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Table VI 
Parameters  of Eq 9 Obtained for NaPA/HPA Copolymers 

(DNa+/ 
E' slopen intercepta (1 - r )  DN~+')x-~ 

0.37 0.57 f 0.08 -0.13 f 0.10 0.43 f 0.06 0.41 f 0.01 
0.45 0.50 f 0.06 -0.08 f 0.05 0.50 f 0.06 0.46 f 0.01 
0.55 0.43 f 0.06 -0.08 f 0.06 0.58 f 0.08 0.53 f 0.01 
0.65 0.34 f 0.04 -0.06 f 0.06 0.66 f 0.08 0.64 f 0.02 
0.75 0.28 f 0.05 0.08 f 0.04 0.72 f 0.13 0.70 f 0.01 
0.85 0.24 f 0.03 0.06 f 0.04 0.76 f 0.10 0.79 f 0.02 
0.95 0.19 f 0.03 0.00 f 0.00 0.81 f 0.13 0.85 f 0.02 

fNatC(X + 1) vs. x. 

0.5 10 

-il 
Figure 4. Experimental values of ( 1  - r )  and DNat/DNa+O de- 
pendence in r'. The line is from the Manning theory. 

from Table VI and Figure 4 that within the indicated 
experimental error, the calculated charge fractions (1 - r) 
have values close to the theoretical values El, especially 
for the range 1.3 < 4 < 2.7. This gives some validity to 
calculating a charge fraction from eq 9, which states that 
condensation (and not electrostatic) is the dominant in- 
teraction. In fact, eq 9 can be obtained from eq 6 by letting 
the interaction term vanish. Also, for the higher charge 
density parameter values, the contribution of condensation 
term to DNa+/DN,to in eq 6 is much greater than the con- 
tribution of the interaction term, while for lower charge 
densities both terms contribute about equally. This ex- 
plains why the lower charge density points in Figure 4 show 
the greatest deviation from the theoretical line. Because 

of the agreement Wall obtained in calculating (1 - r )  from 
electrical transference and diffusion experiments for 
salt-free NaPA/HPA solutions,24 his values for salt-free 
(DNet/DNa+o)X=m are included in Figure 4. The agreement 
between these and the (1 - r )  values for each value of E 
gives further creditability to the evaluation of a charge 
fraction for each polyelectrolyte. Also, it seems that 
Manning is correct in stating that the charge fraction 
depends only on 5. 

Registry No. NaPA/HPA (copolymer), 9033-79-8; NaPA/ 
PAM (copolymer), 25085-02-3; NaPA/PDAM (copolymer), 
92078-73-4; Na+, 17341-25-2. 

References and Notes 
Manning, G. S. J. Chem. Phys. 1969,51, 924. 
Manning, G. S. J. Chem. Phys. 1969, 51,934. 
Manning, G. S. J.  Chem. Phys. 1969, 51, 3249. 
Manning, G. S. Annu. Rev. Phys. Chem. 1972,23, 117. 
Manning, G. S. Q. Rev. Biophys. 1978, 1 2 ,  179. 
Manning, G. S. Acc. Chem. Res. 1979, 12, 443. 
Manning, G. S. J .  Phys. Chem. 1981,85,870. 
Zimm, B. H.; LeBret, M. J.  Biomol. Struct. Dyn. 1983, I ,  461. 
Ander, P. In "Solution Properties of Polysaccharides"; Brant, 
D., Ed.; American Chemical Society: Washington, DC, 1981; 
ACS Symp. Ser. No. 150, Chapter 28. 
Anderson, C.; Record, M.; Hart, P. Biophys. Chem. 1978, 7, 
301. 
Trifiletti, R.; Ander, P. Macromolecules 1979, 12, 1197. 
Manning, G. S. Biophys. Chem. 1977, 7, 95. 
Kowblansky, A.; Sasso, R.; Spagnuola, V.; Ander, P. Macro- 
molecules 1977, 10, 78. 
Ander, P.; Leung-Louie, L.; Silvestri, F. Macromolecules 1979, 
12, 1204. 
Joshi, Y. M.; Kwak, J. C. T. J .  Phys. Chem. 1979,83, 1978. 
Kowblansky, M.; Zema, P. Macromolecules 1981, 14, 166. 
Kowblansky, M.; Zema, P. Macromolecules 1981, 14, 1448. 
Klein, J.; Conrad, K. Makromol. Chem. 1980, 181, 227. 
Trossarelli, L.; Meirone, M. J. Polym. Sci. 1962, 57, 445. 
Noda, I.; Tsuge, T.; Nagasawa, M. J. Phys. Chem. 1970, 74, 
710. 
Kowblansky, M.; Zema, P. Macromolecules 1981, 14, 1451. 
Anderson, J. S.; Saddington, K. J. Chem. Soc. 1949, S381. 
Prini, R.; Lagos, A. J. Polym. Sci., Part A 1964, 2A, 2917. 
Huizenga, J. R.; Grieger, P. F.; Wall, F. T. J.  Am. Chem. SOC. 
1950, 72, 4228. 
Zana, R.; Tondre, C.; Rinaudo, M.; Milas, M. J.  Chim. Phys. 
Phys.-Chim. Biol. 1971, 68, 1258. 
Van der Klink, J. J.; Zuiderweg, L. H.; Leyte, J. C. J.  Chem. 
Phys. 1974, 60, 2391. 
Gustavsson, H.; Lindman, B.; Bull, T. J .  Am. Chem. SOC. 1978, 
100, 4655. 
Ikagami, A. J. Polym. Sci., Part A 1964, A2, 907. 
Ware, B. R., private communication. 
Begala, A. J.; Strauss, U. P. J. Phys. Chem. 1972, 76, 254. 
Yoshida, N. J. Chem. Phys. 1978, 69, 4867. 
Yoshida, N. Chem. Phys. Lett. 1982, 90, 207. 

