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ABSTRACT: The compressional osmotic and shear moduli, the static structure factor, and the cooperative 
diffusion constant of partially neutralized poly(acry1ic acid) gels have been measured in the reaction bath 
as a function of polymer concentration, ionization degree, salt concentration, and cross-linking degree. The 
variations of the compressional modulus with these parameters are in good agreement with those predicted 
from simple theoretical arguments. The structure factor obtained from small-angle neutron scattering exhibits 
a peak, in a limited range of ionization degree and salt concentration. The variations of the amplitude and 
the position of the peak as a function of the ionization degree, for a given polymer concentration, are reasonably 
described by a recent theoretical model developed for a semidilute solution of weakly charged polymers in 
a poor solvent. From the measurements of the cooperative diffusion coefficient, it is inferred that the friction 
coefficient is an increasing function of the polymer concentration and ionization degree. 

I. Introduction 
A fundamental parameter in polyelectrolyte systems is 

the linear charge density of the polymer chains.'-8 For 
highly charged polymers, the distance between two 
ionizable groups on the chain is smaller than the Bjer- 
rum length, and, due to counterion conden~at ion,~ the 
linear charge density is thought to be independent of the 
amount of ionizable groups. This corresponds to the strong 
electrostatic coupling limit where the electrostatic forces 
overcome the monomer-monomer  interaction^.^^^^^^ On 
the other hand, for weakly charged chains, the ionizable 
groups are well separated on the chains and a small 
variation of the ionization degree modifies strongly the 
properties of the system. Excluded-volume effects can play 
an important role in this weak coupling limit.3p7t8 

Fully sulfonated poly(sodium sulfonate styrene) (NaF'SS) 
is a typical example of a highly charged polyelectrolyte. 
Solutions of NaPSS in pure or salted water have been 
studied by using small-angle neutron (SANS)'O or X-ray 
(SAXS)" scattering, quasi-elastic light (QELS)12 or neutron 
(NSE) l3 scattering, o~mometry, '~  and viscometry.'5 

Partially neutralized poly(methacry1ic acid) (PMA)I6 or 
poly(acry1ic acid) (PAA)17-20 are good examples of weakly 
charged chains. The ionization degree of these polymers 
can be continuously varied from zero to one, thus providing 
a convenient way to progressively increase the electro- 
static coupling. Several studies using scattering tech- 

have reported on the effect of the ionization 
degree on the local conformation or the radius of gyration 
of polyelectrolyte chains. 

In the weak coupling limit, solutions of polyelectro- 
lytes might exhibit complex structure due to the hydro- 
phobic character of the backbone. In that case the sol- 
ubilization is ensured by the electric charges. This effect, 
pointed out already 15 years ago,lS2l was clearly demon- 
strated in swelling experiments performed on ionic gels 
swollen in poor solvents.22 

More recently the problem of weakly charged polyelec- 
trolytes in a poor solvent received more attention.738 It 
was argued that systems, where attractive dispersion forces 
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are nearly compensated by repulsive electrostatic 
interactions, should undergo a microphase-separation 
transition. The phase separation occurs on a microscopic 
scale because a macroscopic phase separation would result 
in a too severe loss of entropy for the counterions. 

Thus, the physics underlying the properties of a poly- 
electrolyte system depends on the range of ionization 
degree. Although this appears t o  be a very difficult 
theoretical problem, it is of considerable practical use. For 
example, the intrinsic properties of superabsorbant gels 
(gels with high water retention capacity) can be optimized 
through the combined variation of their ionization and 
cross-linking degrees.23 

In this paper we report on an experimental study of 
partially neutralized poly(acry1ic acid) gels. The acrylic 
monomers are neutralized by sodium hydroxide prior to 
polymerization and the fraction of neutralized monomers 
is varied between 0 and 0.8. The gels are studied at the 
concentration at which they are prepared. The concen- 
tration in the reaction bath has been varied between 30 
g/L (0.416 M) and 150 g/L (2.08 M). The effects of added 
salt are also described. Following the experimental section, 
part I11 describes the results obtained by SANS experi- 
ments and gives the variations of compressional modulus, 
shear modulus, and cooperative diffusion coefficient with 
polymer concentration and ionization degree. In the 
discussion we try to sum up the results in an overall 
qualitative picture of the evolution of the gel structure 
when the ionization degree is varied. 

11. Experimental Section 
1. Sample Preparation. Gels were prepared by radical 

copolymerization in an aqueous solution of acrylic acid and N,"- 
methylenebis(acry1amide). The gelation reaction is initiated by 
ammonium peroxydisulfate and performed in an oven at 70 OC. 
The ionization degree, a, is defined as the ratio of the number 
of carboxylate groups to the total number of monomers. Since 
poly(acry1ic acid) is a weak acid, a can be varied over a wide range 
by changing the pH of the medium. In aqueous solution, LY has 
a nonzero value due to the acido-basic equilibrium: 

K. 
-CH,CH(COOH)- + H20 2 -CH2CH(COO-)- + H30+ (1) 
The ionization degree is a decreasing function of the polymer 
concentration. For the concentrations used in this study (0.416 
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M < C, < 2.08 M), the dissociation of the polyacid is very low. 
Thus, we have approximated the dissociation constant to that  
of the monomeric acrylic acid: K, = 5.6 X This leads to 
values of a decreasing from 1.2 X 1W2 to 5 X when the polymer 
concentration increases from 0.416 to 2.08 M. 

