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Concentration on the Collapse and Mechanical Behavior of 
Polyacrylamide Networks f 
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I62 06 Prague 6, Czechoslovakia. Received October 30, 1981 

ABSTRACT: The mechanical and swelling behavior of ionized networks of copolymers of acrylamide with 
a small amount of sodium methacrylate (molar fraction of sodium methacrylate x m a  = 0 . 0 2 4 )  in acetonewater 
mixtures a t  pH 7.5 was investigated. In the range X M N ~  2 0.008, a phase transition of the gels was detected; 
the extent of the transition A (given by the difference in the volume change of the network) and the critical 
value of the interaction parameter xc in the transition (given by the composition of the acetonewater mixture) 
can be described in terms of a molecular theory suggested earlier describing the swelling equilibria of po- 
lyelectrolyte networks. The modulus value in the phase transition also exhibited a jumpwise change adequately 
correlated to a volume change in the network collapse. 

The coexistence of two polymer phases differing in the 
chain conformation and concentration of segments in the 
swollen polymer network has been predicted theoretical- 
l ~ ' - ~  and proved experimentally on polyacrylamide 
(PAAm) networks swollen in acetone-water  mixture^.^-^ 
The decisive role in the formation of phase transition 
(collapse) of PAAm networks was played by the time of 
gel (or curing). The original explanation4 that 
the network density v markedly increases with the gel 
ageing has not been confirmed experimentally; mechanical 
experiments showed that v remains constant with curing.6 
The most recent experiments have demonstrated the 
presence of charges (due to the hydrolysis of the PAAm 
chain) in the collapse of PAAm gels;'v8 also, theoretical 
analysis of the Flory equation: originally suggested in 1953 
for free energy of an ionized swollen network, AF, dem- 
onstrated the conclusive effect of charges on the existence 
of the phase transition.' 

In our preceding paperlo based on a quantitative analysis 
of a more advanced theory of swelling equilibria of po- 
lyelectrolyte networks (including both the reference state 
of the polymer network and the change in the free energy 
of electrostatic interactions with swelling), the possible 
existence of a phase transition in the PAAm gels was an- 
alyzed; it was found that approximately 1 mol% of the 
charges on the PAAm chain affects the free energy A F  to 
such a degree that the gel may collapse. So far, however, 
there are no quantitative experimental data between the 
occurrence of the collapse and its intensity, on the one 
hand, and the charge concentration on the chain, on the 
other. Also, the mechanical behavior during the collapse 
has not yet been studied, and it  can be expected that the 
jumpwise change in the gel volume will cause a jumpwise 
change also in other physical characteristics and, conse- 
quently, in the modulus. 

This paper is concerned with an investigation of the 
effect of charge concentration on the intensity and position 
of the collapse and also on the mechanical behavior of 
PAAm gels in acetone-water mixtures. The charge con- 
centration on the PAAm chains is quantitatively controlled 
by the copolymerization of acrylamide with a low amount 
of sodium methacrylate and by a suitably chosen pH value 
of the mixture. 
Experimental Section 

Sample Preparation. The gels were prepared by using 5 g 
of acrylamide (AAm), 0.135 g of N,"-methylenebis(acry1amide) 
(MBAAm), 20 mg of ammonium persulfate, and 20 mg of sodium 

'For part 1, see: Ilavskjl, M. Polymer 1981, 22, 1687. 

pyrosulfite (the latter was used instead of the usual tetra- 
methylenediamine in order to suppress as much as possible the 
spontaneous hydrolysis of the PAAm chain, enhanced by the basic 
character of tetrameth~lenediamine~,~). Six series of networks 
were prepared-A, B, C, D, E, and F-in which the molar fraction 
of sodium methacrylate xMNa was, respectively, 0, 0.004, 0.008, 
0.012, 0.016, and 0.024. All ingredients, with the exception of 
sodium py-rmulfh, were dissolved in water, and the solutions were 
flushed with nitrogen, after which pyrosulfite was added and the 
solution was taken to a 100-mL volume. On stirring, the solution 
was dosed into test tubes -1 cm in diameter; the test tube 
contents was again flushed with nitrogen, and the tubes were 
sealed. At room temperature the polymerization proceeded -3 
h; after that, the gels were removed from the test tubes and cut 
into samples -1 cm long. 