Interactions of Sodium Ions with Polyelectrolytes of Constant 
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ABSTRACT Sodium ion interactions with polyelectrolytes of constant charge density have been determined 
from sodium ion tracer diffusion measurements. The sodium salts of polyacrylate, poly(styrenecarboxylate), 
poly(vinylsulfonate), and poly(styreneaulfonate) were studied in salt-free and NaC1-containing aqueous solutions 
over large concentration ranges of polyelectrolyte and of NaCl. Sulfonate polyelectrolytes interacted with 
the sodium ions to a smaller extent than the carboxylate ones. The sodium ion tracer diffusion coefficients 
were found to be fairly independent of NaCl concentration for each polyelectrolyte. The additivity rule and 
the polyelectrolyte charge fraction are discussed in terms of the Manning theory. 

Measurements in polyelectrolyte solutions that are 
sensitive to long-range interactions are not always in ac- 
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cord. To monitor counterion-polyion interactions, usually 
single ion activity coefficients and radioactive tracer dif- 
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fusion coefficients are  evaluated. While tracer diffusion 
coefficients are  unambiguously interpretable, single ion 
activity Coefficients are not. Also, they do not always reveal 
the  same findings. For instance, sodium ion tracer diffu- 
sion coefficients in aqueous sodium acrylate/ acrylic acid 
copolymers exhibited a discontinuity at a critical charge 
density when the  charge densities were varied,' whereas 
sodium ion activity coefficients for aqueous sodium me- 
thacrylate/methacrylic acid copolymers did not.2 

Here we compare the  results of sodium ion tracer dif- 
fusion measurements with four vinylic polyelectrolytes of 
fairly constant charge density in salt-free and NaC1-con- 
taining aqueous solutions: sodium polyacrylate (NaPA), 
sodium poly(styrenecarboxy1ate) (NaPSC), sodium poly- 
(vinylsulfonate) (NaPVS), and sodium poly(styrene- 
sulfonate) (NaPSS). It was desirable to examine the effect 
of the pendant ionic group on the counterion-polyion long 
range interaction, including the ionic strength effect, t he  
additivity rule, and  the  charge fraction of t he  polyelec- 
trolyte in terms of the Manning t h e ~ r y . ~ - ~  

Experimental Section 
Sodium poly(styrenecarboxy1ate) (NaPSC) was prepared by 

polymerizing p-vinylbenzoic acid using benzoyl peroxide as the 
initiator, followed by titration with NaOH. The polymerization 
was performed at 60 "C for 3 days with continuous stirring and 
THF as the solvent. The monomer was prepared by the reaction 
of p-chlorostyrene, purchased from Aldrich Chemical Co., with 
a Grignard reagent.'O The resulting polymer was found to have 
a molecular weight of 5.5 X lo5, which was evaluated from the 
Flory-Mandelkem equation" with the experimentally determined 
polyelectrolyte diffusion coefficient at infinite dilution Dpo and 
the intrinsic viscosity. A value of 5.7 X lo-' cm2/s was determined 
for D," by extrapolating the linear plots of D against the po- 
lyelectrolyte normality in aqueous 0.010 N d a c l  solution. A 
capillary diffusion technique using tracer amounts of %a2+ was 
employed, where the Ca2+ ions are known to be condensed onto 
the polyelectrolyte. The intrinsic viscosity of 17.0 &/g for NaPSC 
in 0.010 N NaCl was determined with an Ubbelohde viscometer. 
Sodium poly(vinylsulfonate) (NaPVS) was polymerized in similar 
manner using 2,2'-azobis(isobutyronitrile), Du Pont Vaso 64, as 
the initiator and water as the solvent. The monomer, sodium 
vinylsulfonate, was supplied by Polysciences. The resulting 
polymer was then precipitated with a methanol-acetone mixture 
and purified by repeated aqueous dissolution followed by re- 
precipitation. 

Sodium polyacrylate (NaPA) was prepared by titration of 
poly(acry1ic acid) (HPA), provided by R o b  and Haas Co., with 
NaOH to an approximate pH of 10, followed by precipitation with 
a methanol-acetone mixture. Aqueous dissolution followed by 
precipitation was repeated three times. 

