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The kinetic theory of rubber elasticity for polyelectrolytes has been modified by including an effect of the 
electrostatic persistence length. The relations for swelling equilibria as a function of the degree of 
neutralization in polyelectrolyte gels are derived. We find that the volume fraction of the polymer in the 
swollen gel does not decrease monotonically with increasing ~t, but instead exhibits a minimum near ct ~ 0.1. 
Beyond this value of ~t the extent of swelling decreases with increasing degree of neutralization. The theory 
has been verified by measurements of the swelling behaviour of weakly crosslinked polymethacrylic acid 
gels as a function of varying degree of neutralization. 
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INTRODUCTION 

At present, great attention is being devoted to the 
structure and properties of polyelectrolytes (see, for 
example, Reference 1). The most complicated situation 
arises if we want to describe the behaviour of polyelectro- 
lyte solutions without an added electrolyte of low 
molecular weight, where the electrostatic repulsive forces 
between polyions are weakly screened, and thus relatively 
long range. Several years ago, de Gennes et al. 2 used 
scaling concepts to describe the concentration depen- 
dence of characteristic quantities of polyelectrolyte 
systems in the absence of salt. Odijk 3'4 and Skolnick and 
Fixman 5 introduced the idea of the electrostatic persist- 
ence length L e to describe the concentration-dependent 
flexibility of the polyelectrolyte chain. The total persist- 
ence length Lt, of the chain is split up into an intrinsic 
part Lp, which would characterize the chain in the 
absence of charge interactions, and an electrostatic 
part Le, which decreases with increasing polymer concen- 
tration as a consequence of counterion screening of the 
charges on the macromolecule. This theory made 
possible a more exact description of conformational 
changes of polyelectrolyte coils in solvents without added 
salt. 

For the description of some properties of poly- 
electrolyte gels the random coil model 6'7 has been 
successfully used. In this model the chain is regarded as 
an assembly of statistical segments, the distances between 
which are controlled by an appropriate distribution 
function. Assuming that the distribution function is 
Gaussian, a relationship for the free energy of the 
electrostatic interaction of charges on the polymer chain 
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has been derived 7. This theory describes titration curves s 
fairly well, and to a lesser extent swelling equilibria 9'1° 
and the equilibrium stress-strain behaviour l°'x~ of 
polyelectrolyte gels. The same theory was successfully 
used for describing a pronounced change (collapse) in 
the degree of swelling of polyacrylamide 12'a3 and poly- 
(N,N-diethylacrylamide) gels TM. 

In this paper we have included the effect of the 
electrostatic persistence length in the above mentioned 
kinetic theory of rubber elasticity for polyelectrolytes ~° 
and derived relations for the swelling equilibria in 
polyelectrolyte gels. The theory was verified experi- 
mentally by measuring the swelling behaviour of ionized 
gels of polymethacrylic acid (PMA) with a very low 
crosslink concentration. This system was selected because 
of the possibility of varying the charge per unit length 
of the chain by varying the degree of neutralization ~ of 
the acid by means of a suitable alkali. 

THEORY 

We view the polyelectrolyte gel with degree of ionization 
i as a network of wormlike chains with bare persistence 
length Lp (greater than the bond length a) bearing an 
elementary charge q per counterion distance A = a/ i  (also 
called the segmental length), immersed in solvent with 
dielectric permittivity e without any low molecular weight 
electrolyte. The following theory is based on three major 
assumptions: 

(1) The interaction between charges is given by 
Debye-Hiickel theory, i.e. we have computed the 
electrostatic energy using a simple screened form for the 
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interactions: 
q2 
__  e - K r  

8r 

where K -~ (the Debye-Hiickel radius due to the 
counterions) is given by the relation K 2 =  4nQc. Here 
Q = qZ/ekT is the Bjerrum length, k is the Boltzmann 
constant, T is the temperature and c is concentration, 
defined here as number of charge units per unit volume. 
We can write c = ipNAv2/M o where p is the density of 
the dry polymer, NA is the Avogadro number, v2 is the 
volume fraction of polymer in the swollen gel and Mo is 
the molecular weight of the monomer. 