Swelling. Acetone-water solutions in the range 0-80 vol % 
acetone prepared from redistilled water and acetone (analytical 
purity grade) were used for swelling (Table I). Swelling in 
mixtures with a low content of acetone (<50 vol %) was carried 
out on samples immediately after completion of polymerization. 
About half of the samples were partly dried after polymerization 
and used for swelling in mixtures with a high content of acetone 
(>40 vol %); if the samples were used directly after polymerization, 
in mixtures with a high content of acetone, heterogeneities ap- 
peared due to microsyneresis, and the samples remained unho- 
mogenized even after 2 months' time. On the other hand, direct 
swelling of dried samples in mixtures with a low content of acetone 
caused destruction of the networks as a result of the fast swelling 
of the sample surface. Series A was swollen for 2 weeks in 
water-acetone mixtures prepared earlier (pH -6-6.5) and also 
in mixtures with pH adjusted to 7.5. The other series were first 
swollen 7 days in the original mixtures, and after that the pH of 
the mixture was adjusted to 7.5 with concentrated NaOH (pH 
7.5 guarantees that in the networks B-F the degree of ionization 
a equals the molar fraction of sodium methacrylate xMNa, with 
an accuracy better than 0.5% of the originally weighted amount). 
After another 7 days of swelling (measurement of the time de- 
pendences of the gel weight showed that such a time was sufficient 
for attaining equilibrium swelling), the swelling ratio X, related 
to the state of network formation, was determined from the 
relation 

(1) 
where D and D*, respectively, are the sample diameters after 
swelling in mixtures and after preparation and V and V*, re- 
spectively, are the sample volumes after swelling in mixtures and 
after preparation. The sample diameters were measured with an 
Ab% comparator (Zeiss Jena, accuracy h0.002 mm); the X values 
summarized in Table I are the average from a t  least four mea- 
surements. 

Mechanical Measurements. The deformation experiments 
in a simple compression were carried out with an apparatus 
described earlier" at room temperature on the same samples as 
those used in the swelling measurement. A cylindrical sample 
was compressed between Teflon surfaces in the respective ace- 

X = (D*/D)3 = V*/V 

0024-9297/82/2215-0782$01.25/0 @ 1982 American Chemical Society 
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Figure 1. Dependence of the swelling ratio X (0,O) and modulus 
G (g cm-9 ( 0 , O )  on the acetone content a ( ~ 0 1 % )  in the mixture 
acetonewater for networks of series A (O,.) networks swollen 
at pH 7.5; (0, 0 )  networks swollen at pH -6. 

tonewater mixture through which nitrogen was passing. The 
force was recorded with a force transducer, range 1 kg (Hottinger 
Baldwin Mwtechnik); the deformation transducer operated with 
an accuracy of *0.002 mm. Two types of experiments were 
performed: (a) Measurements of the time dependences of force 
f ( t )  at constant deformation t = (1 - A) = 0.05 ( A  = l / l o ,  where 
1 and l,,, respectively, are the deformed and initial sample heights) 
were made in the time interval 10-3600 s. These measurements 
were used in the detemination of the time dependence of Young's 
modulus E(t )  = f ( t ) / cSo  (So is the initial swollen cross section of 
the sample) and the fraction Y = log ~(lO)/f(3600)] characterizing 
the magnitude of time effects in the mechanical behavior. The 
experiments were carried out on chosen samples, usually in the 
acetonewater mixture before the collapse and after it and in the 
mixture with 80 vol % acetone in all series of networks. (b) 
Measurements of the dependence of force f on compression X each 
time after relaxation for 30 s at a given X i  were made in the 
compression range 0.7 5 Xi 5 1. These measurements were used 
to determine the shear modulus G from the equation 

(2) 

The G values given in Table I are the average from measurements 
on at least two samples. 