Sodium poly(styrenesu1fonate) (NaPSS) was supplied by the 
Dow Chemical Co. 

Passage of NaPSS, NaPVS, NaPSC, and NaPA through a 
cation-exchange resin in the hydrogen form and titration of the 
resulting acids with standardized NaOH to a phenolphthalein end 
point gave values for the charge density parameter [ of 2.64,2.52, 
2.57, and 2.73 for NaPSS, NaPVS, NaPSC, and NaPA, respec- 
tively. The charge density parameter is defined as 

[ = e2/tkTb 

where e,  k, and Tare standard constants and b is the average axial 
distance between stoichiometric charges along the polyelectrolyte 
chain. All prepared samples were dried in a vacuum oven at 50 
"C for a t  least 48 h and handled with minimum exposure to air. 

NaPSS, NaPVS, and NaPA samples were found to have mo- 
lecular weights of 5.21 X lo5, 3.61 X lo5, and 4.11 X lo5, re- 
spectively, as determined from the measured intrinsic viscosities 
of the polymers, NaPSS in 0.010 N NaC1, HPVS in 0.349 N KCl, 
and NaPA in 0.010 N NaBr, which were found to be 3.43, 4.11, 
and 16.95 dL/g, respectively, and known Mark-Houwink pa- 
rameter~.'~-'~ 

The radioactive species used, 2zNa+, in the form of sodium 
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Figure 1. DNa+/DNa+" dependence on the equivalent concen- 
tration and nature of polyelectrolyte in aqueous salt-free solutions. 

chloride, and %a2+, in the form of calcium chloride, were supplied 
by New England Nuclear Co. 

To determine the self-diffwion coefficients of ions, the open-end 
capillary method originally introduced by Anderson and Sad- 
dington was employed without ~tirring.'~J* The tracer diffusion 
coefficient of Na+ ions in aqueous salt-free and NaC1-containing 
solutions of NaPSS, NaPVS, NaPSC, and NaPA were determined 
at 25 "C varying X from 0.10 to 10, where X is the ratio of 
normality of the polyelectrolyte Np to the normality of the simple 
salt N ,  

X = N , / N ,  

Salt concentrations ranged from 5.0 X N, with 
the polymer concentration ranging from 5.00 X loa to 1.00 X lo-' 
N. 

The self-diffusion coefficient of polyelectrolytes in NaCl so- 
lutions was determined by introducing a tracer amount of %a2+ 
ion in the solution. The addition of a small quantity of 45Ca2+ 
ion results in its complete condensation onto the polyelectrolyte 
and yields a polyelectrolyte tagged with 4Ca2+.'7 The measured 
Ca2+ diffusion coefficient Dcai+ is thus the diffusion coefficient 
of the polyelectrolyte D,. All self-diffusion coefficients were 
calculated with the exact solution of Fick's law. 

Results and Discussion 
T o  note if the nature of the pendant ionic groups on the 

polyelectrolyte chain affects t he  long-range counterion- 
polyion interactions, values of DNat were determined for 
t he  sodium salts of four vinylic polyelectrolytes. Mea- 
surements were made in aqueous solutions of NaPA ([ = 
2.7), NaPSC (5  = 2.6), NaPVS ([ = 2.5), and  NaPSS ([ = 
2.6) without and  with NaCl present. 

T h e  results for aqueous salt-free solutions of t he  po- 
lyelectrolytes for t he  concentration range 1.0 X lo4 to 5.0 
X lo-' N are shown in Figure 1. Two observations are 
evident from Figure 1. T h e  lower DNat/DNato curves for 
t he  two carboxylate polyelectrolytes lie close together, as 
do  the  two upper curves for t he  two sulfonate polyelec- 
trolytes. Also, t he  curves show relatively flat minima at 
approximately 5.0 X 10-3-l.0 X N. T h e  minimum 
DN,t/DNato values are 0.38 for NaPA, 0.45 for NaPSC, 0.63 
for NaPVS, and 0.62 for NaPSS. Similar diffusion curves 
with shallow minima in t h e  range 1.0 X 
N have been reported for other polyelectrolytes in aqueous 
salt-free solutions.ls It is supportive tha t  others reported 
minimum DNat/DNa+" values of 0.38 and 0.36 for NaPA19sm 
with [ = 2.85 and  0.62 for NaPSSg with [ = 2.65. The 
DNa+/DNata values in NaC1-containing solutions extrapo- 
lated for X - m are also in accord with the  above values, 

to 1.0 X 

t o  1.0 x 
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Table I 
Values of DNat/DNato for Aqueous NaCl Solutions Containing Sodium Polyacrylate 

X 0.0005 N 0.0010 N 0.0050 N 0.0100 N av 
0.1 
0.5 
1.0 
2.0 
3.0 
5.0 
6.0 
8.0 

10.0 

0.938 f 0.007 
0.862 f 0.016 
0.813 f 0.016 
0.667 f 0.011 
0.616 f 0.009 
0.563 f 0.019 
0.503 f 0.009 
0.449 f 0.011 
0.444 f 0.005 