(2) According to Manning xs and Oosawa 16, if A < Q 
(the strong coupling limit) a sufficient number of 
counterions will condense on the polyion to lower the 
reduced coupling constant Q/A to a value of unity. The 
Debye-Hiickel screening is caused by uncondensed 
counterions only. 

(3) Polyelectrolyte chains are near the rod limit 
(KL t > 1). Under this assumption the electrostatic energy 
of curvature equal to the total electrostatic interaction 
between the charged groups minus the electrostatic 
energy of the rod configuration can be considered to be 
a perturbation to the elastic energy 3-5. As a result the 
elastic properties are not determined by Lp but rather 
by the total persistence length, Lt=Lp+L=,  where 
L~ = Q/4K2A 2. In the strong coupling limit (A ~< Q) the 
relation is modified to L¢ = 1/4QK 2. 

During swelling the gel is subjected to the swelling 
pressure given byX o,~ 3: 

_:t?AF~ = ~ _(aAF,~ = ~ Pi (1) 
P= \ r~V /T,.j i=x \ c~V /r,.j i=x 

where AF is the change in the free energy due to the 
volume changes of sample, V, during swelling, nj is the 
number of moles of ions of the j th type in the gel, and 
Pi = -(t~AFi/~V)r, .  AF is determined by the sum of 

. . , J . . 

contnbutmn due to the mixing of polymer segments w~th 
solvent (AF1), mixing of ions with solvent (AF2), 
configurational elasticity of the polymer network (AF3), 
the electrostatic interaction of charges in the chain (AF4) 
and the electrostatic interaction between charges on 
various chains (AFs). 

The pressure PI can be expressed as ~7 

RT 
P l  ~ D _ _  [In(1 - v2) + Vz + Xv~] (2) 

where 1,'1 is the molar volume of the solvent, R is the gas 
constant, v2 is the volume fraction of the polymer in the 
swollen gel and Z is the interaction parameter. 

The pressure P2 corresponds to the difference between 
the osmotic pressure in the gel and in the soluteW: 

P2 = ipv2 (3) 

where Mo is the molecular weight of the monomeric unit, 
i is the degree of ionization and p is the density of the 
dry gel. 

The contribution P3 has been calculated from AFa 
including the finite extensibility of chains 1°. If the total 

persistence length Lt is used instead of L v, then 

__ VdRT[~ <a~)2v ~.z/an_1( 1 3L.'~ 

(L t) 99 <~)av~ln_ 2 1 + 
+ 175 

513 (ct2)gv25/3n_a(l + ~ ~ t )  + . " .] 
+ 875 

(4) 
where •d is the molar concentration of chains related to 
the dry volume, <ao 2) is the dilation factor of the dry 
state (<a~)= (Vo) 2/3, where Vo is the volume fraction of 
the polymer at network formation), and n is the number 
of statistical segments in the chain. The first term in 
equation (4) is the contribution of the Gaussian con- 
figurational free energy and the second term corresponds 
to the non-Gaussian free energy. 

The contribution /'4 has been determined from the 
change in the electrostatic free energy of the chain, AF4, 
with swelling. AF4 is calculated by a pair-wise summation 
of the screened Coulomb interaction between charges 
separated by a distance A arranged on a rod. This simple 
one-dimensional model gives 

P,, - -RT Qpiv2 Ke  -rA = - (5) 
Mo 1 - e  - ra  

The last contribution P5 can be estimated from the 
corresponding free energy for semidilute solutions of 
polyelectrolytes. It is difficult to give a sufficiently precise 
calculation of this energy. Several possible structures of 
semidilute polyelectrolyte have been considered2: hex- 
agonal lattice of rigid rods; cubic lattice of rigid rods; 
and isotropic phase of partially flexible chains. All these 
structures appear to have very similar electrostatic 
energies 2 and therefore the hexagonal lattice has been 
used for further calculation. The electrostatic energy for 
this case is a function of the product Kd, where d is the 
nearest neighbourdistance. Because d scales with v 2 like 
the screening radius K -  x it follows that AFs is practically 
independent of vz and thus of V, and P5 ~- 0. 

