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ABSTRACT: Zero-shear viscosity qo of polyelectrolyte solutions was measured in the absence and presence 
of added salt. Samples used were poly(N-methyl-2-vinylpyridinium chloride)s having 6.94 X 105,l.lO X 106, 
and 2.73 X 106 for the weight-average molecular weight. It was found that the polymer concentration de- 
pendence of qo in semidilute regions increases with an increase in the concentration of added salt and almost 
agrees with that for nonionic polymers in good solvents at high concentrations of added salt. These features 
can be explained by the reptation model assuming that the correlation length related to entanglementa is 
determined by electrostatic interaction evaluated from Donnan equilibrium at the respective concentration 
of added salt. 

Introduction 
Linear viscoelastic properties of polymers in the terminal 

region can be discussed in terms of two parameters 
representing energy dissipation and storage, such 88 zero- 
shear viscosity qo and steady-state compliance Je, respec- 
tively. qo of nonionic polymer solutions can be understood 
by classifying the solutions as at least three regions, i.e., 
dilute, semidilute, and concentrated regions, depending 
on concentration C and the degree of the coil overlapping 
C/C*, where C* is defined as1i2 

C* = ~ M / ( ~ T ( S ’ ) ~ / ’ N ~ )  (1) 
where Mand ( S2) are the molecular weight and the mean- 
square radius of gyration of the polymer at infinite dilution 
and NA is Avogadro’s number. 

In dilute regions, the reduced zero-shear viscosity 
defined as qosp/C[~l is expressed in expansion forms as 

TOR = 1 + k’C[q] + e.. (2a) 

TOR = 1 + k(C/C*)  + e.. (2b) 

where qosp = (q0 - q8)/q,, qs is the solvent viscosity, k’ is 
Huggins’ constant, k = 3k’@’/4N~,  and [q]  is the intrinsic 
viscosity. Here, the second equation is obtained by using 
the Flory-Fox equation, 171 = @’( S2)3/2/M where CP’ is the 
Flory viscosity factor. 

In semidilute regions,  OR is given in the following scaling 
form by assuming that qosp 0: W.4 in entangled 

?)OR 0: (C[.II”‘4.4-3’’/(3rl) (3b) 

where v is the exponent in the relationship between the 
mean-square radius of gyration and molecular weight, ( s2) 
0: W. Here, the second equation is also obtained by using 
the Flory-Fox equation. Thus,  OR can be expressed as 
universal functions of C/C* or C[ql, eqs 2 and 3, from 
dilute through semidilute regions, if the molecular weights 
of the samples are high enough. 

On the other hand, qo of polyelectrolyte solutions have 
been studied mainly in dilute regions, and their intrinsic 
viscosities were discussed in terms of expansion factors6 

if the ionic strength is not lower than 0.01, while the studies 
on the frequency dependence of viscoelastic properties 
demonstrate that the relaxation time which cannot be 
ascribed to the Zimm theory is dominant in the terminal 
region, a t  the lower ionic ~ t r e n g t h . ~ ~ ~  If finite concentra- 
tions where coil overlapping becomes significant, a few 
studies have been repOTted,+ll but the samples had 
relatively broad molecular weight distributions, and/or 
the ranges of polymer concentration were limited. 

In a previous paper, we reported the preparation of a 
polyelectrolyte sample with relatively narrow molecular 
weight distributions over a wide range of molecular 
weight.12 In the present work, therefore, we measured qo 
of the polyelectrolyte samples a t  finite concentrations in 
the absence and presence of added salt and studied the 
effect of electrostatic interactions on $in comparison with 
q0 of nonionic polymer solutions. 

Experimental Section 
Samples. Polyelectrolytes used were poly(N-methyl-2- 

vinylpyridinium chloride)s (PMW-C1) with narrow molecular 
weight distributions. They were prepared by quaternizing an- 
ionically polymerized poly(2-vinylpyridine)s with dimethyl sulfate 
in dimethylformamide and by dialyzing the aqueous sample 
solution against aqueous NaCl solutions. The weight-average 
molecular weight M, was measured by a light scattering method, 
and ita ratio to the number-average molecular weight M,IM,, 
was determined by GPC. The degree of quaternization was 
determined by neutralization titration. The intrinsic viscosity 
was determined with a capillary viscometer of modified Ubbe- 
lohde type with four bulbs. The details were reported previ- 
ously.12 The molecular characteristics of samples are listed in 
Table I. 