0.944 f 0.014 
0.843 f 0.011 
0.825 f 0.017 
0.695 f 0.005 
0.574 f 0.021 
0.538 f 0.007 
0.468 f 0.019 
0.460 f 0.019 
0.450 f 0.017 

0.936 f 0.011 
0.853 f 0.005 
0.829 f 0.014 
0.668 f 0.005 
0.605 f 0.005 
0.605 f 0.004 
0.583 f 0.003 
0.562 f 0.017 
0.575 f 0.016 

0.947 f 0.003 
0.862 f 0.011 
0.812 f 0.011 
0.705 f 0.005 
0.591 f 0.013 
0.572 f 0.005 
0.585 f 0.004 
0.571 f 0.009 
0.576 f 0.009 

0.941 A 0.009 
0.855 f 0.011 
0.819 f 0.014 
0.684 f 0.007 
0.598 f 0.013 
0.569 f 0.011 
0.486 f 0.014 
0.455 f 0.015 
0.447 f 0.012 

Table I1 
Values of DNa+/DNato for Aqueous NaCl Solutions Containing Sodium Poly(styrenecarboxy1ate) 

X 0.0005 N 0.0010 N 0.0050 N 0.0100 N av 
0.1 0.944 f 0.002 0.949 f 0.005 0.946 f 0.004 0.943 f 0.007 0.945 f 0.004 
0.5 
1.0 
2.0 
3.0 
5.0 
6.0 
8.0 

10.0 

0.851 f 0.015 
0.742 f 0.024 
0.725 f 0.018 
0.644 f 0.008 
0.601 f 0.002 
0.524 f 0.031 
0.491 f 0.006 
0.469 f 0.003 

0.857 f 0.001 
0.742 f 0.011 
0.726 f 0.025 
0.649 f 0.024 
0.601 f 0.002 
0.528 f 0.001 
0.519 f 0.029 
0.485 f 0.002 

as will be discussed below. Also, counterion activity 
coefficient and osmotic coefficient curves in salt-free po- 
lyelectrolyte solutions show the same trend with the 
shallow minima in approximately the same concentration 
range.21 The maximum counterion-polyion interaction 
occurs, of course, a t  the minimum value of the diffusion 
ratio. The observed increase in DNat/DNato as the con- 
centration is increased from the minimum diffusion value 
has been attributedl8Vz2 to the polyion attracting more 
water molecules with increasing concentration and there- 
fore attracting fewer counterions, making the counterions 
more mobile. This observation could also be due to the 
overlapping of ionic atmospheres of different polyions as 
their concentration increases. The increase in DN,+/DNato 
as the solution is diluted from the minimum is found 
principally for the carboxylate polyelectrolytes, polyanions 
in which two adjacent groups might bind at  Na+ 
With chain expansion occurring on extreme dilution, 
N, perhaps this binding is loosened slightly to increase the 
Na+ ion mobility, and/or perhaps an increase in the size 
of Debye-Huckel atmosphere causes the increase in Na+ 
ion mobility. 

According to the Manning theory, DNat/DNato in salt- 
free polyelectrolyte solutions depends on the nature of the 
polyelectrolyte only through its charge density and for 4 
> 1  

While the Manning theory assumes zero mobility for 
condensed ions, the Yoshida theoryz4 assumes that the 
condensed ions are able to move parallel to the axis of the 
polyion, taking into account the mobility of these con- 
densed ions to be equal to one-third that of the free ions 
in solutions. For f > 1 the Yoshida equation in salt-free 
polyelectrolyte solutions is 

DNat/DNa+' = (1/3)(1 + 1.300f-') 

From eq 1 and 2, for a polyelectrolyte with f = 2.6, the 
average value for the four polyelectrolytes used, in salt-free 
solutions, the Manning theory gives DNa+/DNato = 0.33 and 
the Yoshida theory gives DNat/DNato = 0.50. Both theo- 
retical values are independent of concentration. The ex- 
perimental findings show DNa+/DNat0 to be fairly inde- 
pendent of concentration in the range 5 x < Np < 5 

0.848 f 0.011 
0.749 f 0.031 
0.732 f 0.005 
0.643 f 0.002 
0.613 f 0.013 
0.597 f 0.002 
0.538 f 0.002 
0.513 f 0.023 

0.854 f 0.002 
0.750 f 0.019 
0.731 f 0.009 
0.653 f 0.026 
0.598 f 0.017 
0.596 f 0.012 
0.569 f 0.002 
0.512 f 0.011 

0.853 f 0.009 
0.746 f 0.022 
0.729 f 0.016 
0.647 f 0.018 
0.603 f 0.011 
0.526 f 0.021 
0.505 f 0.020 
0.477 f 0.002 

x This is the same concentration range previously 
reported for constant Na+ ion diffusion ratios in salt-free 
solutions of NaPA of varying charge density.l 