The swelling equilibrium for free swelling is given by 

el + Pz + ea + e,, =0 (6) 

ct dependences of equilibrium v 2 calculated by relations 
of the theory published by Hasa, Ilavsk~ and Du~ek 1° 
(HID theory) and by the relations (2)-(6) are compared 
for Vd = 5 X 10 -5 and 5 × 10 -6 in Figure 1. The other 
parameters used correspond to PMA gels 1 o, x x.. It is seen 
in Figure 1 that for Vd = 5 × 10- 5, where the mean degree 
of the chain polymerization, Z, is low (Z - 309) and the 
chains are already stiff (n--31), the effect of L c is not 
significant. The differences between our results and the 
HID theory are more pronounced for v d = 5 x 10-6. As 
expected, an increase of the chain stiffness with increasing 

becomes more pronounced at higher values of Z and 
manifests itself by a decrease of the swelling degree. 
Contrary to the HID theory x°, v 2 is not a monotonically 

* The effective degree of ionization i =  ~ was used for A > Q and 
i = a / Q  =0.36  for A < Q  (~ >0 .36  TM) 
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Figure 1 Dependence of the volume fraction v 2 of the polymer in the 
swollen gel on the degree of neutralization calculated from equations 
(2)-(6) ( ) and using the HID theory 1° ( . . . . .  ). The parameters 
used correspond to crosslinked polymethacrylic acid: Mo=86.1 
g mol -  1, p = 1.33 g cm -3, (ct 2) = 0.63, V 1 = 18.1 cm 3 mol-  1, ~( = 0.54, 
a = 2.55 × 10- s cm, Q = 7 × 10- s cm, L v / a  = 5.  v a values in mol cm-  1 
are shown on the figure 

decreasing function of ~ but shows a flat minimum at 
~ 0.1. Beyond this value of ~ the volume fraction 

increases, i.e. the degree of swelling decreases with 
increasing ionization. Above ~ = 0.36 the condensation 
of counterions causes v 2 to become independent of ~. If 
this condensation did not occur, then according to the 
predictions of our model v2 would continue to increase. 
This is indicated on Figure I by the dashed lines. 

EXPERIMENTAL 

The PMA gel samples were prepared by block copoly- 
merization of methacrylic acid with a small amount  of 
ethylene dimethacrylate (0.5 and 1 wt%) in presence of 
water; the volume fraction v o of the monomer before 
polymerization was 0.5. The reaction was initiated with 
azobisisobutyronitrile (,,~ 1 g dm -3) and proceeded at 
40°C for 72 h. The samples (rods with diameter of 6 and 
20 mm length) were washed with water for several weeks. 

Extracted gels were cut in plates about 1 mm thick 
and immersed in 100 ml of N a O H  water solutions. The 
concentration of N a O H  was selected to attain a desired 
degree of neutralization ct of PMA gels. The swelling took 
place in closed bottles so that no air could enter. 
Equilibrium values of v2 were achieved after 3 weeks. 
The volume fractions v 2 of the polymer in the swollen 
gels were calculated from the weight of gel samples 
swollen to equilibrium. 
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RESULTS 

The equilibrium values of v2 for PMA gels as a function 
of ~ are shown in Figure 2 together with the theoretical 
v2(~ ) functions calculated by the HID and the theory 
presented in this paper. The values of v d for the theoretical 
calculations were selected so that v2(00 functions match 
the experimental data for ~ > 0.36, at which point v2 
becomes independent of ~. In the absence of any added 
NaOH,  i.e. ~ = 0, the gel with 1% crosslink content swells 
to give v 2 = 0.412 and the gel with 0.5% crosslink content 
swells more, as expected, to give v 2 = 0.117. These values 
are indicated by arrows on the vertical axis in Figure 2. 
As the degree of neutralization increases, the swelling 
ratio increases, i.e. v2 decreases. However, unlike the 
predictions of the HID theory, this decrease of v 2 does 
not continue indefinitely. The degree of swelling begins 
to decrease, i.e. v 2 increases for ~ > 0.2. The minimum 
in v2 is more pronounced for the gel with 0.5% crosslink 
content than for the 1% gel. 