Results and Discussion 
Swelling and Mechanical Characteristics. Figure 

1 shows that the dependence of the swelling ratio X on the 
acetone concentration in networks of series A is continuous 
and is not affected by the pH of the mixture. This allows 
one to infer that a gel swelling during 2 weeks at  pH 7.5 
does not virtually lead to detectable spontaneous hy- 
drolysis of the PAAm chain. These results are in accord 
with those obtained earlier4p6, in which gels after 15 days 
of ageing in water exhibited a continuous dependence of 
X on the composition of the mixture; with this time of 
curing, efficient hydrolysis occurs only at  much higher pH 
values (-12) (cf. ref 5). While in series B with xMNa = 
0.004 the dependence of X on the composition of the 
mixture is continuous, similar to series A, in the other 
series (C-F), with xMNa 1 0.008, a collapse takes place, the 
extent of which (given by the magnitude of the change in 
volume during the collapse) and the acetone content in the 
mixture in which the collapse appears increase with in- 
creasing content of sodium methacrylate (Figure 2, Table 

G = f/So(X-2 - A) 

j E -  l! 
1 1 .  , 

-10 -05 0 05 10 -10 -05 0 05  10 
log x log x 

Figure 2. Dependence of the swelling ratio X and modulus G 
(g cm-2) on the acetone content a (vol %) in the mixture ace- 
tone-water with pH 7.5: (0) X ;  (.) G .  

I). Thus, the increasing content of sodium methacrylate 
is reflected qualitatively in the same way as the time of 
ageing of PAAm  gel^^-^ (cf. Figure 1 in ref 7). 

Figure 3, which shows photographs of samples of the 
individual series a t  the critical composition of the mixture 
where the phase transition takes place, also demonstrates 
the increasing change in the sample volume during collapse 
with increasing xma;  such an increase is mainly caused by 
the increasing swelling of networks in the expanded state. 
Along with collapsed and expanded samples, a t  the critical 
composition of the mixture there also exist samples which 
are partly expanded and partly collapsed (cf., e.g., sample 
3 of series F at 50 vol % acetone, Figure 3). The existence 
of inhomogeneities in swelling indicates the coexistence 
of both the expanded and collapsed phases in a single 
sample. The coexistence of phases is probably stressed by 
inhomogeneities in the network density (as a consequence 
of high dilution at network formation), which also affects 
the critical composition of the mixture during the collapse 
(cf. the discussion below). 

Similarly to the swelling ratio X ,  the dependence of the 
modulus G on the composition of the mixture in series A 
is independent of pH of the mixture (Figure 1). While in 
the range xma I 0.004 the dependence of G on the acetone 
concentration is continuous, at a higher content of sodium 
methacrylate G exhibits a jumpwise change in the collapse 
region, which increases with increasing xMN, (similarly to 
the swelling ratio X ,  Figure 2). 

The dependence of the modulus G on the swelling ratio 
X is shown in Figure 4. In networks of series A, log G 
increases with log X in the range of high swelling with the 
slope s = 0.65, which is twice that theoretically predicted 
by the kinetic theory of rubber elasticity2 (s = 0.33). The 
increasing content of sodium methacrylate shifts the 
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Figure 4. Dependence of the modulus C (g cm-?, on the swelling 
ratio X for networks of series (0) A, (0) R. (0 )  C. (0) D. (0) E. 
and (e) F; (0 )  shows the extrapolated equilibrium C value of 
sample A swollen in the mixture with 80 vol 70 acetone. 
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Figure 3. Sample dimensions determined at critical concen- 
trations of the mixture acetonewater in which phase transition 
takes place. Capital letter denotes series of networks, and figure 
in parentheses denotes volume percent acetone in the mixture. 

modulus toward higher values; in all cases the log G vs. 
log X dependence in the range of large swelling is linear, 
with slopes = 0.65. Departures from the straight line in 
the range of low swelling, X > 8 (in these gels the volume 
Vp. = V,,,,), are due to the influence of the main tran- 
sition region a t  high acetone concentrations. 