Higher ionization degrees (a > 10-2) were obtained by partial 
neutralization of the polyacid with NaOH to a given stoichio- 
metric ionization degree according to 

-CH,CH(COOH)- + Na'OH- - -CHzCH(COO-) + 
H,O + Na' (2) 

Very low ionization degrees (a < 5 X 10-3) were obtained by 
addition of HCl to the solution to shift the dissociation equilibrium 
of the weak acid toward the acidic form: 

K, 
-CH,CH(COO-)- + H30+ + C1- z -CH,CH(COOH)- + HzO 

(3) 
In the following, we will distinguish between /, the stoichio- 

metric neutralization degree, and a, the effective ionization degree. 
The actual fraction of ionized monomers a is calculated by taking 
into account the fraction of monomers neutralized by NaOH f 
and the fraction of autodissociated monomers. For high / values 
(f > 0.1) the two quantities can be considered as equal with a 
good approximation. 

Gels were prepared either by weighing all the components or 
by adding  t o  mixtures  of monomer,  cross-linking agent ,  
ammonium peroxydisulfate, and the desired amount of sodium 
hydroxide the amount of water required to complete a given total 
volume of solution. In the first method we have calculated the 
concentrations using for the partial molar volumes of acrylic acid 
and sodium hydroxide V u  = 62.4 cm3 mol-' and VN,OH = -5.2 
cm3 We have neglected the contributions of the N,W- 
methylenebis(acry1amide) and the ammonium peroxydisulfate 
to the total volume. A typical composition is 10 g of acrylic acid, 
0.1 g of N,N'-methylenebis(acrylamide), and 33 mg of peroxy- 
disulfate in 90 g of water. As the partial molar volume of poly- 
(acrylic acid) is smaller than that of the monomer ( V p a  = 45.4 
cm3 we corrected the concentration of the final gels to 
account for this effect by assuming a complete conversion of the 
monomer. This correction is smaller than 4% for the  most 
concentrated samples. After the components were mixed, the 
solutions were filtered with 0.2-pm filters to  get rid of dust  
particles. Gelification was carried out a t  70 OC during 12 h directly 
in the scattering cell after nitrogen has been bubbled in the 
solution to  remove the dissolved oxygen that  would inhibit the 
radical reaction. Samples for SANS experiments were prepared 
along the same lines but with replacement of H20 by DzO to 
obtain a good contrast. The  samples prepared a t  the lowest 
polymer concentration, Le., C, = 0.42 M, were not macroscopic 
gels but solutions of branched polymers. The results of the SANS 
study performed on these samples were discussed together with 
those obtained from macroscopic gels. 

2. SANS Experiments. Three different sets of experiments 
were performed on spectrometer PACE in Laboratoire L6on Bril- 
louin (Laboratoire commun CEA-CNRS). For each set we used 
two different apparatus configurations in order to cover a wide 
range of scattering vectors q (5 X 10-3 5 q (A-l) 5 0.15). In the 
first and second experiments, we kept the  sample-detector 
distance equal to 3.00 m and used two different wavelengths for 
the incident neutrons, X = 5.04 A and X = 14.86 A. In the last 
experiment, the wavelength was kept to 8 A,  and the sample 
detector distance was 1.50 or 4.50 m. 

All data were treated according to standard procedures for 
small-angle isotropic scattering. The spectra were corrected for 
absorption, sample thickness, and electronic noise. 

Solutions with the same compositions as those used to prepare 
gels were taken as background samples, except for the first set 
of experiments, where they did not contain cross-linking agent. 
This introduces no differences in the background samples since 
the total incoherent scattering of N,N'-methylenebis(acry1- 
amide) molecules is negligible compared to that of the acrylic acid 
monomers. 
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Normalization to the unit incident flux, geometrical factors, 
and detector cell efficiency corrections were performed by using 
the incoherent scattering of HzO, corrected for the scattering of 
the empty cell. The  da ta  were put  on an absolute scale by 
introducing the differential cross section per unit volume of H 2 0  
at 25 OC.% This method gave a good matching of the spectra from 
the two different configurations used in the first experiment. 
However, in the second experiment, performed with the same 
configurations, we had to use a correcting factor 15% larger than 
the calculated one to  get a satisfactory matching of the data. This 
disagreement could be due to a different ambient temperature 
in the experimental hall during the two sets of experiments. In 
t h e  th i rd  experiment ,  the  matching of the  two different  
configurations is directly obtained from the normalization by HzO 
speotra measured a t  the two different detectorsample distances. 

3. Light-Scattering Experiments. The optical source on 
the light-scattering apparatus is a Spectra-Physics argon ion laser 
operating a t  Xo = 4880 A. T h e  time-dependent correlation 
function of the scattered intensity is obtained by using a 64- 
channel digital correlator (Brookhaven BI 2030). The Amtec 
goniometer allows us to vary the scattering angle between 10' 
and 160'. 

For all the  gels investigated in this  s tudy the  intensity 
correlation data have been processed by using the method of 
cumulants to obtain the average decay rate, ( r  ), and the variance, 
u = ((  r2) - ( r)z)/ (P)). We did not observe intensity correlation 
functions with two distinct decay r a t e~ ,~6*2~  as has been reported 
for polyelectrolyte solutions,l2 but rather a moderate distribution 
of exponential decays (u 6 0.1). We have verified that, for poly- 
(acrylic acid) solutions (Idw = 150 000), in the same range of 
concentration and zero neutralization degree, the  intensity 
correlation function shows two modes. Thus, the analysis of the 
correlation function is easier for gels than for solutions. However, 
in doing such an analysis, one must take into account the fact 
that the intensity scattered from longitudinal fluctuations of 
swollen networks is generally heterodyned to some extent by the 
quasi-static component due to nonrandom, long-range, stationary 
concentration fluctuations.28 These microscopic swelling 
inhomogeneities in the gel may produce an  error in the determi- 
nation of the flat background, B, of the autocorrelation function. 
Therefore, we have considered B as a fitting parameter in our 
data  analysis. Deviations of the fitted value from the value 
computed by the correlator ranged from 0.2% to 1.5%. 

