculation
for this relation is a considerably hard job as was shown in a
previous paper [10].
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Fig. 1. The observed nsp/C vs. C for NaPVS solution, with & = 0.31 and
P = 2500 in various salt concentrations. (O) C, = 10™2 mol/l; O C, =
107! mol/I; (A) C, = 1 mol/l.

2. Experimental section
2.1. Materials

Most methods of the preparation and characterization for
sodium salt of partially sulfuric acid-esterified poly(vinyl
alcohol) NaPVS were previously reported [18]. The
NaPVS samples with a = 0.8-52% were obtained by
changing the reaction condition. The viscosity-averaged
molecular weight M, of a parent PVA was determined to
be 110,000 by conventional intrinsic viscosity measure-
ments using the Mark—Houwink—Sakurada equation,
where the coefficients for this equation were cited from
literature [19]. This value corresponds to a viscosity-
averaged degree of polymerization P, = 2500. We chose
a sample with & = 31% for the present viscosity study, in
order to minimize the number of condensed counterions and
maximize the effective charge density. Analytical grade of
NaCl was used as added-salt. The parent PVA was kindly
presented by Unitika Chemical Co. Ltd (lot no. UV).

2.2. Viscosity measurements

Polyelectrolyte solutions with given concentrations for
viscosity measurements were carefully prepared. An Ubbe-
lohde type of capillary viscometer was used for the viscosity
measurements. Flow time measurements were conducted in
the thermostat at 25 = 0.01 °C using a laboratory-designed
automatic stopwatch system with an optical sensor, which
made it possible to measure the time with an accuracy of
107 s. The capillary inner-surface of the viscometer was
washed with a mixed acid of H,SO4 and HNOj; having a
ratio of 50:1 and then coated with dimethyl dichlorosilane to
prevent the solution from being adsorbed on the glass
surface of the capillary. This treatment is particularly impor-
tant to reduce the dispersion of flow time, which is often

caused by droplets adhered on the capillary surface. The
atmosphere around the sample solutions was replaced with
N, gas to prevent the contamination of the solutions with
CO, acting as added-salt.

3. Results and discussion

Fig. 1 shows the plots of measured reduced viscosity 7gp/
C for NaPVS solutions as a function of concentration C
when highly concentrated salt was added (Cs=
1072=1 mol/l). In the case of such high added-salt concen-
trations, a linear relationship is approximately observed
between msp/C and C, similarly to the usual non-ionizing
polymer solutions, and [n] can be easily determined. The
obtained value of [7n] as a function of ionic strength [ is
shown in Fig. 7 together with the results for low added-
salt concentrations.

Fig. 2 shows the plots of 1ngp/C vs. C for the salt-free case
and three low added-salt concentrations. Here a character-
istic behavior of the viscosity of polyelectrolyte solutions is
observed; mgp/C increases greatly with decreasing C,
attaining a maximum at a very low concentration C =
Chax> and then it goes down. In the concentration regions
sufficiently lower than C,,, however, nsp/C tends to level
off and have a plateau, as is clearly seen in the plots for C; =
10~ and 10* mol/l. This fact suggests that the contribution
from the polyion conformation itself will remain when the
solution is diluted to a concentration where the intermole-
cular interactions can be neglected. In order to estimate [1]
of a polyelectrolyte solution by the conventional linear
extrapolation, measurements must be conducted to such a
very dilute concentration where the reduced viscosity
indicates a plateau. For very low C,(< 10~* mol/l), however,
it is particularly difficult to perform such measurements and
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Fig. 2. The observed mgp/C vs. C for NaPVS solution, with o = 0.31 and
P =2500 in various salt concentrations. (O) C, =0mol/l; () C, =
1073 mol/l; (A) C, = 10™* mol/l; (&) C, = 107 mol/l.
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Fig. 3. The calculated intermolecular electrostatic contribution to the
reduced viscosity 1;,./C vs. C under the same conditions of P, & and C;
as in Fig. 2.

the determination of [n] in the salt-free condition has been
almost desperate.