A detailed measurement of the time dependences 
showed that the experimentally used regime, i.e., reading 
off the force values after 30 s of relaxation is sufficient to 
achieve equilibrium in samples with high swelling at X < 
8. The mixture with 80 vol % acetone exhibited pro- 
nounced time dependences of the modulus (example in 
Figure 5); extrapolation to the equilibrium with an earlier 
p r o c e d ~ r e l ~ ~ ’ ~  has in all cases considerably reduced the 
modulus, virtually to the expected dependence (Figure 4). 
The same extrapolation procedure applied to  samples in 
the range X < 8 gave extrapolated equilibrium values of 
the modulus that differed from those experimentally de- 
termined after 30 s of relaxation by less than 2.5%. The 
value Y = log [f(lO)/f(3600)] characterizing the magnitude 
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Fieure 5. Dewndence of the reduced modulus of networks of 

of time effects is also in agreement with such a conclusion 
(Table 11). In samples of all series it holds that both 
immediately before (YJ  and after (Yz)  the collapse Yl = 
Yz = 0.025 (decrease in the force by -5% of the initial 
value, with more than half of the decrease occurring within 
the first 30 8) .  whereas in samples with 80 vol % acetone 
the corresponding value Y3 is approximately 10 times 
higher (decrease in force by more than 70% of the initial 
value) and Y3 decreases with increasing xW. as expected 
(cf. Figure 4). 

The jumpwise change in the modulus occurring in the 
collapse and c h a r a c t e d  by the parameter AOog G) (=log 
G”- log G’, where G’is the modulus of the expanded gel 
at X’and G”is the modulus after the collapse at X”(cf. 
Figure 2D)) can be correlated with the volume change 
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A(1og X) (=log X”- log X? (Table 11). As expected, the 
A(1og G )  on A(1og X) dependence can, with good accuracy, 
be described by the slope determined earlier, s = 0.65 (i.e., 
A(1og G )  = 0.65A(log X)). 

Using extrapolated values of the modulus G for X = 1, 
one can determine the concentration of elastically active 
network chains related to the dry state v, (Table 11): 

u, = ( G / R T u o ) ( r 2 ) i / ( r 2 ) 0  (3) 

where R is the gas constant, T is temperature, uo is the 
volume fraction of the polymer a t  network formation (uo 
= 0.037, calculated from the density of the dry polymer 
p = 1.35 g/cm3), and ( r 2 ) ;  and ( r2 )o ,  respectively, are the 
mean-square end-to-end chain distances in the isotropic 
and reference states.2 Since G has been determined at  X 
= 1, Le., the state of measurement (isotropic) is the same 
as the state of network formation, it may be assumed2J2 
that (r2)i = ( r 2 ) @  v, = 2.6 X mol cm-3 of the PAAm 
network (series A) is in good agreement with the value 
determined earlier (u, = 2.9 X lo* mol ~ m - ~ )  from torsional 
measurements.6 u, increases approximately 3 times with 
increasing content of sodium methacrylate (Table 11). The 
determined low experimental values of u, indicate the low 
efficiency of the cross-linking reaction (-6-20%), probably 
mainly as a result of large cyclization accompanying high 
dilution used in the network formation. 

Comparison between Theory and Experiment. In 
our preceding paper14 the inclusion of the effect of elec- 
trostatic interactions on the chain made possible a gen- 
eralization of the kinetic theory of rubber elasticity and 
allowed us to derive relations describing the deformational, 
swelling, and potentiometric equilibria of polyelectrolyte 
gels. The swelling equilibrium is described in terms of the 
relation1°J4 

P = 41 + 42 + 43 + 4 4  (4) 

where P is the swelling pressure, dl is the contribution 
corresponding to mixing of the polymeric segments with 
the solvent (Flory-Huggins equation with the interaction 
parameter x), 42 corresponds to the difference between the 
osmotic pressure in the gel and in solution (mixing of ions 
with the solvent), d3 corresponds to a change in the con- 
figurational free network energy with swelling, and $4 

corresponds to a change in the free energy of electrostatic 
interactions with swelling. The detailed form of 4i (i = 
1-4) in molecular parameters is given by eq 2-5 in the 
preceding paper (cf. ref 10). 