In order t o  check whether t h e  scat tered signal is fully 
heterodyned, we measured the autocorrelation function obtained 
by mixing the scattered signal with an external oscillator using 
a Michelson-type interferometer. The comparison between the 
results obtained with and without reference beam has been 
discussed in a previous paper.% I t  has been shown that, for small 
scattering angles, the time-dependent term is fully heterodyned 
by the static scattering, while, for large scattering angles, the 
measured signal corresponds to a homodyne detection. 

The above-mentioned static scattering usually prevents the 
measurements of the scattered intensity from the  dynamic 
concentration fluctuations of gels. However, a t  large scattering 
angle, since the scattering regime is very close to a pure homo- 
dyne one, the  contribution from stat ic  scattering is small. 
Therefore, we have performed the light-scattering intensity 
measurements a t  a scattering angle of 90' (q = 2.42 X A-l) 
without correction for the static scattering from heterogeneities. 
I t  must be added that very recent experiments performed on large 
samples of ionized gels showed no angular dependence of the 
scattered intensity and a pure homodyne behavior in the 25- 
140' range of scattering angles. T h e  behavior of scattered 
intensity as a function of ionization degree and of salt content 
is the same as that reported here.29 

4. Shear Modulus Measurements. The shear modulus can 
be obtained in a uniaxial compression experiment if the volume 
of the sample is kept constant. In practice, for gels this is achieved 
by performing the  measurement in a time shorter than the 
characteristic deswelling time of the gels. In the experimental 
setup used in this study, the cylindrical gel is compressed by a 
piston attached to a calibrated force sensor. The displacements 
of the piston are controlled through a micrometric screw. For 
each displacement, the corresponding force, g, is measured. For 
neutral swollen gels, the plot of g/S/(X' - l / X ' 2 )  vs l / X '  gives 



Macromolecules, Vol. 24, No. 1, 1991 Partially Neutralized Poly(acry1ic acid) Gels 227 

102 1 

Figure 1. Intensity scattered by gels with different ionization 
degrees and the  same polymer concentration, C, = 1.44 M 
(logarithmic scales): (0) a = 0.006; ( 0 )  0.013; (0) 0.022; (A) 0.051; 
(+) 0.1; (V) 0.4; (X)  0.8. 

usually horizontal straight lines. Here S is the surface of the un- 
deformed gel and A' is the elongation ratio of the gel. The plateau 
value in this representation corresponds to the value of the shear 
modulus, p. Horizontal straight lines are also obtained in the 
above representation for the ionized gels, which allows one to 
determine with a good accuracy the shear modulus. Values of 
A' during the experiment are typically between 1 and 0.8. 

111. Experimental Results 
1. SANS Experiments. Typical scattering curves are 

shown in Figure 1. As a constant and general trend, one 
observes a decrease of the scattering intensity when the 
ionization degree is increased. 

At first sight, the systems can be divided into two series, 
depending on the range of ionization degree. 

For small neutralization degrees (f < O.l), the intensity 
scattered at  high q values is independent of the value of 
f and decreases as q-a, with 1.7 Q a < 2.1. At smaller q 
values, the structure factor seems to reach a plateau value 
that becomes lower as the ionization degree increases. 

For higher neutralization degrees (f > O.l ) ,  experiments 
become very difficult because the scattered intensity is very 
weak and the standard error is rather large. In the 
investigated q range, the scattered intensity increases 
steadily with the value of the scattering vector. 

From the data of Figure 1, one could guess that  all 
samples exhibit the same general behavior in the high q 
range (0.1 < q (A-1) < 0.5), Le., the scattered intensity being 
a decreasing function of q. This would correspond to a 
maximum around q - 0.2 A-' in the intensity scattered 
from the highly charged samples. The existence of such 
a maximum in the scattered intensity has been reportedlo 
for salt-free NaPSS solutions. The expected position of 
this hypothetical maximum in the scattering curves of 
Figure 1 would be consistent with the well-known CP1l2 
dependence of the peak position in NaPSS ~ystems.~~*+JO 
Here, C, is the molar concentration in monomers. 

A closer examination of Figure 1 suggests that  the 
intensity scattered by the sample with f = 0.1 exhibits a 
smeared maximum. The presence of a peak appears more 
clearly in samples with smaller polymer concentration and 
neutralization degrees, as shown on Figure 2. Figure 3 
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Figure 2. Plot on linear scales of the intensity scattered by gels 
with (a) different ionization degrees and the same polymer 
concentration, C, = 0.707 M, and (b) the same ionization degree, 
a u 0.1, and different polymer concentrations. 

summarizes the experimental conditions (concentration 
and ionization degree) where the peak can be observed 
within the q range allowed by the SANS technique. 

The decrease of the neutralization degree induces a shift 
of the peak position to  smaller q values (Figure 2a). 
Decreasing the polymer concentration has the same but 
much weaker effect (Figure 2b). It must also be noted that 
the structure factor of the most diluted sample (C, = 0.42 
M), which corresponds to a solution of highly branched 
polymers (cf. the Experimental Section), does not differ 
qualitatively from those of the macroscopic gels obtained 
at  higher polymer concentrations. The positions and 
heights of the maxima are listed in Table I. 

Turning now to the high q regime, one must recall first 
that, for polymer systems above the overlap concentration, 
C*, the intermediate scattering regime corresponds to q-1 
values in between the monomer size and the blob size.31 
In this regime, the intensity, I ( q ) ,  should be proportional 
to the monomer concentration, C, and Z(q)/C should be 
independent of the concentration. Clearly, this is not the 
case in our experiments. If we consider samples with 
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Figure 4. Evolution of the scattering intensity with the amount 
of added NaBr. C, = 0.707 M; (Y = 0.101. 

neutralization degrees smaller than 0.3, the scattering 
curves coincide a t  high q values for a given polymer 
concentration (Figures 1 and 2a), but this is not true for 
samples with the same neutralization degree and different 
concentrations (Figure 2b). These observations suggest 
that ,  for these highly concentrated samples, the true 
asymptotic regime cannot be reached. Thus, the values 
of the exponent a in Table I are not simply related to the 
local conformation of the polymer chains. 

