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The sound velocities in polyelectrolyte solutions were measured at various concentrations of added salts. When aqueous 
solutions of tetra( n-butyl)ammonium polyacrylate were titrated with concentrated solutions of LiCI. NaCI, KCI or CsCI. the 
sound velocity, i.e.. the adiabatic compressibility of the solution. did not change linearly with added salt concentration. but 
showed a breaking point. The degrees of counterion bmding on polyacrylate ion estimated from the breaking points wcrc 
0.25-0.30. independent of cation species. In polystyrenesulfonate. moreover, no Na+ binding was detected from such sound 
velocity measurements. 

1. Introduction 

It is well known from the thermodynamic prop- 
erties of a polyelectrolyte solution, such as the 
activity coefficient and osmotic pressure, as well as 
from transport properties of the solution, that 
alkali metal counterions strongly interact with 
polyions, such as polyacrylate and polystyrene- 
sulfonate, as if they are bound on the polyions 
[1,2]. However, the interaction between polyions 
and alkali metal ions has not been specified spec- 
troscopically [1,2]. We also confirmed from Ra- 
man spectroscopy [3,4] that there is no spectro- 
scopically specific interaction between poly- 
acrylate ion and alkali metal ions, though a specific 
interaction can be clearly observed between poly- 
acrylate ion and some divalent counterions. 

On the other hand, from the viewpoint of the 
hydration around polyions and counterions, for 
example, from measurements of density [4-81, re- 
fractive index [9], sound absorption [lo], and 

* To whom correspondence should be addressed 

volume changes by dilatometry [ll-131 in poly- 
acrylate solutions, a specific interaction between 
polyacrylate ion and alkali metal ions has been 
demonstrated by several workers. That is, it may 
be certain that part of the alkali metal counterions 
are attracted as closely to the polyacrylate ion as 
the hydration layer around the polyion may be 
affected. However, the degrees of specific binding 
(0) of alkali metal ions on polyacrylate ion re- 
ported in these papers vary considerably with dif- 
ferent methods. For Nat, values of 0 = 0.22 from 
the partial molar volume data [7] and 0 = 0.69 
from the refractive index data [9] were reported. 

In this work, we study the hydration layers 
around polyion and counterions or the overlap- 
ping of their hydration layers by measuring the 
sound velocity in polyelectrolyte solutions. From 
the data, the degree of counterion binding on 
polyion may be estimated by using a procedure 
employed commonly in this field [8]. The sound 
velocity, which is related to the adiabatic com- 
pressibility of the solution of the Laplace equation, 
may be most sensitive to the change in the hydra- 
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tion volumes around ions, particularly to that in 
the first hydration shell. The adiabatic com- 
pressibility of polyelectrolyte solutions was in- 
vestigated by Roy-Chowdhury and co-workers 
[14,15] in order to study the properties of polyions. 

2. Experimental 

2. I. Samples 

A sodium polyacrylate sample supplied by Toa 
Gosei Chemical Co. was purified by precipitation 
from aqueous solution with methanol. Sodium 
polyacrylate was transformed into the acid form 
by passing its aqueous solution through a mixed- 
bed column of ion-exchange resins. Its molecular 
weight estimated from the intrinsic viscosity [16] 
was 3 X 105. Tetra( n-butyl)ammonium poly- 
acrylate was prepared by neutralization of 
poly(acrylic acid) with an aqueous solution of 
(n-C,H,),NOH (of reagent grade). The poly- 
styrenesulfonic acid sample used was commer- 
cially supplied from Polysciences, Inc. (A4, = 7 X 

104). 1%Crown-6, used as reference, was purified 
by the procedure proposed by Gokel and Cram 
[17]. All simple salts were of guaranteed reagent 
grades and were used without further purification. 

2.2. Sound velocity measurement 

The sing-around method was employed to mea- 
sure the sound velocity. Since the sing-around 
frequency is very sensitive to temperature, the 
ultrasonic velocimeter consisted of two cells. One 
cell was for sample solutions, whereas the other 
contained pure water used as a reference. Experi- 
ments were carried out at 25.00 + O.OOl”C and the 
accuracy in measurements of sound velocity was 
within 1.0 cm s- ‘. A detailed description of the 
original sing-around apparatus has been presented 
elsewhere [l&19]. 

To prepare sample solutions containing differ- 
ent amounts of a simple salt, such as NaCl, a 
concentrated solution of the simple salt was added 
to an aqueous solution of tetra(n-butyl)ammonium 
polyacrylate with a microburette as in the case of 
acid-base titration. The sound velocity of the solu- 

tion was measured at each addition. Changes in 
polyacrylate concentration accompanying the 
titration were within 1%. No correction for the 
dilution effect was made to the experimental data. 