As was shown in the previous paper [10], the contribution
of the intermolecular potential to the shear viscosity of poly-
electrolyte solution without entanglement effects is given as
follows:

T = <<Mp2/30§>j PIEPUIR) + GInOUINT(r) dr),
()

where M, p, {, g(r), and U(r) are mass of a particle, number
of particles per unit volume, friction coefficient, radial
distribution function of polyions, and intermolecular
electrostatic potential, respectively. { ) denotes the average
over the relative configurations between polyions; a
‘skewed rods approximation’ was used in this average
procedure. The coefficient of Eq. (1) 1/30{ was simply
taken as an adjustable parameter when the calculation is
compared with experimental data.

The solid lines in Fig. 3 show the 7jy/C vs. C curves
which were theoretically calculated using Eq. (1) under the
same conditions for P, « and C; as in Fig. 2. The details of
the method were shown in Ref. [10]. The dotted lines are
drawn by using an approximate equation, Eq. (A2), for
Nine/C, Which is given as a simple and easy method in
Appendix B. The maximum in ngp/C vs. C plots, which is
characteristic of polyelectrolyte solutions, is reproduced in
each calculated curve. 7,,/C has a non-zero value even at
concentrations less than 10~" mol/l for C, = 0. Thus, the
intermolecular electrostatic interaction affects mgp/C even
at such dilute concentrations. This fact makes it difficult
to get [n] for salt-free or low added-salt solutions by simple
extrapolation. As was shown in the previous paper [10], the
observed reduced viscosity can be fitted with the calculated

curve in the sufficiently dilute region (C < 1073 mol/l) by
using the form const + My /C. We can understand this
behavior by considering the Huggins equation. In the
Huggins equation [12] which usually treats non-ionizing
polymer solutions, [n] and the higher terms are ascribed
to the intramolecular and intermolecular contributions,
respectively. In the non-ionizing polymer solutions, the
intramolecular contribution is constant and can be taken
as [n] directly, since the characteristic property of the
solvent does not change during the process of dilution and
the change in polymer conformation is little expected with
dilution. Generally, the reduced viscosity is given by

1sp/C =[] + a;C + a,C* + - )

where a; and a, are constants. When the concentration is
sufficiently dilute and the expansion of polyions is saturated,
the mgsp/C of polyelectrolyte solutions can be written by
analogy with Eq. (2) as

Nsp/C = [M] + Nipee/C

However, in a higher concentration range, the polyion
conformation is also expected to change with polymer
concentration. Then, the intramolecular contribution 7./
C should show a concentration dependence. In the dilute
concentration range before the entanglement effect becomes
predominant, Eq. (3) can therefore be rewritten as

TISP/ C= ninlra/ C+ ninler/ C. (4)

(C < 1073 mol/l). (3)

According to this equation, 7);,x/C can be obtained by
subtracting the calculated term 7, /C from the observed
reduced viscosity nsp/C. Fig. 4 shows a typical example for
indicating the way to separate 71)sp/C into 1ip/C and 1y /C
when C, = 0 mol/l; the fitting with the observed data works
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Fig. 4. A typical example for the separation of 1sp/C into Mipe/C and 1/
C for P = 2500, a = 0.31, C; = 0 mol/l. (O) observed nsp/C; (—) calcu-
lated Mine/C; (X)) Minwa/C. The dotted lines are guides for the readers’
eyes.
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Fig. 5. The intramolecular contribution to the reduced viscosity, 1;,/C as a
function of C under the same conditions for P, « and C; as in Fig. 2.