We cannot exclude a possible variation of the scattering 
length density of the polymer due to complicated solva- 
tion effects for high polymer concentration. This would 
explain the increasing shift of the scattering curves when 
increasing the polymer concentration. This effect would 
not prevent us from measuring the peak position. However 
it would affect the absolute values of the scattering 
intensity by numerical factors that can be determined by 
forcing the superposition of the curves in the high q range. 
As a matter of fact, it appears that, by taking into account 
these numerical factors, one improves the agreement 
between the experimental peak intensities and the 
predictions of the theoretical model. 

Finally, it must be mentioned that, in the case of poly- 
electrolytes systems, it is no longer allowed to neglect the 
intensity scattered by the counterions for C, N 1.4 M, when 
f 2 0.4 and q > 0.1 A.32 

The influence of added salt on the scattering intensity 
is shown in Figure 4. The addition of NaBr does not 
change the intensity scattered a t  high q values. On the 

l o 4  
1 10 

Figure 5. Variation of the shear modulus with the polymer 
concentration for gels with a neutralization degree equal to zero. 
The cross-linking degree is kept to R = 4.7 X 

200000 I I 

o_ looooo t 
50000 I @  

t *  I 
0 '  " '  " " '  ' I 

0 0.005 0.01 0.015 0.02 0.025 

R 
Figure 6. Variation of the shear modulus with the cross- 
linking degree, R, defined as the ratio of molar bis(acry1amide) 
to molar acrylic acid concentration. The neutralization degree 
is zero, and the polymer concentration is C, = 1.44 M. 

other hand, the peak position shifts to smaller q values 
and its amplitude increases as the concentration of added 
salt increases. Finally, the peak disappears while the 
intensity at  zero q value increases as the salt concentration 
is further increased. 

2. Elastic Moduli. Shear Modulus. The variation 
of the  shear modulus as a function of the polymer 
concentration in the reaction bath is shown on Figure 5 
for gels with no neutralization. The ratio bis(acrylamide)/ 
acrylic acid is kept constant. It was not possible to measure 
the shear modulus of gels with smaller concentra- 
tions because these gels are too sticky to be easily handled. 
On this limited concentration range, i t  is possible to  
describe the data with an empirical power law p - Cpx 
where x N 1.8 (Figure 5). Even though no definite 
conclusion can be drawn from this limited amount of raw 
data, it is worthwhile to point out that such a dependence 
of the shear modulus on the concentration of preparation 
is much stronger than the linear dependence predicted by 
the classical theory of rubber elastic it^.^^ Clearly, these 
results show that  the molecular weight of elastically 
effective chains does not remain constant as the polymer 
concentration is increased. In fact, i t  is well-known that, 
in a radical-type reaction, the amount of disproportion- 
ation or termination reactions depends on the concen- 
tration in the reaction bath. This parameter is also known 
to be implied in the formation of the number of trapped 
entanglements.34 Furthermore, several studies have shown 
that the radical copolymerization leads to a nonrandom 
cross-linking that generates inhomogeneities in the ge1.28 
Thus, the combined effects of dangling ends, loops, trapped 
entanglements, and nonrandom cross-linking are likely to 
be at  the origin of the behavior observed in Figure 5. 

Figure 6 shows the influence of the cross-linking degree 
on the shear modulus, for a polymer concentration C = 
0.1 g/cm3 and a neutralization degree f = 0. Under these 
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Table I 
Characteristics of the Samples Studied by SANS 

A ( A - V )  = 
sample Cp M ff C,, M exponent a 102q, A-1 1o2I(9*) K-' ,  A (9*2 + K 2 ) / ( U W  

GlOOO 
Cl00l 
G1002 
G1005 
GlOlO 
G1040 
G1080 

G500 
(3502 
G510(1) 
G530 
GlOOO 
GI002 
GlOlO 
1030 
(21500 
G1502 
G1510 
G1530 

G32 
G35 
G310 
G52 
G55 
G510(2) 
(2510-3 
G510-2 
G5105-2 
G510-1 

N 
E 
Y 

I? 
3. 

c x 

1.441 
1.441 
1.441 
1.442 
1.442 
1.445 
1.450 

0.707 
0.707 
0.707 
0.708 
1.441 
1.441 
1.442 
1.444 
2.204 
2.204 
2.207 
2.212 

0.419 
0.419 
0.419 
0.702 
0.702 
0.702 
0.702 
0.702 
0.702 
0.702 

0.006 
0.013 
0.022 
0.051 
0.100 
0.400 
0.800 

0.009 
0.023 
0.101 
0.300 
0.006 
0.022 
0.100 
0.300 
0.005 
0.021 
0.100 
0.300 

0.025 
0.052 
0.101 
0.023 
0.051 
0.101 
0.101 
0.101 
0.101 
0.101 

0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0.001 
0.01 
0.05 
0.1 

April 1988 
1.77 f 0.02 
1.7 Cl 0.02 
1.83 f 0.03 
1.59 f 0.04 
1.58 f 0.04 6.12 f 1.90 

January 1989 
2.02 f 0.03 
2.01 f 0.03 
1.83 f 0.06 

2.23 f 0.05 
2.28 f 0.05 
1.84 f 0.12 

1.98 f 0.04 
2.07 f 0.06 
1.47 f 0.09 

1.98 f 0.45 
5.59 f 0.99 
8.68 f 1.73 

6.27 f 2.34 

4.60 f 1.43 

June 1989 
1.79 f 0.01 
1.38 f 0.02 
1.23 f 0.02 
1.82 f 0.02 
1.83 f 0.03 
1.85 f 0.04 
1.6 f 0.04 
1.7 f 0.04 
1.66 f 0.03 
1.41 f 0.01 

BOO00 I 

1 20000 

O L  I 

ionization a 
0 0 1  0 2  0 3  0 4  0.5 0 6  0 7  

Figure 7. Variation of the shear modulus with the ionization 
degree. The cross-linking degree is R = 4.7 X 10-3, and the 
polymer concentration is equal to 1.44 M. 

conditions the ionization degree can be estimated to be 
around 6.5 X Again, the simplest theory predicts that 
the shear modulus is proportional to the concentration of 
elastic chains. At constant polymer concentration, this 
leads to a proportionality between the shear modulus and 
the cross-linking degree. Clearly, this simple assumption 
cannot explain the data in Figure 6. Here, we do not want 
to elucidate this difficult problem, but we just want to 
underline the  fact t h a t  a variation of the polymer 
concentration and/or the cross-linking degree produces 
a complex change of the network structure. 