It is known that the sodium ion binds primarily by ionic 
atmosphere interactions to sulfonate  polyelectrolyte^^"^^ 
and thus the Na+ ion would have freer mobility to move 
parallel to the axes of the polyion. The ions having smaller 
crystallographic radii like sodium, on the other hand, are 
known to bind more tightly to carboxylate polyelectro- 
l y t e ~ ~ ~ - ~  and should have negligible mobility along the axis 
of the polyion. Therefore, the minimum DNat value for 
sulfonate polyion solutions should be expected to agree 
better with the Yoshida predicted value and the carbox- 
ylate polyions would be expected to give better agreement 
with the Manning value. It has been suggested that the 
theories might best be compared to the experimental 
minimum values.1s Compared to the minimum DNa+/ 
DNa+O values in Figure 1, the Manning value of 0.33 un- 
derestimates the mobility of Na+ ions in the presence of 
both sulfonate and carboxylate polyions but does so to a 
much lesser extent for the carboxylate polyions. The 
Yoshida value of 0.50 overestimates the mobi1it.y of Na+ 
ions in the presence of carboxylate polyions but still un- 
derestimates the value for sulfonate polyions. 

Here, it is worthwhile to indicate that the diffusion re- 
sults show that the long-range interactions depend on the 
nature of the pendant group in salt-free polyelectrolyte 
solutions. The minimum DNat/DNato values are in the 
order NaPA < NaPSC < NaPVS = NaPSS, indicating 
that the Na+ ions interact with the carboxyl group to a 
much greater extent than with the sulfonate group, a fact 
that is well established. The phenyl group of NaPSC 
slightly decreases the effectiveness of its carboxyl group 
to bind Na+ ion, when compared to NaPA. One can in- 
troduce a hydrophobic interaction argument here. More 
will be said of salt-free solutions later in this paper. 

The experimental values of DNat/DNa+' for aqueous 
NaCl solutions of NaPA ( f  = 2.7), NaPSC (5 = 2.61, 
NaPVS ([ = 2.5), and NaPSS ( f  = 2.6) are listed in Tables 
I-IV, respectively. These diffusion ratios were determined 
with the NaCl normality N, held constant while varying 
the polyelectrolyte normality Np, such that X = N,/N, was 
0.1 < x < 10. 

To determine whether condensed Na+ ions contributed 
to the measured values of DNa+, tracer amounts of radio- 
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Table I11 
Values of D N a + / D N S + O  for Aqueous NaCl Solutions Containing Sodium Poly(vinylsu1fonate) 

X 0.0005 N 0.0010 N 0.0050 N 0.0100 N av 
0.1 
0.5 
1.0 
2.0 
3.0 
5.0 
6.0 
8.0 

10.0 

X 

0.963 f 0.029 
0.909 f 0.023 
0.872 f 0.004 
0.808 f 0.016 
0.725 f 0.021 
0.689 f 0.006 
0.676 f 0.017 
0.659 f 0.016 
0.662 f 0.008 

0.962 f 0.002 
0.899 f 0.004 
0.858 f 0.002 
0.807 f 0.028 
0.727 f 0.008 
0.706 f 0.012 
0.684 f 0.005 
0.683 f 0.002 
0.668 f 0.017 

0.965 f 0.018 
0.904 f 0.006 
0.869 f 0.005 
0.837 f 0.003 
0.829 f 0.006 
0.793 i 0.012 
0.711 f 0.011 
0.718 f 0.004 
0.703 f 0.015 

0.973 f 0.005 
0.904 f 0.003 
0.867 f 0.006 
0.829 f 0.010 
0.811 f 0.001 
0.801 f 0.004 
0.717 f 0.002 
0.702 f 0.001 
0.708 f 0.014 

0.966 f 0.017 
0.904 f 0.012 
0.867 f 0.004 
0.808 f 0.022 
0.726 f 0.015 
0.698 f 0.009 
0.680 f 0.012 
0.671 f 0.011 
0.665 f 0.013 

Table IV 
Values of D N a + / D N a + O  for Aqueous NaCl Solutions Containing Sodium Poly(styrenesu1fonate) 

0.0005 N 0.0010 N 0.0025 N 0.0050 N 0.0100 N av 
0.1 
0.5 
1.0 
2.0 
3.0 
5.0 
6.0 
8.0 

10.0 

0.948 f 0.008 
0.925 f 0.014 
0.846 f 0.006 
0.767 f 0.004 
0.709 f 0.005 
0.689 f 0.004 
0.649 f 0.005 
0.676 f 0.003 
0.649 f 0.004 

0.950 f 0.011 
0.919 f 0.003 
0.840 f 0.003 
0.763 f 0.007 
0.705 f 0.001 
0.698 f 0.004 
0.685 f 0.007 
0.673 f 0.001 
0.655 f 0.001 

0.957 f 0.005 
0.926 f 0.005 
0.859 f 0.005 
0.762 f 0.011 
0.742 f 0.011 
0.718 f 0.005 
0.695 f 0.011 
0.714 f 0.011 
0.665 f 0.005 