2.3. Adiabatic compressibility 

The sound velocity in solution, V (m s-‘), is 
related to the compressibility of the solution, & 
(bar-‘), by 

p, = 100/V2d (1) 

where d (g mll’) is the density of the solution. 
Solution density was measured at 25.00 + 

O.OOl”C, using a type DMA-02C digital precision 
density meter manufactured by Anton Paar Co. 
The density of each sample solution used for sound 
velocity measurements was estimated by interpola- 
tion. 

3. Results 

Fig. 1 shows the sound velocity and density of 
an aqueous solution of KC1 at different concentra- 
tions in the presence and absence of 1%crown-6. 

t&l xl0 (molll) 

Fig. 1. Sound velocity and density in mixed aqueous solutions 

of KC1 and 18-crown-6 at various KC1 concentrations. Con- 

centration of 1%crown-6, 0.2 mol/l. (- - - - - -) Data in aqueous 

KC1 solution in the absence of 18-crown-6. 
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CNoC, x102 (moltI) 

Fig. 2. Increase in sound velocity, AV, in aqueous solutions 
containing various solutes with additron of NaCI. (a) Pure 
water, (b) acetic acid, (c) tetra(n-butyl)ammonium acetate, (d) 
poly(acrylic acid), (e) sodium polyacrylate and (f) tetra( n- 
butyl)ammonium polyacrylate. Concentration of solute, 0.05 
mol/l in all cases. 

The sound velocity in pure aqueous solutions of 
KC1 changes linearly with concentration. How- 
ever, the slope of the plot of sound velocity vs. 
KC1 concentration in the presence of 18-crown-6 
shows a discontinuous change around 0.2 mol/l 
KCl, that is, at 1 : 1 mole ratio. Above this con- 
centration the slope for the mixture is in good 
agreement with that for a pure aqueous solution of 
KCl. 

The increases in sound velocity, AV, observed 
when aqueous solutions of acetic acid, tetra(n- 
butyl)ammonium acetate, poly(acrylic acid), 
sodium polyacrylate and tetra(n-butyl)ammonium 
polyacrylate are titrated with a concentrated solu- 
tion of NaCl, are shown in fig. 2. AV is defined as 

Al’= V- v, (2) 

where V and V, are the sound velocities in the 
presence and absence of NaCl, respectively, In 
acetic acid and tetra(n-butyl)ammonium acetate 

CNoCl x lO~(nlOl/l) 

Fig. 3. Increase in sound velocity, AV, in tetra( n-butyl)am- 
monium acrylate solutions at different concentrations, with 
addition of NaCl. Polyelectrolyte concentrations: (a) 0.02, (b) 
0.03, (c) 0.04, (d) 0.05 and (e) 0.06 mol/l. 

0 I 2 3 

CNoC, x!0*hd/l) 

Fig. 4. NaCl concentration dependence of adiabatic com- 
pressibility of polyacrylate solutions. Concentrations of 
tetra(n-butyl)ammonium polyacrylate: (a) 0.02, (b) 0.03. (c) 
0.04, (d) 0.05 and (e) 0.06 mol/l. 



150 S. Koda et al./Alkah metal ran - polyion mteralion 

Cp x10* (molll) 

Fig. 5. Plot of NaCl concentration at the breaking point in fig. 
4 vs. polyacrylate concentration. 

solutions, AV is linear with respect to NaCl con- 
centration. Moreover, in poly(acrylic acid) and 
sodium polyacrylate as well, the behavior of AV’ is 
the same. In these four solutions, therefore, there 
is no specific interaction between added NaCl and 
the other solutes. On the other hand, in aqueous 
solutions of tetra(n-butyl)ammonium polyacrylate, 
AV is not linear with NaCl concentration. The 
slope of the plot of AV vs. NaCl concentration is 
low at the beginning of titration and gradually 

LiCl NaCl 

Fig. 6. Salt concentration dependence of adiabatic compress- 
ibility of tetra(n-butyl)ammonium polyacrylate solution con- 
taining various simple salts. (a) LiCl, (b) NaCI, (c) KC1 and (d) 
CsCI. Polyacrylate concentration, 0.05 mol/l. 