Measurements. Viscosities of relatively high Concentrated 
solutions were measured at room temperature (ca. 25 “C) with 
fluid spectrometers, types RFS-8500 and RFSII, and a mechan- 
ical spectrometer RMS-800 of Rheometrics, Inc. For the fluid 
spectrometers, we used the cone and plate combination of which 
the diameter is 5.0 cm long and the cone angle is 0.04 rad and 
the coaxial cylinder of which the cup radius is 1.7 cm long and 
the bob radius and length are 1.6 and 3.3 cm long, respectively, 
and for the mechanical spectrometer, we used the cone and plate 
combination of which the dimensions are the pme as those used 
for the fluid spectrometers. Strain was applied to the solutions 
in oscillating and steady-shear flow by the lower plate. For most 
of the relatively low concentrated solutions, on the other hand, 
70 was measured with capillary viecometers of the Maron-Kriegep 
Sisko type at 25 OC.13 To examine the degradation of the samples 
after the measurements of qo, we measured [ q ]  and confirmed 
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Table I 
Molecular Characteristics of 

Poly(N-methyl-2-vinylpyridinium ch1oride)s 
sample code M ,  x 10-5 MdMn DQ," % 
MVPKl1 6.94 1.07 87.3 
MVPKl2 11.0 1.09 85.3 
MVPK13 27.4 1.13 81.8 

a DQ represents the degree of quaternization. 

1 I 
lo-' loo 10' lop 

w(rad/s)  
Figure 1. Example of the dependence of G" on o. The sample 
is MVPK-13, C = 0.01 g/cm3 and C, = 0.01 M. 

that there was no degradation. The added salt used was NaCl, 
and its concentrations C, were 0.5, 0.1, and 0.01 M. 

Polymer solutions in the presence of added salt were prepared 
by dialyzing the solutions against the aqueous solution with the 
respective NaCl concentrations to attain Donnan equilibrium in 
all polymer concentrations measured. Dialysis was carried out 
by using cellulose tubes at low polymer concentrations and dialysis 
cells with cellulose membranes at high polymer concentrations. 
The polymer concentrations (g/cm3) were determined by mea- 
suring the UV absorption of solutions at 267 nm as reported 
previously.'* 

Results 

An example of a double-logarithmic plot of loss modulus 
G" vs frequency w for the polyelectrolyte solution is shown 
in Figure 1. As G" is proportional to LO in the low-frequency 
region, i.e., in the terminal region, we evaluated qo from 
the following relationship: 

qo = lim G"/w 
u 4 J  

(4) 

Moreover, to was also evaluated from the Newtonian region 
in steady flow experiments, and we confirmed that both 
q0 values agree with each other. 

Figure 2 shows double-logarithmic plots of tosp vs C in 
0.5,0.1, and 0.01 M NaCl solutions and salt-free solutions. 
qosp is larger at lower concentrations of added salt for the 
same molecular weight, while the polymer concentration 
dependence is larger at higher concentrations of added 
salt. A similar dependence of qo on the concentration of 
added salt was reported for poly(sodium acrylate) solu- 
t i o n ~ . ~  In the region where polymer concentrations are 
high enough, the polymer concentration dependence of 
qosp becomes the same at the same salt concentration, 
regardless of the molecular weights, as shown by the solid 
lines. Figure 3 shows double-logarithmic plots of qoSp vs 
M ,  in 0.1 M NaCl solutions at C = 0.06 and 0.15 g/cm3 
where the molecular weight dependence of DOsp is inde- 
pendent of polymer concentration. This figure reveals 
that the molecular weight dependence of qosp in 0.1 M 
NaCl solution is given by qosp a iW denoted by the solid 
lines. Figures 4-6 show double-logarithmic plots of $sp/ 
iW vs C in 0.01, 0.1, and 0.5 M NaCl solutions and salt-free 
solutions, respectively. In each solution, the data at the 
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Figure 2. Polymer concentration dependences of qoap at various 
concentrations of added salt. The triangles, squares, and circles 
denote the data for MVPK-11, MVPK-12, and MVPK-13, 
respectively. The upward, rightward, and downward pips indicate 
the data in 0.01, 0.1, and 0.5 M NaCl solutions, respectively. 
Symbols without pips denote the data in the absence of added 
salt. The dotted and solid lines were drawn to smoothly connect 
the data in dilute and semidilute regions, respectively. 
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Figure 3. Molecular weight dependence of qoap in 0.1 M NaCl 
solutions. The upper and lower lines denote the data at 0.15 and 
0.06 g/cm3, respectively. 