0.967 & 0.006 
0.918 f 0.003 
0.879 f 0.004 
0.875 f 0.003 
0.819 f 0.003 
0.782 f 0.001 
0.696 f 0.001 
0.706 f 0.016 
0.697 f 0.008 

0.965 f 0.009 
0.919 f 0.007 
0.887 f 0.005 
0.865 f 0.000 
0.829 f 0.003 
0.771 f 0.002 
0.761 i 0.001 
0.739 & 0.001 
0.715 f 0.001 

0.957 f 0.008 
0.921 & 0.008 
0.862 f 0.005 
0.765 f 0.006 
0.707 f 0.004 
0.694 f 0.004 
0.667 f 0.006 
0.674 f 0.002 
0.652 f 0.003 

active 45Ca were added to 1 iC1 solutions oA each po- 
lyelectrolyte under study. From the tracer amounts used, 
it was known that all the 45Ca2+ ions were condensed and 
hence Dca2+ = D,, the polyelectrolyte diffusion coefficient. 
For each polyelectrolyte, fairly constant values of D were 
obtained at  N,  = 5.0 X N for X = 1.0, 5.0, and 10.0, 
D, = (0.051 f 0.003) X lod for NaPA, D, = (0.057 f 0.003) 
X lo4 for NaPSC, D, = (0.088 f 0.003) X loa for NaPVS, 
and D = (0.086 f 0.004) X lo4 for NaPSS, all in the units 

fraction of condensed Na+ ions is (1 - El), the observed 
diffusion coefficient DNa+ is 

of cm B 1s. Using these values and assuming that the 

DNa+Obsd = D,(1 - [-')N,/(N, + N,) + DNa+" = 
D,(1 - [-')/(l + X-l)  + DNa+U (3) 

where the first term represents the contribution to DNa+ObSd 
of the condensed Na+ ions and DNa+" is the uncondensed 
Na+ ion contribution. At  low X values, D, is much less 
than DNa+ and there is hardly any correction required, but 
a t  high X values, where the polyelectrolyte is in excess, 
up to a 4% correction was noted. The results presented 
in Tables I-IV are the values of DNa+/DNa+' corrected for 
the contribution of polyelectrolyte diffusion to DNa+'. 

The Manning theory for polyelectrolytes having 5 > 1 
with Na+ counterions gives4 

(4) &+/%a+' = fNa+( l  - A/3) 

where the condensation term fNa+ is given by (F'X + 1)/(X + 1) and the interaction term A can be written 

A = 5 5 [ d m 2  + n2) + 1 + 2EX-1]-2 (5) 
m=-m n z - m  

(m,n) #(O,O) 

Note that for a given 5 value, DNa+/DNa+O ratios depend 
only on X and are independent of salt concentration. 
From the results in Tables I-IV, it can be seen that for 
lower salt concentrations, i.e., 5.0 X lo4 and 1.0 X lom3 N 
NaC1, a t  a given X value, the DNa+/DNa+O ratios are fairly 
independent of salt concentration, just as is predicted by 
the Manning theory. At slightly higher salt concentrations, 
i.e., 5.0 X N NaC1, however, very slightly 
higher diffusion ratio values were found when X > 5 for 
the carboxylate polyelectrolytes, NaPA and NaPSC, and 
when X > 3 for sulfonate polyelectrolytes, NaPVS and 

and 1.0 X 

0.21 0 NaPSS 
A NaPVS 
0 NaPSC 

0.0 A 
2 4 6 8 10 

X 
Figure 2. DNa+lDNa+O dependence on the X in aqueous NaCl 
solutions. 

NaPSS. The increase of DNa+/DNa+O with increasing simple 
salt concentration at  high X values is probably due to 
increased polyion-polyion interactions, which may cause 
slight weakening of the counterion-polyion interactions. 
The average of DNa+/DNa+O values, over the concentration 
range of NaCl where the Na+ ion diffusion is independent 
of simple salt concentration, which perhaps is the range 
where the Manning model is best approximated, is pres- 
ented in the last columns in Tables I-IV and in Figure 2. 
For comparison the theoretical line for 5 = 2.6, the average 
charge density parameter for the four polyelectrolytes used, 
is also displayed. The dominant feature in Figure 2 is the 
dependence of Na' ion diffusion on the nature of the 
pendant group of polyelectrolyte in salt solutions, just as 
was observed for salt-free polyelectrolyte solutions. The 
lower curves for two carboxylate polyelectrolyes are close 
together, as are the upper two curves for the sulfonate 
polyelectrolytes. From these results, it is apparent that 
in NaCl solutions the Na+ ions interact with polyelectro- 
lytes via long-range electrostatic forces in the order NaPA 
= NaPSC > NaPVS = NaPSS. The difference between 
carboxylates and sulfonate polyelectrolytes is pronounced 
at  high X values, where polyelectrolyte is in excess. It 
appears that the introduction of a phenyl group to the 
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Table V 
Slope and Intercept Obtained from Plots of Eq 6 
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intercept slope ( D N ~ + / D N ~ + O L ~  
NaPA 1.15 f 0.03 0.38 f 0.02 0.38 
NaPSC 1.14 f 0.04 0.43 f 0.02 0.45 
NaPVS 1.06 f 0.02 0.62 f 0.03 0.63 
NaPSS 1.04 f 0.02 0.62 f 0.03 0.62 

chain in salt-containing solutions does not affect the 
counterion-polyion long-range interactions. 