Figure 7 shows the dependence of the shear modulus 
on the ionization degree, a. For each a value, the two 
points correspond to measurements on two different 
cylindrical pieces of the same gel. I t  appears that results 
are more difficult to reproduce when the neutralization 
degree is nonzero. In fact, for samples with no neutrali- 
zation, the same procedure has given couples of values that 
are not distinguishable on the scale of Figures 5 and 6. In 
spite of the scattering of the data, we observe that the 
introduction of charges reduces weakly the shear modulus 

1.86 f 0.37 
3.20 f 0.23 
3.99 f 0.49 
1.96 f 0.51 
3.69 f 0.56 
5.55 i 1.38 
5.06 f 0.95 
4.21 f 0.98 

8.0 f 2.0 

35.4 f 3.0 
7.2 f 1.9 
2.2 f 0.8 

9.2 f 7.8 

10.9 f 1.4 

23.3 f 2.6 
11.0 f 0.7 
6.8 f 0.7 

30.7 f 3.6 
13.1 f 1.6 
6.7 f 2.5 
7.1 f 1.8 
8.6 f 2.2 

46 
32 
24 
16 
11 
6 
6 

54 
34 
16 
9 

46 
24 
11 
7 

41 
20 
9 
5 

42 
29 
21 
34 
23 
16 
16 
14 
10 
8 

3.90 f 0.90 

2.66 f 0.43 
3.35 f 0.61 
3.06 f 0.55 

3.96 f 1.11 

3.83 f 0.5 

2.29 f 0.39 
2.65 f 0.22 
2.41 f 0.29 
2.63 f 0.48 
3.12 f 0.46 
3.32 f 0.81 
3.12 f 0.53 
3.21 f 0.47 

of the gels. We have no explanation for this behavior. Even 
the very fact that charges affect the shear modulus is a 
priori a quite new and surprising result. I t  has to be noted 
that the same result is obtained if the gel is neutralized 
after the copolymerization reaction is completed. Thus 
the observed behavior seems to be related to the existence 
of charges in the gel and not to a possible chemical effect 
due to the presence of charges during the reaction. 

Compressional Osmotic Modulus. A theory of light 
scattering from concentration fluctuations in gels has been 
given by Tanaka, Hocker, and Benedek.35 These authors 
show that the time-correlation function of concentration 
fluctuations in the gel is inversely proportional to the 
longitudinal modulus, M = KO, + (4/3)p, where KO,, the 
compressional osmotic modulus, is defined as the inverse 
of the osmotic compressibility, KO, = C dn/dC, where n 
is the osmotic pressure. In the limit q = 0, the excess 
intensity scattered from concentration fluctuations in the 
gel is given by 

(4) 

where kBT is the thermal energy and dn /dC is the 
increment of refractive index with the polymer concentra- 
tion C (in grams per cubic centimeter). 

The absolute value of the longitudinal modulus can be 
obtained if we know the apparatus constant, Ao. From 
standard textbooks on light ~ c a t t e r i n g , ~ ~  one has for 
vertically polarized incident light and a t  a scattering angle 
of n / 2  
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Figure 8. Evolution of the longitudinal modulus and of the shear 
modulus with the ionization degree (C, = 1.44 M). 

Here, Zref(s/2), Rref(~/2),  and nref are, respectively, the 
scattering intensity at  s / 2  angle, the Rayleigh ratio, and 
the refractive index of a reference sample. In our case the 
reference is benzene. The values of the refractive index 
and of the Rayleigh ratio have not been measured for XO 
= 4880 A, and we have calculated them by interpolation, 
using the known values at  XO = 4360, 5460, and 6328 A. 
We have found nref cm-l. 
We have measured I r e f ( ~ / 2 )  = 178.6 in our arbitrary units. 
This leads to A0 N 7.1 X 

Kitano et  al.'g have measured the quantity dn/dC for 
dilute solutions of poly(acry1ic acid) in water. They have 
found that dn/dC increases linearly from 0.12 to 0.18 as 
the neutralization degree increases from 0.1 to 1 in low ionic 
strength solutions. We were not able to measure the 
refractive index increment in our systems, and we assumed 
that the values obtained in dilute solutions did not change 
at higher concentration. We used dn/dC N 0.115 + 0.068f, 
as estimated from the data in ref 19. 

The striking effect of coulombic interactions on elastic 
moduli is illustrated in Figure 8: the introduction of charges 
into a gel reduces slightly the shear modulus but enhances 
strongly the longitudinal modulus as a result of the osmotic 
contribution of the free counterions. The data in Figure 
8 allow one to extrapolate the values of the elastic moduli 
to zero ionization degree. One obtains for the longitudinal 
modulus M = 2.5 X lo5 dyn/cm2 and for the shear modulus 
p = 6.7 X lo4 dyn/cm2. Therefore, the extrapolated values 
K,,n and p are of the same order of magnitude as for usual 
neutral gels. 