The experimental data for v 2 versus ~ of the gel with 
0.5% of crosslink content show a minimum near ~ ~ 0.1 
which is only slightly shifted against the minimum of the 
v2(~ ) function predicted by the above proposed theory. 
In addition, this theoretical v2(~t) function, calculated by 
the relations including the effect of the electrostatic 
persistence length, describes the experimental data better 
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Figure 2 Experimental and theoretical dependence of/)2 on the degree 
of neutralization ct for poly(methacrylic acid) gels. (3, Experimental 
values for the sample with 1% crosslink content; 0 ,  experimental 
values for the sample with 0.5% crosslink content; , theoretical 
curves calculated according to relations (2)-(6); . . . . .  , HID theory 1°. 
v d values in mol cm-  1 are indicated on the figure. The arrows on the 
vertical axis correspond to the volume fraction in the unneutralized, 
swollen gel (i.e. gel swollen in pure H20  with no added NaOH). The 
filled arrow corresponds to v 2 (at 0t = 0) for the 0.5% crosslink sample 
and the open arrow to the 1% sample 
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than the functions calculated by the relations of HID 
theory. 

As for the gel sample with 1% crosslink content, the 
difference between the two theories is not significant and 
both describe swelling equilibria fairly well. As mentioned 
earlier, this is to be expected when the mean degree of 
chain polymerization is low and the chains are already 
stiff. 

In conclusion it can be said that the effects of including 
the electrostatic persistence length produce significant 
changes in the description of the swelling behaviour of 
weakly crosslinked ionized gels and the results are in 
better qualitative agreement with experiment than the 
theories published up to now (e.g. the HID theory). 
Quantitative verification of the derived relations is not 
feasible without independent measurements of Vd, which 
is rather complicated for such weakly crosslinked gels. 

ACKNOWLEDGEMENTS 

The authors wish to thank Dr M. Ilavsk~ for valuable 
discussions. R.B. acknowledges the support of N.S.F. 
and Gillette Corp. 

REFERENCES 

1 Schurr, J. M. and Schmitz, K. S. Ann. Rev. Phys. Chem. 1986, 
37, 271 

2 de Gennes, P. G., Pincus, P., Belasco, R. M. and Brochard, F. 
J. Phys. Paris 1976, 37, 1461 

3 Odijk, T. J. Polym. Sci., Polym. Phys. Edn 1977, 15, 477 
4 Odijk, T. and Houwaart, A. C. J. Polym. Sci., Polym. Phys. Edn 

1978, 16, 627 
5 Skolnick, J. and Fixman, M. Macromolecules 1977, 10, 93,4 
6 Katchalsky, A. and Lifson, S. J. Polym. Sci. 1953, 11,409 
7 Harris, F. E. and Rice, S. A. J. Phys. Chem. 1984, 58, 725 
8 Michaeli, T. and Katchalsky, A. J. Polym. Sci. 1957, 23, 683 
9 Katchalsky, A. and Miochaeli, I. J. Polym. Sci. 1955, 15, 69 

10 Hasa, J., Ilavsk~, M. and Du~ek, K. J. Polym. Sci., Polym. Phys. 
Edn 1975, 13, 253 

11 Hasa, J. and Ilavsk~, M. J. Polym. Sci., Polym. Phys. Edn 1975, 
13, 263 

12 Tanaka, T., Shao-Tang Sun and Nishio, I. in 'Scattering 
Techniques Applied to Supramolecular and Nonequilibrium 
Systems' (Eds Sow-Hsin Chen, B. Chu and R. Nossal), Plenum 
Publishing Corp., New York, 1981, p. 321 

13 Ilavsk~', M. Polymer 1981, 22, 1687 
14 Ilavsk~', M., Hrouz, J. and Havli~k, I. Polymer 1985, 26, 1514 
15 Manning, G. S. J. Chem. Phys. 1969, 51, 924 
16 Oosawa, F. 'Polyelectrolytes', Dekker, New York, 1971 
17 Flory, P. J. 'Principles of Polymer Chemistry', Cornell Univer- 

sity Press, Ithaca, New York, 1953 
18 Sedlfik, M., Kofifik, ~., ~t~pfinek, P. and Jake~, J. Polymer 

28, 873 

680 POLYMER, 1989, Vol 30, April 