A characteristic feature of the coexistence of two phases 
and thus of the collapse of the swollen network consists 
in the van der Waals loop which appears in the dependence 
of P on the volume fraction of the polymer in the swolen 
state u2 (up = uoX = Vd/V,,, where v d  and V,,, respec- 
tively, are volumes in the dry and swollen states). The 
composition of phases (u2’ and u;) is given by the con- 
ditionlO 

du2 = 0 

In the case of free swelling, eq 5 gives for u i  and ui’ 

IuE(~ - x,) du2 = 0 
II 

where the dependence of the interaction parameter x on 
the gel composition (given by up) is determined by eq 4 for 
P = 0. Equation 6 also determines the constant critical 

150 l 2 \  

01 02 03 04 05 
“2 

Figure 6. Dependence of the interaction parameter x (eq 4 for 
P = 0) on the degree of swelling of gels. Samples denoted as in 
Figure 4. 

value of the interaction parameter xc (Maxwell’s con- 
struction is carried out on the x vs. up dependencelo) a t  
which the collapse occurs. The difference A = u; - u i  can 
be regarded as a measure of the extent of the collapse. 

Using the known molecular parameters, Le., molecular 
mass of the monomeric unit Mo = 71 g mol-’, density of 
the dry polymer p = 1.35 g ~ m - ~ ,  T = 298 K, uo = 0.037, 
dielectric constant D = 80, molar volumes V1 of the mix- 
ture acetone-water (determined earlier6), experimental 
network densities v,, and the experimental degree of ion- 
ization CY = xMNa, the dependences of the interaction pa- 
rameter x on u2 were calculated from experimental u2 by 
means of eq 4 (due to free swelling, P = 0, Figure 6). In 
the range CY I 0.004, x increases monotonically with u2; the 
increase in x with u2 (or with the polymer concentration 
in polymer solutions) is commonly observed in many 
polymer systems; in this case it is related to the solvent 
quality becoming increasingly poorer with increasing 
acetone content. In the range CY L 0.008 there is a dis- 
continuity in the x vs. u2 dependence associated with the 
collapse of the gel. By applying eq 6 to the dependences 
in Figure 6, it was possible to determine the composition 
of the mixtures, Le., u2’ and u;‘ (i.e., the extent of the 
collapse A) and the critical value of the interaction pa- 
rameter xc (see the example given in Figure 7). 

In series C-F, in which the collapse takes place, one can 
see (Figure 6) that x’s of expanded samples immediately 
before the collapse are higher than x’s of collapsed samples 
immediately after the transition. As a consequence, the 
experimental u2,; values are higher than would correspond 
to the applied eq 6, and virtually reach the values of the 
minimum in the x vs. u2 dependence. On the other hand, 
the experimental u2,/ values are always lower after the 
collapse than the u; values determined by Maxwell’s 
construction and are shifted towards the maximum in the 

vs. u2 dependence (see example for series D in Figure 7). 
Thus, the experimental values u2,; and uZ,;’ lie in a met- 
astable region, the limits of which, u 2 , i  and uz,:‘, are de- 
termined by the spinodal condition 

in which p is the external pressure. For instance, if eq 7 
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Figure 7. An example of Maxwell's construction in the depen- 
dence of x on u2 (eq 6) used in the determination of the extent 
of the collapse A = UL - u2/ and critical values of the interaction 
parameter xc of networks of series D: (0) experimental data; 
(---) course determined by eq 4 with P = 0 and critical param- 
eters x c  and A defined by the condition Si = S,. 

combined with eq 4 is applied to data in the series D, we 
have u?,: = 0.0295 and u2,/ = 0.184 (in eq 4, x = 0.635). 
The shift of uZ,; and uZ,/ to the metastable region resem- 
bles the behavior of the van der Waals gas (supercooled 
gas and superheated liquid) and is associated with the 
manner in which the collapse was reached (i.e., by de- 
creasing swelling in the region of the expanded state using 
samples directly after the polymerization and by raising 
swelling in the range of the collapsed state using partly 
dried samples). The temperature dependence of the re- 
sults of swelling cured PAAm networks4 in the mixture 
44:56 vol % acetonewater also indicates a shift of v2a/ and v2,c to the metastable region toward the spidonal deter- 
mined by the light scattering measurement. 