In the limit of small ionization degrees, we can split the 
longitudinal modulus into three contributions, writing 

M = KO,,, + KO,,, + (4 /3h  (6) 
where KO,,, and K O , , ,  are the compressional osmotic 
modulus due, respectively to the neutral polymer network 
and to the free counterions and p is the shear modulus of 
the neutral network. The contribution of charges to /.L is 
neglected here since it is small (see Figure 7). In fact, the 
free counterions contribution, K,,,, is much larger than 
the neutral network contribution, as shown in Figure 8. 
The osmotic pressure, re, associated with the free coun- 
terions is 

1.510 and Rref(s/2) N 4 X 

au/cm3. 

T, = k B T h  (7) 
where CP is the number of monomers per unit volume and 
a the  ionization degree. Using the definition of the 
compressional osmotic modulus, we obtain the same 
expression for KW,* 

Thus, if we neglect the neutral network contribution in 
(6) and replace M by Kos,e in (4), we find that the excess 
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Figure 9. Plot of the normalized intensity (see text) scattered 
at q = 2.42 X as a function of C,/a. 
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Figure 10. Scattered intensity (q = 2.42 X lC3 A-1) as a function 
of salt concentration for different ionization degrees. The polymer 
concentration is kept to C, = 0.707 M. 

scattering intensity corrected by the proper dn/dC factor 
should be proportional to the ratio C , / (Y .~~  This is observed 
quite nicely in Figure 9, where points corresponding to 
samples with four different polymer concentrations and 
varying neutralization degrees fall along the same line. This 
feature shows that KO,, gives the dominant contribution 
to M as soon as the ionization degree is larger than a few 
percent. However, as the polymer concentration increases, 
p becomes larger (Figure 5 )  and this approximation needs 
higher ionization degrees (-0.1) to be valid. 

Figure 10 shows the effect of added salt on the intensity 
scattered by gels with the same polymer concentration but 
different ionization degrees. This effect becomes more 
important as the ionization degree decreases. This is easy 
to understand qualitatively since the importance of salt 
effects should be related to the ratio of the Debye- 
Huckel length to the mean distance between charged 
monomers. The latter increases as the ionization degree 
decreases, while K - ~  is essentially fixed by the  sal t  
concentration. Thus, for a given salt concentration, the 
interactions between the well-separated charges of a weakly 
neutralized gel are completely screened. This is not true 
for highly charged samples near Manning's condensation 
threshold. Thus, we can expect that  the ratio of the 
distance between two charges along the chain to the Debye  
Huckel length, Le., CY-~ /K-~ ,  will play an important role. 
Since K / ( Y  - (aC, + 2C,) ' l2/a,  the simplest function that 
recovers the right behavior in the absence of salt is Af(C,)  - ( K / ( Y ) ~ .  The same result will be derived more rigorously 
in the discussion. 

Cooperative Diffusion Coefficient. The variation of 
the cooperative diffusion coefficient, D,, with the ionization 
degree is shown on Figure 11 for different polymer 
concentrations. As a general trend, the introduction of 
charges into the gels increases steadily the value of D, for 
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becomes independent of the ionization degree and polymer 
concentration. 

10.' L 
0.001 0.01 0.1 1 

ionization a 

Figure 11. Variation of the cooperative diffusion coefficient with 
the ionization degree for different polymer concentrations. 
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Figure 12. Influence of added salt (NaC1) on the cooperative 
diffusion coefficient for different polymer concentrations and 
ionization degrees. 

a given concentration.26 The curves corresponding to each 
polymer concentration are crossing each other for an 
ionization degree, a, of around 0.02. This means that, for 
a - 0.02, the cooperative diffusion coefficient is independ- 
ent of the polymer concentration for the gels investigated 
here. This allows us to define two different regimes in 
Figure 11, depending on whether a is smaller or larger than 
0.02. For small a values (a < 0.02), coulombic interactions 
can be considered as a perturbation of the concentration 
fluctuations in the gel: typically for a N 5 X 10-3 and C 
= 0.1 g/cm3, the contour distance on the chain between 
two charges (-500 A) is larger than that between two 
neighboring cross-links (-250 A). Thus, as in neutral gels, 
D, increases with the polymer c~ncen t r a t ion .~~  When a - 0, the D, (C) variation approaches that of nonionic gels. 

For larger a values ( a  > 0.02), the opposite behavior is 
observed: for a given ionization degree, the cooperative 
diffusion coefficient decreases when the polymer concen- 
tration increases. Nevertheless, it has been shown in a 
preceding paper27 that the cooperative diffusion of these 
gels is insensitive to a variation of cross-linking degree for 
a given polymer concentration. In this respect, the gel 
behaves as a semidilute solution of long polymeric chains. 

The salt effect is illustrated in Figure 12. It is seen that 
the addition of salt produces a large decrease in D, for all 
the ionization degrees except ths  smaller ones. This 
behavior is the opposite of that observed for the scattered 
intensity, where the less charged samples were found to 
be the most sensitive to the addition of salt. Moreover, 
the addition of salt produces a larger decrease of the D, 
value when the polymer concentration decreases. For the 
smallest ionization degrees, it seems that above a certain 
salt concentration, the cooperative diffusion coefficient 

IV. Discussion 

The most interesting feature of the SANS results is the 
presence for some systems of a peak in the structure factor 
(cf. Figure 3). The existence of a peak in the intensity 
scattered by a NaPAA solution with f = 0.1 was already 
mentioned 10 years The  theoretical models 
developed for semidilute solutions of polyelectrolytes in 
the limit of strong coupling predict such a peak. The 
isotropic model proposed by de Gennes et ala1 is based on 
the concept of the screening length, 5, used in semidilute 
solutions of neutral polymers. At  scale lower than 5, the 
electrostatic interactions are important and result in a fully 
exerted excluded volume between monomers. Beyond 5, 
the electrostatic interactions are screened by other chains 
and each chain is Gaussian a t  large scale. In this model 
the peak of Z(q) demonstrates the short-range order arising 
from the hard-sphere-like repulsion between blobs. Hay- 
ter et al .13 proposed that each polyion creates a correlation 
hole of radius K-', from which other polyions are expelled. 
The common feature of these models as well as of the 
scaling approaches developed by Odijk2 is the CP1f2 
dependence of q*, the wave vector corresponding to the 
maximum of Z(q). 