It is of interest to compare the value of DNa+/DNato 
extrapolated to infinite dilution of NaCl for each polye- 
lectrolyte, i.e., in the limit of X going to infinity, with the 
values obtained for the minimum DNa+/DNato values in 
salt-free solutions, which are given in Table V. Extrap- 

0 using the points a t  X = 6.0, 8.0, and 10.0 for each po- 
lyelectrolyte give 0.38 for NaPA, 0.41 for NaPSC, 0.64 for 
NaPVS, and 0.64 for NaPSS. It is gratifying that these 
extrapolated values agree excellently with the respective 
minimum DNat/DNato values in salt-free solutions. Similar 
behavior has been reported for counterion diffusion 
c~eff ic ients~.~ '  and activity ~0efficient.s~~ as a function of 
X for salt-containing solutions of polyelectrolytes. 

From Figure 2 it can be seen that the experimental 
DNa+/DNato values for both carboxylate and sulfonate 
polyelectrolytes are higher than predicted by the Manning 
theory, indicating that the theory overestimates the 
counterion-polyion interactions. The theory ignores any 
effect due to the nature of the polyion charge groups, which 
experimentally are shown to influence the long-range in- 
teractions. 

An empirical additivity rule based on counterion activ- 
ities determined in salt-free polyelectrolyte solutions and 
in polyelectrolyte-free salt solutions has been established 
for polyelectrolytes having a large range of charge densi- 
t i e ~ . ~ b ~  Recently we showed' that for NaPA/HPA co- 
polymers having ,$ > t,, the additivity law for Na+ ion 
diffusion is valid. It is worthwhile to test whether this 
additivity rule is valid here. The additivity rule for Na+ 
ion diffusion could be written as 

olated least-squares plots Of DNa+/DNato VS. x-' to x-' = 

(DNa+/DNa+')X = 
x(x l)-l(DNa+/DNa+o)p -l- (x + ~ ) - ' ( D N ~ + ' / D N ~ + ' ) X  

(6)  
where the first term on the right-hand side is the salt-free 
contribution and the second term is the simple salt con- 
tribution for any given X value, denoted by the subscripts. 
Equation 6 plots linearly for (X + 1)(DNe+/DNa+O)X vs. X 
with intercept of unity and slope of (DNa+/DNa+'),, if the 
additivity law is valid for Na+ ion diffusion in polyelec- 
trolyte solutions. Using the average (DNa+/DNa+o)X from 
Tables I-IV and using eq 6,  (X + l)(DNa+/DNa+') was 
plotted against X in Figure 3 for each polyelectrolyte. The 
ordinate intercepts of resulting lines, listed in Table V, are 
close to unity within the experimental error, demonstrating 
the validity of the additivity rule. It was of interest to 
compare the slopes of these lines, (DNa+/DNa+') , with the 
minimum values of DNat/DNato obtained in sa&-free po- 
lyelectrolyte solutions from Figure l. The excellent 
agreement between these two sets of results, listed in Table 
V, further substantiates the additivity rule, and suggests 
that properties based on long-range Coulombic interactions 
can be determined for polyelectrolyte in salt-containing 
solutions, by appropriate measurements in salt-free solu- 
tions. 

In aqueous solutions of polyelectrolytes with Na+ as the 
counterions, rN ,  equivalents of the total (N,  + N,) 
equivalents of Na+ ions are condensed on the polyion and 

2 

0 
0 2 4 6 6 1 0  

X 

Figure 3. (DNat/DNat0)(X + 1) vs. X. 

4 

I 

X 

2 

0 
0 2 4 6 8 1 0  

X 

Figure 4. f"(1 f X) vs. X .  

the fraction of condensed Na+ ions f N a t '  ions in solution 

( 7 )  

where r is the fraction of condensed or bound Na+ ions 
originally on the polyelectrolyte and (1 - r )  is the charge 
fraction of the polyelectrolyte. In a NaC1-containing po- 
lyelectrolyte solution, the Manning theory gives 

fNa+' = 1 - (DNa+/DNa+')/(DC1-/Dc~~') (8) 
Assuming that all co-ion-polyion interactions, if at all 
present, are negligible, i.e., Da-/DClo = 1, in eq 8, then 
combining eq 7 and 8 and using the experimental values 
of DNatlDNato result in a simple linear relation between 
f N a + ' ( l  + X) and x ,  as shown in Figure 4. Thus r is 
constant over the whole X range and therefore, the po- 
lyelectrolyte charge fraction (1 - r )  can be calculated from 
the Na+ ion diffusion measurements. Furthermore, the 
linearity is consistent with the result of the condensation 
model that the polyelectrolyte charge fraction is a constant 
value and independent of the salt concentration. Similar 
results have been obtained for other polyelectrolytes34 and 
from 23Na NMR measurements in' salt-containing DNA 
solutions.35 In accord with eq 7 ,  the intercepts in Figure 

is30,34 

f N a t C  = rN , / (N ,  + N,) = r X / ( l  + X) 
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Table VI 
Slope and Intercept Obtained from Plots of Eq 7 