Table 1 

The values of Cz/C, determined from fig. 6 and the degree of 
ion binding reported by Tondre and Zana [7] 

Degree of ion 
binding [7] 

LiCl 0.26 0.21 
NaCl 0.28 0.22 
KC1 0.26 0.22 

CsCl 0.26 0.11 

increases to the value for a pure aqueous solution 
of NaCI. Fig. 3 shows similar AT/ vs. NaCl con- 
centration plots in tetra( n-butyl)ammonium poly- 
acrylate solutions at different polymer concentra- 
tions. This NaCl concentration dependence of AV 
in polyacrylate solutions is very similar to that in 
the mixture of KC1 and 18-crown-6 

The adiabatic compressibility, /3,, can be calcu- 
lated from eq. 1 using the data in fig. 3. The values 
of & obtained are plotted vs. NaCl concentration 
in fig. 4. The plots also do not give simple straight 
lines but show breaking points. If we assume that 
all Na+ added is bound on the polyion until the 
binding reaches a certain value and also that the 
change in fi, is due to the change in the hydration 
layer around sodium polyacrylate, the amount of 

Fig. 7. Increase in sound velocity, AV, in’aqueous solution of 
tetra(n-butyl)ammonium polystyrenesulfonate with addition of 
NaCl. Polyelectrolyte concentration, 0.05 mol/l. 



S. Koda et aI./Alkali metal ion polyion interation 151 

Na+ bound on the polyion may be estimated from 
the amount of NaCl added up to the breaking 
point. The NaCl concentration at the breaking 
point, C’caC,, determined graphically in fig. 4 is 
plotted vs. the polyelectrolyte concentration, CP, 
in fig. 5. The plot is linear within experimental 
error, and the C&,/C, ratio is 0.28 f 0.04. 

The effects of different alkali salts on j3, of 
tetra(n-butyl)ammonium polyacrylate solutions are 
shown in fig. 6. The values of C:/C, determined 
by the above method are 0.25-0.30, independent 
of the cation species as summarized in table 1. 
These values are close to those determined from 
the partial molar volume data by Tondre and 
Zana [7], as compared in table 1. However, these 
values (0.25-0.30) are much lower than the value 
estimated from the refractive index (0.69) [9]. Our 
values are also different from the degrees of ion 
binding discussed commonly in studying the ther- 
modynamic and hydrodynamic properties of poly- 
electrolytes. 

Fig. 7 shows the increases in sound velocity, 
AV, in an aqueous solution of tetra(n-butyl)am- 
monium polystyrenesulfonate as a function of 
NaCl concentration. AV is linear with NaCl con- 
centration and no breaking point is observed, al- 
though it is clear from various experiments that 
there is a strong thermodynamic or electrostatic 
interaction between Na+ and polystyrenesulfonate 
ion [20-221. The absence of dehydration due to 
interaction of alkali metal ions with polystyrene- 
sulfonate ion was pointed out by Strauss and 
Leung [23]. 

4. Discussion 

The complex formation between 18-crown-6 and 
simple ions can be expressed as, 

M++X-+CSCM++X- (3) 

where M+ is the cation of a salt, MX, and C 
denotes 18-crown-6. Using the equilibrium con- 
stant for the above equilibrium, and also assuming 
that the change in the adiabatic compressibility of 
a 18-crown-6 solution containing a simple salt may 
be ascribed only to the changes in the hydration 
number of the added simple salt, Hoiland et al. 

[24,25] successfully analyzed the above equi- 
librium. It may be concluded that a 1: 1 complex 
is formed between 18-crown-6 and K+ and that 
the change in slope of the sound velocity vs. KC1 
concentration plot in fig. 1 is due to the complex 
formation. 

Although the application of the theory of Hoi- 
land et al. to the polyelectrolyte data in figs. 2 and 
3 cannot reproduce the experimental results, there 
is a good resemblance between the data for com- 
plex formation between the crown ether and K+ in 
fig. 1 and those for tetra(n-butyl)ammonium poly- 
acrylate in figs. 2 and 3. It is usually assumed that 
the hydration layer around the polyacrylate ion is 
not disturbed by the tetra( n-butyl)ammonium ion 
because of its large size, but is affected by Na+ 
bound on the polyacrylate ion, until the degree of 
ion binding reaches saturation. According to Zana 
and Tondre [26], however, there may be volume 
changes due to the interaction between polyion 
and tetra(n-butyl)ammonium ion, though no 
volume change is detected if the tetramethylam- 
monium ion is used instead of tetra(n-butyl)am- 
monium. If their conclusion is correct, the de- 
crease in the hydration layer around the poly- 
acrylate ion caused by the effect of tetra(n- 
butyl)ammonium ions would be recovered when 
alkali metal ions are bound on the polyacrylate 
ion. Then, the change in adiabatic compressibility 
of the solution in figs. 4 and 6 includes both 
changes in the hydration layer around the polyion 
due to binding of alkali metal ion and release of 
tetra(n-butyl)ammonium ion. If there is a change 
in the hydration layer around Na+, the change 
may also be included in &. 