high polymer concentration region which we call the sem- 
idilute region are almost independent of molecular weight 
and they are approximately given by eq 5. 

qosp a M ~ c ' . ~  (C, = 0 M) (5a) 

qosp 0: M~c'.' (C, = 0.01 M) (5b) 

tosp 0: M3C2.* (C, = 0.1 M) (5c) 

qosp a M ~ c ~ . ~  (C, = 0.5 M) (54  

In the following discussion, therefore, we assume that qOSp 
is proportional to iW in the semidilute regions measured 
here. 

In Figures 7-9, the data in the presence of added salt 
in Figure 2 are replotted in the double-logarithmic form 
of TOR vs C[ql. As shown in Figures 7 and 8, q O ~  appears 
to be expressed as a universal function of C[ql in 0.5 and 
0.1 M NaCl solutions, whereas, apparently, q 0 ~  is not 
expressed as a universal function of C[ql in 0.01 M NaCl 
solution as shown in Figure 9. 
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Figure 4. Doublalogarithmic plots of ) I O ~ P / ~ W  VB C in 0.01 M 
NaCl solutions. The triangles, squares, and circles denote the 
data for MVPK-11, MVPK-12, and MWK-13, respectively. The 
solid line denotes eq 5b. 

-14 

e. 

1 
\ 
S -16 
F 
v 

01 
0 

-ie 

0 

0 

0 

0 

-2 -1 
Log c 

Figure 5. Double-logarithmic plots of qo8JM3 vs C in 0.1 M 
NaCl solutions. Symbols are the same as in Figure 4. The solid 
line denotes eq 5c. 

To compare the data in semidilute regions with the 
scaling law, we need the Y values in the NaCl solutions. 
Thue, we evaluated the Y values assuming Y = (a + 1)/3 
from the exponent a in the Msuk-Howink-Sahda 
equation, [ q ]  = KMa. The equations for PMW-C1 in the 
three NaCl solutions are given by12 

[ql = 7.86 X 10-5M$86 (C, = 0.01 M) (6a) 

193 = 8.40 X 10-6M$77 (C, = 0.1 M) (6b) 

[ q ]  = 26.8 X 10-5M$63 (C, = 0.5 M) (6c) 

If we assume that qOsp a: W in semidilute regions, eq 3 
can be rewritten as 

Introducing the Y values evaluated from the exponents in 
eq 6 into eq 7, we have the calculated lines as shown by 
solid ones in Figures 7-9, In 0.5 M NaCl solutions, the 

-2 -1 0 

l o g  c 
Figure 6. Double-logarithmic plots of qoa M9 VB C in 0.5 M 
NaCl and salt-free solutions. Symbols are td e same a~ in Figure 
4. The symbols with downward pips and without pips denote 
the data in 0.5 M NaCl solutions and in the absence of added 
salt, respectively. The upper and lower solid lines denote eqs Sa 
and 5d, respectively. 

1 
0 =  

0 
F, 
d 

2 I 

u 
l o g  a771 

0 1 

7. k&ld&tWiC p h i  Of VE C[al 0.6 M NaCl 
solutions. Symbois are the same as in Figfve 4. The mlid and 
broken linee denote the values d c u l n t d  by eqs 7 and 29 in 0.5 
M NaCl solution, respectively. 

experimental dependence appears to agree with the 
calculated line, whereas the experimental slopes are lower 
than the &dated ones in 0.1 and 0.01 M NaCl solutions. 