Due to the shift of uZ,; and uz/  to the metastable region, 
the experimentally determined extent of the collapse A is 
smaller than the one determined experimentally by em- 
ploying Maxwell's construction (Figure 8). Also, in all 
cases the critical values of the interaction parameter xc 
found by applying eq 6 to experimental data are somewhat 
higher than the respective x of the mixture acetonewater 
a t  which the collapse takes place and which have been 
determined for the PAAm network alone (Figure 8). 

The x vs. up dependence also allows one to infer that the 
inclusion of electrostatic effects (mixing of ions with the 
solvent & and a change in electrostatic interactions with 
swelling c#J~) in relation 4 describing the swelling equilib- 
rium of polyelectrolyte gels has led to x = 0.46-0.48 for 
gels of all series, A-F, swollen in water alone. The same 
values, x = 0.47-0.48, were obtained for the system 
PAAm-water earlier: both from measurements carried out 
on networks and from viscosity measurements in PAAm 
solutions. The agreement between the x values for series 
B-F in water can be expected, because j2  expresses the 
measure of polymer-diluent affinity, when all charges are 
screened and one cannot expect that the low content of 
sodium methacrylate will affect x to any marked extent. 
Thus, eq 4 describes the swelling equilibria of ionized 
PAAm networks better than the relation without electro- 
static interactions used earlier6 (only mixing of polymeric 
segments with the diluent & and a change in the config- 
urational network energy with swelling $3 have been con- 
sidered; i.e., & + (p3 = 0), which gives high negative j i  
values for cured PAAm networks in pure water and in 
mixtures with a low acetone content. It was the existence 
of such negative x that actually suggested the two-phase 
model describing the swelling of cured PAAm networks 

03  

A 

0.2 

0.1 

0.7 

Xc 

0.6 

0 1 

0 01 0 02 
' M N ~  

Figure 8. Dependence of the extent of the collapse A and of the 
critical value of the interaction parameter xC on the content of 
sodium methacrylate xm,: (-) course determined by Maxwell's 
construction of experimental data vs. us (cf. Figure 5); (0) 
experimental A = uzt/ - I+,;; (0) correspond to x of the ace- 
tone-water mixture in which the collapse is observed. 

in acetone-water mixtures.6 It is obvious that in order to 
remove the negative j i  values it is sufficient to include 
electrostatic interactions into the swelling pressure, without 
any need to consider the two-phase model as in the earlier 
case.6 

Various opinions exist in the current literature on 
changes occurring in the course of the ageing of aqueous 
PAAm solutions (reflected, for example, in a decrease in 
their viscosity with time) as long-term conformational 
changes,15 degradation processes caused by radicaW or 
by mi~roorganisms, '~  disentanglement of polymer 
chains,18Jg etc. Recent light scattering experiments have 
shown20 that the ageing in water brings about only hy- 
drolysis of the PAAm chain; though hydrolysis a t  room 
temperature is very slow, it proceeds more rapidly at el- 
evated temperatures. Indeed, potentiometric titration has 
revealed2I the existence of acid groups in an amount lower 
than 1 ?% in a solution of linear PAAm, but more titration 
data are needed, especially in the course of ageing. Nev- 
ertheless, we believe that during the ageing of PAAm so- 
lutions and also of gels chiefly the hydrolysis of the amide 
groups takes place; naturally, pH of the environment and 
the temperature of ageing determine the velocity and ex- 
tent of hydrolysis. In this respect it is interesting to note 
that swelling data8 obtained for cured PAAm gels up to 
90 days (also for short curing times where phase transition 
does not occur) in water and in NaCl solutions can be 
described by the theory discussed above,'O accounting only 
for the effect of charges on swelling equilibria. The 
agreement of the theory with experiment is conditioned 
by the existence of a fraction of charges on the PAAm 
chain up to -0.012 for a curing time up to 60 days (cf. 
Figures 3 and 4 from ref lo), so that the expected extent 
of hydrolysis is small. 
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Effect of Charge Density and Simple Salts on the Diffusion of 
Polyelectrolytes in Aqueous Solution 