well. Fig. 5 shows the resulting values of 7,,,/C as a
function of C for four different concentrations of added-
salt including the salt-free case; the scales are the same as
those in Figs. 2 and 3. In Fig. 6 the results for higher added-
salt concentrations are shown together with those of Fig. 5
in double logarithmic scales. These results may reflect
nearly the net contribution from the hydrodynamic effect
of a single polyion as a function of polymer concentration.
Therefore, it implies the significant information on the
expansion mechanism of a polyion chain. In every added-
salt concentration, mi,/C increases with dilution and
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Fig. 6. The intramolecular contribution to the reduced viscosity, 1;,../C as a
function of C in double logarithmic scales. (O) C; = 0 mol/l; () Cs =
107> mol/l; (A) C, = 10* mol/l; (&) C; = 107 mol/l; (@) 10~ mol/l;
(M) 10~ mol/l; (X ) 1 mol/l.
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Fig. 7. The intrinsic viscosity [n] as a function of ionic strength /(= C, +
C,) in double logarithmic scales.

levels off. The leveling-off concentration decreases with
decreasing added-salt concentration. This behavior can be
very well explained in terms of the expansion effect of a
polyion chain when the intramolecular electrostatic repul-
sive force is released from the screening effect with decreas-
ing counter ions and added-salt.

The whole characteristic behavior of mgp/C had often
been explained by only the expansion effect [20,21],
however, the net expansion effect in ngp/C is not so large
compared with the intermolecular electrostatic effect [10].
This behavior has been misunderstood for a long time.

Fig. 7 shows [7] as a function of I(= C, + C,), where C;
is the residual ionic strength of water [10]. For [ =
10~ mol/l, [n] is roughly proportional to /=", as was
reported in literature [3,7]. However, for I < 107* mol/l,
[n] tends to level off, suggesting that the chain expansion
due to the intramolecular electrostatic interaction begins to
saturate at around this ionic strength. This may be due to the
localized higher ionic strength around the polyions [16]. By
comparing Figs. 6 and 7, it is seen that the effect of ionic
strength I on [7n] and that of polymer concentration C on
Ninea/C are in parallel relation. Namely, both added-salt
concentration and polyelectrolyte concentration (counter
ion concentration) give the same screening effect.

The chain expansion effect in terms of persistence length
is discussed later. In the following treatment, it is assumed
that the expansion of a polyion is caused by only the
increase in electrostatic persistence length, i.e. the excluded
volume effect is neglected. However, it should be noticed
that the electrostatic excluded volume effect possibly
contributes to the expansion of a polyion. Therefore, the
persistence length obtained by the following treatment is
somewhat apparent and is an upper limit of the true persis-
tence length [22]. The present authors consider that this
effect is not serious because the persistence lengths obtained
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Fig. 8. The persistence length b, as a function of ionic strength I(= C; + C,)
in double logarithmic scales. The insertion shows I~ "? dependence of the
persistence length b,.

from neutron scattering (NS) experiments, which directly
give true persistence lengths, almost agree with those
from the viscosity data within experimental error. Though
the NS data is limited within intermediate concentrations,
the excluded volume effect can be considered to decrease
with approaching stretched conformation in the lower ionic
strength. Within the framework mentioned above, the
persistence length b, can be obtained from the intrinsic visc-
osity [n] with the contour length L and the diameter of
cross-section d of polyion using Yamakawa—Fujii theory
[13]. Here, L is assumed as ayP,, where a, is monomer
length, and d was determined to be 8 A from a small-
angle X-ray scattering data [18] for the identical sample
with that of the present study, following the previously
reported method [23]. Fig. 8 shows the ionic strength [
dependence of the persistence length b,. As seen from this
figure, the persistence length b, of the flexible polyion chain
widely changes with I, covering almost two orders of
magnitude. However, as also seen from this figure, the
increase of b, tends to level off at around I = 10~* mol/l
similarly to the case of [n]. Therefore, flexible polyelectro-
Iyte chain cannot extend infinitely, contradicting the old
assumption [24]. The electrostatic contribution to the
total persistence length is estimated by subtracting the
intrinsic persistence length b, of the polyion chain [17].
The intrinsic persistence length by is estimated by extra-
polating b, to the infinitely large ionic strength. The
insertion in Fig. 8 shows an I~"? dependence of the
persistence length b, and the value of the intercept with
the b, axis gives by =9.5 A. Then, the electrostatic
persistence length b, is obtained by the following relation:

b, = b, — by. 5)