Discussion 
Let us discues the dependence of qo on polymer 

concentration in various concentrations of added salt. 
Appoxi~mtdy, qo in the entangled region is given by the 
productofthelongestrelaxation timemndelasticmodulua 
~ . 1 , 1 4  

9' a TG (8) 
Accordingk the reptation model for polymer melte, T and 
G in the entangled region can be given by1J4 

G a ckBT/n (9) 

r 0: c$VL2/kBT (10) 

where c is the ntunber of aegmenta per unit voiume, L is 
the contour length of a tube, N is the number of segments 
per polymer chain, n is the number of segments between 
entanglement points, 50 is the frictional cosffioient of the 
segment, kg is the Boltzmann constant, and T is the 
absolute temperature. 
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and 

n a c t3  (15) 
where b is the segment length. 

According to Flory,16 the expansion factor of polyelec- 
trolyte a is determined by minimizing the free energy M, 
which consists of the mixing free energy of a polyion, 
solvent molecules, and mobile ions MM and the elastic 
free energy AFel as 

a u l a a  = (aM, /an, ) (an, /aa)  + aMel/aa = o (16) 
where nl is the number of solvent molecules. 

If we simply assume that the segments in the polyion 
chain between entanglement points are distributed uni- 
formly in a spherical domain, of which the radius is equal 
to R e a ,  nl is given by 

nl = ( 4 1 r / 3 ) ( R @ ~ a ~ N ~ / v , )  - nUNA/U1 (17) 
where R@ is the unperturbed radius of gyration of the 
polyion chain between entanglement points, u is the volume 
of the segment, and u1 is the molar volume of the solvent. 
Differentiating eq 17 with a, we have 

anliaa = ~ I ~ R ~ ~ N ~ c ~ ~ / v ~  (18) 
In this model, aMMian1 is related to the osmotic pressure 
II set up between the inside and the outside of a polyion 
domain. If we assume that the added salt is monovalent 
and n is given by the difference of concentrations of mobile 
ions between the inside and the outside of a polyion domain 
neglecting the contribution of polyion, we have 

(19) 
where i is the effective charge of charged segments, in 
other words, ic is the concentration of mobile counterions 
from polyelectrolytes, and C, and C,* are the concentra- 
tions of added salt inside and outside the polyion domain, 
respectively. 

aAFM/anl = -RTul(ic + 2C, - 2C,*) 

Assuming the ideal Donnan equilibrium, we have 

C,(ic + C,) = C,*' (20) 
Introducing the solution of eq 20 into eq 19, we have 

aAFMian, = -RTvl[(i2c2 + 4C,*2)1/2 - 2C,*l (21) 
If we assume that the chain is Gaussian, the elastic free 
energy Mel is given by 

(22) Me, = kBT[3(a2  - 1) /2  - In a31 

Differentiating eq 22 with a, we have 

aMeliaa = 3 k , ~ ( a  - i / a )  (23) 
Introducing eqs 18, 21, and 23 into eq 16, we have 

a - l / a  = K , n 3 / z a z [ ( i 2 ~ 2  + 4C,*2)1/2 - 2C,*l (24) 
where K1 = ( 4 1 r / 3 ) b ~ N ~ ~ .  Since we assumed that the 
segments are uniformly distributed in a spherical domain 
of chain, c is given by 

c = n/[ (41r /3)R,~a31 

= K z /  (n1"a3) (25) 
where K Z  = (35/2 /21/2a) /b3 .  Introducing eq 25 into eq 24, 
we have 

a - l / a  = Kln3 / zaz [ (Kz2 i z / (na6)  + 4C,*2)11z - 2C,*l (26) 
In the limit of high concentration of added salt, i.e., C,* 
>> ic, we recover the equation of Flory for the expansion 
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Figure 8. Double-logarithmic plots of vs C [ q ]  in 0.1 M NaCl 
solutions. Symbols are the same as in Figure 4. The solid line 
denotes the value calculated by eq 7 in 0.1 M NaCl solution. 

o a  
F 
GI 1 -  
0 
d 0 

0 
P 

$ P A  

C 
0 

0 3  

0 1 2 

l o g  C[Tl 
Figure 9. Double-logarithmic plots of vs C[q]  in 0.01 M 
NaCl solutions. Symbols are the same as in Figure 4. The solid 
and broken lines denote the values calculated by eqs 7 and 29 
in 0.01 M NaCl solution, respectively. 