(DNat/ 
intercept sloDe (1 - r )  DN.+O),;, 

NaPA -0.15 f 0.09 0.62 f 0.03 0.38 f 0.02 0.38 
NaPSC -0.14 i 0.09 0.58 f 0.03 0.42 f 0.02 0.45 
NaPVS -0.05 f 0.04 0.38 * 0.03 0.62 f 0.05 0.63 
NaPSS -0.03 f 0.03 0.39 f 0.02 0.61 f 0.03 0.62 

4, listed in Table VI, are close to the origin within ex- 
perimental error and the slopes are 0.62 f 0.03 for NaPA, 
0.58 f 0.03 for NaPSC, 0.38 f 0.03 for NaPVS, and 0.39 
f 0.02 for NaPSS. For carboxylate polyelectrolytes, the 
resulting charge fractions (1 - r )  of 0.38 and 0.42 for NaPA 
and NaPSC, respectively, compare excellently with the 
theoretical values of for these polyelectrolytes. This 
gives some validity to calculate a charge fraction from eq 
7, which states that condensation is the dominant inter- 
action. For the sulfonate polyelectrolytes, however, the 
calculated charge fractions of 0.62 and 0.61, for NaPVS 
and NaPSS, respectively, deviate from the predicted 
theoretical value of 5'. It appears that the fraction of 
condensed or bound Na+ ions originally on the polyelec- 
trolyte, and therefore the polyelectrolyte charge fraction, 
depends on the nature of the charge groups on the polyion. 

I t  is interesting that the additivity rule (eq 6) and the 
charge fraction equation (eq 7) are of the same form, with 
(DNa+/DNa+o)p identified with (1 - r ) .  When plotted as 
(DN~+/DN~+O)X(~ + X) vs. X, both eq 6 and 7 gave straight 
lines for [ > 1, with the phenomenological parameters 
(DNa+/DNa+o)p and (1 - r)  independent of N,. Both phe- 
nomenological parameters are close in value for each po- 
lyelectrolyte studied here. Equations 6 and 7 stem from 
the same concept that Na+ ions are either condensed onto 
the polyion and do not contribute to the measured DNa+ 
or that the Na+ ions are free so as to not interact with the 
polyion and contribute to the measured DNa+. The in- 
terpretation of Wa1120 for (DN*C/DN~+O)~ as the degree of 
dissociation of the polyelectrolyte is consistent with the 
values obtained for (1 - r )  from eq 7. The theoretical 
equation of Manning, eq 4, can be cast in the same form 
as eq 6 and 7 if the Debye-Huckel interaction term van- 
ishes. Then, the theoretical value for the fraction of Na+ 
ions dissociated from the polyion is identified with 
(DNa+/DNa+o)p of eq 6 and (1 - r )  of eq 7. It becomes clearer 
then as to why eq 6 and 7 should appear to be valid. For 

high charge density polyelectrolytes, Le., those used in the 
present study, the contribution of the condensation term 
to DNa+/DNa+' in eq 4 is much greater than that of the 
interaction term A .  

Registry No. Na+, 17341-25-2; sodium polyacrylate (homo- 
polymer), 9003-04-7; sodium poly@-styrenecarboxylate) (homo- 
polymer), 92078-72-3; poly(sodiumvinylsdfonate) (homopolymer), 
9002-97-5; d u m  poly(styrenesdfonate) homopolymer, 9080-799. 
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In a recent article' we reported preliminary results from 
Monte Carlo calculations of the effects of star branching 
on the sedimentation and viscosity of dilute solutions of 
polymers. Here we extend these calculations to larger 
model molecules and larger ensembles with smaller sta- 
tistical errors. We have also included an ensemble with 
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excluded volume, corresponding to solutions in good sol- 
vents. In general, the new results confirm the trends seen 
in the earlier ones; most notably, the viscosity ratio, g, is 
consistently less than the ratio of root-mean-square radii, 

The calculations were carried out on ensembles of rig- 
id-body chain models, both with and without preaveraging 
of the hydrodynamic interactions. The calculations on 
models without excluded volume were carried out as be- 
fore, except that 100 chains each of 49 beads were gener- 
ated in each case instead of 50 chains of 25 beads. Each 
such run consumed about 40 min of processor time on the 
VAX 11-780. In addition, we generated models in which 
all approaches of beads clcaer than twice the hydrodynamic 

g'J2. 

0 1984 American Chemical Society 