Marie Kowblansky* and Paul Zema 
Celanese Research Company, Summit, New Jersey 07901. Receiued December 9, 1981 

ABSTRACT: Translational diffusion coefficients of the sodium salts of acrylamide/acrylic acid copolymers 
of different charge densities and identical degrees of polymerization have been determined at 25 "C in 0.1 
and 0.5 M NaBr by quasi-elastic light scattering. At a fixed concentration of NaBr, the limiting diffusion 
Coefficients, obtained by extrapolation of concentration-dependent diffusion coefficients to zero polyelectrolyte 
concentration, decrease linearly with the square root of the polyelectrolyte charge density. The lower the 
simple salt concentration, the larger is the rate of decrease with increasing charge density. A "critical" 
polyelectrolyte concentration has been observed, at which the diffusion coefficients are independent of both 
the polyelectrolyte charge density and the concentration of simple electrolyte. Above the critical concentration 
the polyelectrolyte diffusion coefficients increase with increasing charge density; below the critical concentration 
the diffusion coefficients decrease with increasing charge density, approaching the limiting values. The 
Mandelkern-Flory constant 001/3P;1 is shown to be constant over the wide range of charge densities investigated 
and independent of the simple salt concentration. 

Introduction 
While studies dealing with the diffusion of counterions 

and coions in polyelectrolyte solutions have provided im- 
portant information regarding the interactions of small ions 
with polyelectrolytes,'b the measurement of polyelectrolyte 
diffusion coefficients has been problematic and few studies 
dealing with this subject have been reported. The de- 
velopment of quasi-elastic light scattering techniques%* 
has given impetus to this area of investigation, since it 
allows for the determination of polymer diffusion coeffi- 
cients more rapidly and accurately than previously pos- 
sible. Quasi-elastic light scattering techniques have been 
utilized to study the effects of salts on the diffusion 
coefficients of polyelectrolytes in aqueous solution.*'4 
However, no systematic study of the effects of polyelec- 
trolyte charge density on diffusion coefficients has been 
reported, even though it is well recognized that the charge 
density of ionic polymers is the most important structural 
variable which affects their solution properties. It was 
therefore the purpose of the present investigation to ex- 
plore this area. 

To  focus upon the effect of charge density on the dif- 
fusion of a polyelectrolyte while minimizing specific non- 
electrostatic effects, i t  is necessary to keep the primary 
structure and degree of polymerization of the polyelec- 
trolyte constant, while varying the degree of ionic char- 
acter. Acrylamide/acrylic acid copolymers are excellent 
model polyelectrolytes for this purpose, since their charge 
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density may be varied by changing the ratio of acrylamide 
to acrylic acid, and they may be prepared readily by hy- 
drolyzing nonionic polyacrylamide (PAM) to any desired 
extent without altering the degree of polymerization. 

Presently, we report the diffusion coefficients of the 
sodium salts of fully neutralized acrylamide/acrylic acid 
copolymers of four different charge densities whose acrylic 
acid content ranged from 0.6 to 65 mol % . Intrinsic vis- 
cosities and counterion activity coefficients for the same 
series of polyelectrolytes have previously been r e p ~ r t e d . ' ~ ' ~  
The effect of NaBr concentration on the diffusion coef- 
ficients of each of these polyelectrolytes in aqueous solution 
has been investigated, and the effects of charge density on 
the measured diffusion coefficients are discussed in terms 
of the dimensionless charge density parameter ( that is 
frequently used to characterize polyelectrolytes when a line 
charge model is employed 

6 = e 2 / D k T b  (1) 

where e is the protonic charge, k is the Boltzmann con- 
stant, T is the absolute temperature, D is the bulk di- 
electric constant, and b is the spacing between ionic groups 
along the contour length of the polyelectrolyte. The im- 
portance of ( in governing the solution properties of po- 
lyelectrolytes has been proposed in theoretical treat- 
m e n t ~ , ' ~ J ~  particularly that of Manning.20,21 Empirical 
relationships between 6 and counterion activity coeffi- 
c i e n t ~ ' ~ , ' ~  and intrinsic vi~cosities'~ of polyelectrolyte so- 
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