To apply the reptation model to the semidilute regions, 
we should take into account the hydrodynamic interactions 
among the segments in the chain between entanglement 
points.15 Therefore, the frictional coefficient of a polymer 
chain in a tube (ON in eq 10 should be replaced by the 
product of the frictional coefficient of chains between 
entanglement points {and the number of chains divided 
by entanglement points per polymer chain ( N l n ) .  Since 
( is assumed to be proportional to ?,a according to the 
nondraining model, and L = a ( N / n ) ,  where a is the 
dimension of the chain divided by the entanglement points, 
eq 10 can be rewritten as 

7 a (tl,/kRT)(Naln)3 (11) 
Using eqs 8 ,  9 ,  and 1 1 ,  we have 

qo a ~ , ( N / n ) ~ a ~ c / n  a ~ , ( N l n ) ~  (12) 

n 0: ca3 (13) 
Moreover, if we assume that a is proportional to the 
thermodynamic correlation length .$ and the chain between 
entanglement points is expanded as a single polyion chain 
in dilute solutions by an expansion factor a, we have 

a a 5 - bn'l'a (14) 

where the following relationship was used. 
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shifted the calculated line along the vertical axis to fit the 
data in the respective concentration of added salt. This 
figure reveals that the observed polymer concentration 
dependences can be well expressed by eq 29 at the 
respective concentrations of added salt. Moreover, qoR a t  
high (0.5 M) and low (0.01 M) concentrations of added 
salt, calculated by eq 29, are shown in Figures 7 and 9, 
respectively. As shown in Figure 7, the data at high 
concentration of added salt appear to be explained by the 
scaling law. At low concentration of added salt, however, 
the data do not follow the scaling law because the 
concentration of counterions from the polyelectrolyte 
increases with an increase in the polymer concentration. 

From the above results, we conclude that 110 in semi- 
dilute regions of polyelectrolyte solutions can be explained 
by the reptation model assuming that the correlation length 
related to entanglements is determined by the electrostatic 
interaction evaluated from Donnan equilibrium in the 
respective concentration of added salt. 
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Figure 10. Comparison between obaerved and calculated de- 
pendences of qo on C for MVPK-13 in 0.01 and 0.1 M NaCl 
8olutions. Spbola are the mne as in Figtire 2. Solid lines denots 
eq 29 shifted dong the vertical axis. 

of polyelectrolyte having n segments in the presence of 
added salt. 

a5 - a3 = (KlK:/2)i2n'/2/4C,* (27) 
To make the discussion simpler, we assume that a >> 1, 
which usqaUy holds for polyelectrolytes, so that we have 
the following approximate expression for a from eq 24. 

0-l = K,d2[(i2c2 + 4C,*2)1/2 - 2C,*l (28) 
Substituting eqs 14,15, and 28 into eq 12, we have the 
following equation for the polymer concentration depend- 
ence of @ as a function of C,*. 

70 - A q ( i 2 C 2  + 4CS*2)'/2 - 2CS*]9/4/C3/4 (29) 
Using eq 27 and the Flory-Fox equation, we have the 
scaling equation at  the high concentration of added salt. 

v0R a (c /c*)~' /~ (c[~I)"/~ (30) 
This equation corresponds to eq 7 with Y = 0.6. In salt- 
free solutions, on the other hand, eq 29 is expressed as 

7' a N ~ c ' . ~  (31) 
The theory well explains the experimental results that 

the polymer concentration dependence of TJO increases with 
an increase in the concentration of added salt, as shown 
by eq 5. As shown in Figure 6 or eq 5a, the data in salt-free 
solution are in good agreement with eq 31. Figure 10 shows 
the comparison between observed and calculated depend- 
ences of qosp on C in different concentrations of added 
salt. Here, we assumed the effective charge i = 0.217 and 