The increase in adiabatic compressibility of the 
solution due to addition of neutral salt, expressed 
per mole of added salt, GBB,(MX), may be calcu- 
lated from the slopes in the & vs. C, plots in figs. 
4 and 6, as 

(4) 

where C, denotes the molarity and V, the apparent 
molar volume of added salt in polyelectrolyte solu- 
tion. /I, and &, are the adiabatic compressibilities 
of the polyelectrolyte solution with and without 
added salt, respectively. +,++(MX) in eq. 4 is ex- 
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pressed using the same definition as for the molar 
adiabatic compressibility of an electrolyte in aque- 
ous solutions. The values of +PS(MX) thus esti- 
mated are plotted vs. E, in fig. 8, as is usually 
done in the study of the adiabatic compressibility 
of simple electrolyte solutions. If it is assumed that 
added cations are all bound to polyion at low salt 
concentrations, $P@~(MX) at the limit of C, = 0 
gives the change in adiabatic compressibility of the 
solution due to a bound ion (expressed per mole, 
&(MX)). The values of &(MX) estimated from 
fig. 8 are summarized in table 2. The values of the 
partial molar adiabatic compressibilities of a sim- 
ple salt in the free state, &(MX), are also listed in 
table 2. If ions in aqueous solutions are incom- 
pressible, the partial molar adiabatic compressibil- 
ity, &,,(MX), is related to the hydration number, 

nh- 

(9 

where @H,o and FHo are the adiabatic com- 
pressibility and partial molar volume of pure water, 
respectively. Therefore, the difference between 
$&(MX) and &(MX), A+, provides the number 
of released water molecules around ions in this 

-+_. a) 

Fig. 8. Concentration dependence of the apparent molar adia- 
batic compressibility of various added salts in tetra( n- 
butyi)ammonium polyacrylate. (a) LiCI, (b) NaCl, (c) KCI and 
(d) CsCI. Polyacrylate concentration, 0.05 mol/l. 

Table 2 

Change of adiabatic compressibility of te:ra( n-butyl)am- 
monium polyacrylate solution by addition of salts and the 
number of released water molecules, An ,, 

Values are expressed as cm-’ mol-’ bar-’ (x 104). 

Added 
salt 

LiCl -16 - 40.0 -20 3.0 
NaCl -20 ~ 50.8 -31 3.8 
KC1 -16 -42.6 -27 3.3 
CSCI -11 - 35.3 -24 3.0 

specific ion-binding process. As listed in table 2, 
the large absolute values of A$ indicate that a 
large volume change occurs in the hydration layer 
around a polyion. If we express A+ as the number 
of water molecules released, the value of the re- 
leased water is about 3-4 as shown in table 2. 

According to Meurer et al. [27], the 23Na re- 
laxation rate in solution of the tetramethylam- 
monium salt of polyacrylic acid changes continu- 
ously with the concentration of added NaCl. On 
the other hand, fig. 8 shows that the plots of 

$B,(MX) vs. $r C at low salt concentrations are 
almost linear. This difference cannot necessarily 
be considered as a contradiction, since the contri- 
bution of the interaction between polyion and 
counterions to the 23Na relaxation rate is different 
from that to +fiS. 

If we assume that all alkali metal ions added to 
a tetra( n-butyl)ammonium polyacrylate solution 
are bound on the polyion until the degree of ion 
binding reaches saturation, the values of C;/C, in 
fig. 5 and table 1 give the degree of ion binding on 
the polyacrylate ion. The present data show that 
the degree of ion binding thus defined is not large, 
i.e., 0.25-0.30. This degree of ion binding is con- 
siderably lower than that assumed for explaining 
the nonideal thermodynamic properties of poly- 
electrolyte solutions or the transport number of 
counterion and polyion. (The degree of counterion 
binding in these cases is generally assumed to be 
0.6-0.9 [1,2].) This means that a considerable part 
of the counterions in polyelectrolyte solutions are 
distributed loosely around the polyions so that it 
may often be called ionic atmospheric binding. 
Only a small portion of the counterions are dis- 
tributed close to the polyacrylate ion so that its 
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hydration layer may be affected. 
Moreover, it is not appropriate to define a 

group of counterions detected by the change in 
hydration volume as bound ions, since the degree 
of ion binding thus defined must be varied with 
the hydration volume of the polyion used. In the 
case of polystyrenesulfonate, no change in hydra- 
tion volume can be observed as shown in fig. 7. 
The polystyrenesulfonate ion may have a loose 
hydration layer. 
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