The resulting b, together with the values from literature is
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Fig. 9. The electrostatic persistence length b, as a function of ionic strength
I(= C,; + C,) in double logarithmic scales. (O) this study; (A) transient
electric birefringence by Degiorgio et al. [14]; (OJ) intrinsic viscosity by
Tricot [15] and Takahashi et al. [5]; (®) SANS by Nishida et al. [16]; (O)
SANS by Nierlich et al. [17].

shown in Fig. 9. This empirical relation can be represented
by Eq. (Al) in Appendix A in good approximation.
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Appendix A. Empirical master curve of the electrostatic
persistence length

We have shown a tractable method to obtain the intrinsic
viscosity [n] of polyelectrolyte solution. The estimation of
the accuracy of this method is difficult especially for the
salt-free case because it is a unique method. Therefore, we
will compare the values of b, obtained by the present
method with that from literature. Fig. 9 shows the ionic
strength I dependence of the electrostatic persistence length
b, of the present study (O) and from literature [14—17].
Fairly good agreement is found between the present data
and the data by Degiorgio et al. (A) [14] including a
value for the lowest ionic strengths reported so far. Because
of the experimental difficulty in the determination of b, the
data points are dispersed with an extent of 20%. However,
an empirical master curve can be found by surveying a
greatly wide region. The dotted curve is drawn so as to
best reproduce the general feature of the / dependence of
b, in the wide I range. As the master curve for the observed
data, we propose the following relationship between b, and /

be =75 +2x10"% 72, (Al)

where the units of b, and I are A and mol/l, respectively.
This empirical equation, of course, potentially implies an
error of the same extent of the dispersion of data based upon
and it should be improved by making full use of forthcoming
major data.
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Fig. 10. The calculated intermolecular electrostatic contribution to the
reduced viscosity 1iye/C vs. C using Eq. (1) (solid lines) and their approxi-
mated representation using Eq. (A2) (dotted lines). Other conditions are the
same as in Fig. 2.

Appendix B. Approximate representation of 1;,¢./C

The physical meaning of the intermolecular contribution
to the reduced viscosity and the method for the rigorous
calculation of 7;,/C vs. C were described in the previous
paper [10], however, it is quite bothersome to calculate such
curves corresponding to various conditions of actual
measurements. Therefore, we provide an approximate
representation of the 7);,.,/C vs. C relation for the readers’
convenience. The solid lines in Fig. 10 show the theoreti-
cally calculated curves for 1;,/C vs. C in double logarith-
mic scales using Eq. (1) under the same conditions for P, «
and C; as those in Fig. 2. These curves are accompanied by
two asymptotic lines. In the lower concentration side of the
maximum position Cyux, Nine/C 18 proportional to C while
in the higher concentration side, 7)j,/C is roughly propor-
tional to C~ . Both of the asymptotic lines level off at

around C = C,,,. Taking these behaviors into considera-
tion, an approximate equation is derived as follows

Miner/C = A1 [1 — exp(—0.17CIANII(C + Ay)/A,17 "2, (A2)

which fairly well reproduces the rigorously calculated
curves of m,/C vs C. Here A, is a simple adjustable
parameter and A, is a parameter having a value near to
C; + C.. The dotted lines in Fig. 10 are drawn by using
this approximate equation. In higher concentrations the
approximation becomes rather poor, but in the actual appli-
cation, this deviation is not so serious when the fitting of
nsp/C with [1] + Mjye,/C is conducted for C < 10~ mol/l.
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