The weak coupling limit, Le., the range where the contour 
length between two successive charges on the chain is larger 
than both the Bjerrum length and the Debye-Huckel 
length, has been considered by P f e ~ t y . ~  For long chains 
at concentrations just above the crossover concentration, 
Cp*, and without added salt, the correlation length, 5,  varies 
with a and C, according to 

The above relation is obtained for the case where the 
effect of small ions can be ignored. As the polymer and/ 
or salt concentration is increased, this effect cannot be 
neglected and, locally, the chains become successively 
swollen and then Gaussian. 

More recently, a model has been proposed718 for weakly 
charged polyions having an amphiphilic character, due to 
a poor solubility of the polymer backbone in water. 
According to this model, in the semidilute regime, these 
systems are liable to form mesophases consisting in 
polymer-dense and polymer-dilute regions arranged in a 
periodic array. Above the mesophase-separation transition, 
the structure factor, S(q), has a peak at a finite wavevec- 
tor q* tha t  fixes the period of the mesophase. The  
variations of q* as a function of polymer concentration and 
ionization degree are given by 

(q*2 + K 2 ) 2  = - 2 4 A 1 9 a 

where 1 is the Bjerrum length, a is the monomer size, and 
g' is a numerical factor equal to l / 2  or ll3, depending on 
the value of (Nq*2a2/6).  

EquationQ predicts that, upon increasing the polymer 
concentration and/or the ionization degree, the peak 
position moves to larger values of the wavevector. On the 
other hand, for given a and 9 values, the addition of salt 
increases K~ and the peak shifts to lower q values according 
to (9). When K is larger than ( 2 4 ~ l a ~ @ / g ' a ~ ) ' / ~ ,  the peak 
disappears and S ( q )  decays monotonically to zero. 

When the polymer concentration is not too large and 
the salt concentration small compared to a+, the amplitude 
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Figure 13. Plot of the quantity q*2 + K~ as a function of the 
ionization degree for different polymer concentrations. According 
to (9), this representation should give straight lines crossing the 
origin, with the slope proportional to CP1/*. 

S(g*) of the peak can be approximated by7n8 

CYL 

which can also be written by using eq 9: 

A t  first sight the above model is liable to describe the 
SANS spectra obtained in this study in the weak coupling 
range 0.02 < a < 0.1 where a peak is present. 

The experimental results reported in Figures 1, 2, and 
4 are in qualitative agreement with the predictions of (9) 
and (11). For instance, it can be seen that the position 
of the peak shifts toward lower values when the ionization 
degree or the polymer concentration is decreased. The 
addition of salt produces the same effect. In order to 
perform a quantitative comparison, we have calculated for 
different samples the ratio (q*2  + K ~ ) / ( C & ~ / ~ ) ,  which, 
according to (9), should be a constant A = (24~ l /g ’a~) ’ /~ .  
The results reported in Table I show that, for a given 
polymer concentration, (g*2 + K ~ ) / c Y W / ~  is in the first 
approximation independent of CY and of C,. However, one 
observes a slight increase of this quantity with the polymer 
concentration. Figure 13 shows the variation of q*2 + K~ 

as a function of the ionization degree for different polymer 
concentrations. According to (9), this representation 
should give straight lines passing through the origin. The 
agreement is quite good, in particular, for the gels with 
C, = 0.71 M: points corresponding to samples in pure or 
salted water lie along the same line. On the other hand, 
the slopes of the straight lines are not proportional to Cp1/2, 
I t  must also be noted that the calculated value of A ,  using 
1 = 7 A, g’ = 1/2 ,  and a = 2.5 A, is A = 13 A-lJ2. In fact, 
the above calculation does not take into account the natural 
persistence length, L,, of the polymer that for PAA is L,  
N 12 A. Replacing a2 by L,a in the expression of A ,  one 
finds A N 8.2 k 1 I 2 ,  which is of the same order of magni- 
tude as the experimental values. 

Looking to the salt dependence for the series of gels, at  
concentration 0.71 M and ionization degree 0.1, and using 
the average experimental value A = 3.1 A-1/2, one finds 
that the peak should disappear for K > 0.08 A-1. This 
corresponds to a salt concentration C, = 0.025 M. Indeed, 
we observe experimentally that, for C, = 0.05 M, Z(q) decays 
monotonically to zero while there is still a peak for C, = 
0.01 M. The domain of polymer concentration and 
ionization degree in which a peak of I ( q )  is observed in 
the absence of salt is also consistent with the model. 

As mentioned above, the behavior of the scattered 
intensity at  the peak can be analyzed in terms of (10) and 

0‘ o b  
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Figure 14. Variation of the peak intensity a function of Cp’J2/a 
for different polymer concentrations. The straight line 
corresponds to the theoretical prediction of (11). 

(11). Equation 11 gives quite a nice description of the 
experimental results (Figure 14). On the other hand, using 
the representation associated with (lo), Le., I ( q )  vs (q*2 
+ K ~ ) / ( Y ~ ,  we obtain a splitting of the data in straight lines 
with polymer concentration dependent slopes. 

This feature reflects again the variation of the coefficient, 
A,  with the polymer concentration. PlottingI(q*) vs (UC,~/~, 
we have implicitly supposed that A was a constant for all 
the samples, independent of the concentration. On the 
other hand, the quantity (q*2  + K 2 ) / a 2  contains the 
experimental A value that is found dependent on the 
polymer concentration. Thus, it seems that the theory 
describes correctly the concentration dependence of the 
peak intensity but fails on predicting the concentration 
dependence of the peak position. This disagreement might 
originate in the network nature of the systems. 

We know that the unneutralized PAA gels can undergo 
a phase separation, since upon lowering of the pH or the 
temperature, they become opalescent. This corresponds 
to a macroscopic transition and is compatible with a very 
small g* value as predicted by (9). As a matter of fact, it 
was shown long ago39 that, due to hydrogen bonding, PMA 
and PAA chains have a poor solubility in water solutions 
with low pH. However, the presence of cross-links with 
low solubility and the unlocalized nature of the charges 
make these systems different from the ones considered by 
Borue-Erukhimovich and Joanny-Leibler in their  
theoretical models. I t  could be speculated tha t  the 
separation in dense and dilute polymer regions is favored 
by an expulsion of the charges from the high monomer 
density regions, around the cross-links. On the other hand, 
the presence of cross-links decreases the ability of the 
system to rearrange. Thus, cross-links may be responsible 
for two competing effects, and it is difficult to predict which 
one will dominate. It is, however, likely that the effect of 
cross-link constraints should increase with the cross- 
linking degree. 

Results presented in this paper correspond essentially 
to gels with the same value of the ratio R of cross-linker 
to monomer molar concentration ( R  = 4.7 X In the 
range of polymer concentration investigated, the shear 
modulus varies from zero, since for C, = 0.42 M there is 
no macroscopic gel, to 2.3 X IO5 dyn/cm2. As the increase 
of the shear modulus with polymer concentration is much 
larger than that predicted from the elasticity theory, one 
must conclude that it is partly due to an enhancement of 
the cross-linking. This is likely to be a t  the origin of the 
slight increase of the quantity A .  The rearrangement of 
the network structure at  large scales could be hindered by 
the cross-links, producing a quenching of a too large q* 
value for the high polymer concentrations. 

These points are conjectures that should be clarified in 
future experiments. Another important point to keep in 
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Figure 15. Plot of the data in Figure 11 as a function of ( K /  
a)*. 

mind is that the topological architecture of these radical- 
type gels may be quite similar to the one proposed for poly- 
( a ~ r y l a m i d e ) ~ ~  or copolymerized styrene-divinylbenzene 
gek41 The influence of the topology of the network is not 
taken into account in the theoretical model. 

The above theoretical model is successful in analyzing 
the light-scattering data. The intensity scattered at small 
q values is given by 

1 K2 S(0) = - - 4r l  a2 

This result could also be obtained directly from a mean- 
field theory of the semidilute regime that gives S(q=O) = 
u,-~.~' The electrostatic excluded-volume, ue, is easily 
calculated by using the definition ue = a2Sd3r (1 - e - 9 ,  
where V(r)  is the screened electrostatic potential V(r) = 
( 1  /r)e+. 

Figure 15 shows the same data as in Figure 10, using 
the representation of (12). The data gather around a 
straight line, which gives a strong support to the validity 
of (12). 

The QELS experiments are more difficult to interpret. 
In neutral gels, the cooperative diffusion coefficient, D,, 
is given by35 

D, = M/f,  (13) 
where f r  is the friction coefficient per unit volume. By use 
of the Kubo method, D, can be expressed in terms of a 
hydrodynamic correlation length, (H42 

where tl is the viscosity of the solvent. A t  swelling 
equilibrium, 5~ is correlated to the mesh size of the neutral 
network. 

In the case considered here, it would be tempting to 
associate 51.1-l to the position q* of the peak observed by 
the SANS technique. The variations of D, with a and C, 
a t  a given polymer concentration are qualitatively in 
agreement with this a s ~ u m p t i o n . ~ ~  However, at a given 
a 2 0.02, t~ increases with polymer concentration, which 
is the opposite behavior of that of q*-'. Turning back to 
(131, we can replace the longitudinal modulus, M, by K,,,, 
since the latter is the major contribution in (6). Then in 
the absence of added salt, we obtain a very simple 

expression for D,: 

Assuming that the friction between polymer chains and 
solvent is the same as that in neutral gels would lead to 
a al.5 or a2 dependences of f r ,  depending on whether the 
chains are swollen or Gaussian.42 This would lead 
qualitatively to the observed decrease of D, as the polymer 
concentration is increased. However, to account for the 
experimental variations of D, with a and a, one must 
assume that f r  is function of both and a. This is not 
surprising since the actual structure of the system as 
evidenced by the peak of the structure factor depends on 
these parameters. 

V. Conclusion 
The set of results reported here is broadly consistent 

with the model of mesophase-separation transition. In 
particular, the data relative to the effects of C, and a on 
the peak observed in SANS experiments provide some 
arguments in favor of this model. The variations of g* as 
the polymer concentration is changed are more difficult 
to understand. Some specific effects of the finite shear 
modulus are likely to be implied in the observed behavior. 

The variations of the shear modulus with polymer 
concentration and cross-linking density show that the 
structure of the gels change in a complicated manner with 
these parameters. The decrease of the shear modulus as 
the ionization degree increases is yet to be understood. 

On the other hand, the behavior of the compressional 
osmotic modulus can be explained in a satisfactory way 
by very simple considerations. 

This contrasts with our understanding of the dynamical 
properties of these gels. To take into account the observed 
behavior, we must introduce into the equations a friction 
coefficient that has a complex dependence on polymer 
concentration, ionization degree, and salt concentration. 
More sophisticated theoretical methods should be 
developed to elucidate this point. 

Finally there is still work to be done to understand more 
clearly if the cross-links and the delocalization of the 
electric charges influence the microphase-separation 
transition. It might be of interest to investigate systems 
with more soluble cross-linking agent and polymer chains 
with localized charges. Studies as a function of the 
temperature should allow us to observe the phase 
transition. They are now in progress. 
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