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Introduction 

Polyacrylamide gels (PAA) are widely used in a large 
number of applications, both academic and technological.1 

Their properties are determined by the molecular structure 
which is in turn a consequence of the gelation process. 
This process is usually carried out by cross-linking co
polymerization of acrylamide (AA) with a small amount of 
a crosslinking monomer, such as N,N'-methylenebis
(acrylamide) (BA), in aqueous solution. ·The resulting gel 
structure is strongly dependent on the total concentration of 
both comonomers (CT, g/100 mL), the crosslinking 
monomer percentage (C, %) as well as some other factors 
which affect the gelation kinetics, such as solvent viscosity, 
temperature and initiator concentration. Several studies 
have shown that PAA gels are very heterogeneous, having a 
structure in which regions of very different degree of 
cross-linking coexist. 2 

Mechanical characteristics of PAA gels are very im
portant properties for a number of practical applications. 
Several techniques such as dynamic light scattering,2 
viscoelastic measurements,3-5 stress-relaxation6 and 
swelling equilibrium 7 have been used in order to determine 
the elastic modulus. Direct equilibrium stress-strain 
measurements are scarce due to experimental difficulties, 
arising from the very soft systems under consideration, and 
only a few experiments on compression have been re

ported.8·9 On the other hand most of the measurements
have been carried out on gels of low values of the param
eter C, from which transparent gels are obtained. 
Therefore experiments covering a broader range of co
monomer concentrations are needed. 

In this paper we have studied the elastic behavior of a 
large number of PAA gels covering a wide range of values 

of CT and C. The gels were characterized by means of their 
stress-strain isotherms in elongation for which an exper
imental method of avoiding problems due to the softness of 
the material has been developed. The two principal 
properties investigated were the elastic modulus and the 
ultimate properties, both being related to the molecular 
structure of the gels. 

Experimental Section 
Reagents. Acrylamide (AA) and N,N'-methylenebis(acryl

amide) (BA) were purchased from Eastman Kodak. BA was used 
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after recrystallization from acetone. The redox pair potassium 
persulphate (PSK)/triethanolamine (TEA), both products from 
Carlo Erba, was used as the room temperature initiator system. 
Water was purified from salts and organic matter by a Milli-Q 
equipment Millipore, and filtered with a 0.45-µm filter. 

Sample Preparation. The usual preparation of samples for 
stress-strain measurements (cutting pieces of an adequate ge
ometry starting from a bigger film) is not successful because of 
the brittleness of polyacrylamide (PAA) gels; it is very difficult 
to obtain samples with sharp borders and attach them to the 
transducer clamps. 

In order to overcome these difficulties the samples were syn
thesized with their final geometry in a mold as shown in Figure 
1. Two pieces of glass confine a hollowed out Teflon rectangle
in which two small holes have been bored for the injection of the
reagents in aqueous solution.

At the top and bottom of the mold two pieces of a woven 
material have been placed, which become impregnated with the 
comonomer solution when this is injected. When the gel is formed, 
its extremities have a great consistency and can be fastened easily. 
In all measurements that have been tested the textile has no 
influence on rupture because it always occurred outside the 
textile-gel boundary. 

Gels with different compositions have been studied varying the 
total comonomer concentration, expressed as CT (g/100 mL); and 
the weight fraction of the cross-linker in the mixture, C ( % ) . As 
shown in Figure 2, where the selected experiments are superim
posed over the phase diagram reported by Bansil and Gupta,1° 
there are two sets of experiments where CT and C have been kept 
constant, CT "" 6.7 g/100 mL and C"" 10%. 

In all cases initiator concentrations have been [TEA] = 8.51 
X 10-3 M and [PSK] = 6.57 X 10-3 M.

The polymerizations were carried out at room temperature for 
2 days to ensure total conversion. Afterward the samples were 
immersed in water for a period of time between 2 and 5 days at 
30 °C, in order to extract initiator residues and soluble parts of 
the networks and to attain swelling equilibrium prior to the elastic 
measurements. The network volume fractions have been de
termined on pieces of measured samples weighing them before 
and after they were vacuum-dried at 50 °C until constant weight. 
The characteristics of the gels thus prepared are given in Table 
I; v2c is the volume fraction of monomers in the reaction mixture 
and v2•0 is the volume fraction of polymer in the resulting gel, 
swollen at equilibrium, in the unstretched state. 

The initial dimensions of the samples (£0 and cross-sectional 
area) were measured in a relaxed state of the samples, horizontally, 
to avoid the deformation self-induced by the weight of the gels. 
Cross-sectional areas of the swollen samples were approximately 
70 mm2

• 

Stress-Strain Measurements. Elastic modulus of PAA gels 
has been determined from stress-strain measurements on gel 
samples immersed in pure water at swelling equilibrium at 30 °C. 
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Table I 
Characteristics and Elastic Results on PAA Gels 

gel CT, g/100 mL c,,% w/w V2c V2so [/* ph], N-mm-2 K l 103Mc Mc°•P/M/h a, 10- 3E,, J.m- 3 

T-1 18.0 10.1 0.145 0.158 0.311 
0.156 0.336 

T-2 15.0 10.0 0.119 0.128 0.119 
0.126 0.150 

T-3 11.0 9.5 0.0872 0.0903 0.0685 
0.0862 0.0723 

T-4 7.67 10.2 0.0600 0.0587 0.0217 
0.0627 0.0265 

T-5 6.72 10.1 0.0525 0.0487 0.0193 
0.0484 0.0170 

T-6 4.99 10.0 0.0388 0.0388 0.0074 
0.0381 0.0072 

C-1 6.71 0.663 0.0515 0.0124 0.0026 
0.0138 0.0022 

C-2 6.60 1.134 0.0515 0.0293 0.0093 
C-3 6.70 2.599 0.0523 0.0303 0.0130 

0.0314 0.0138 
C-4 6.69 3;950 0.0522 0.0403 0.0192 
C-5 6.71 5.784 0.0524 0.0463 0.0165 

0.0443 0.0192 
C-6 6.67 6.951 0.0521 0.0501 0.0195 

0.0571 0.0190 
C-7 6.68 8.756 0.0522 0.0463 0.0154 
C-9 6.70 11.91 0.0523 0.0475 0.0135 

0.0498 0.0135 
C-10 6.80 13.98 0.0531 0.0460 0.0100 

0.0108 
C-11 6.67 14.50 0.0521 0.0487 0.0103 

GLASS 

MOULD If 
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CLAMPS 

SA MPLE 

Figure 1. Scheme of the mold used for samples preparation. 

The general features of the apparatus have been described 
elsewhere.11 The force transducer (HBM VI) has been selected 
in order to measure the very low initial forces, approximately 0.02 
N, being recorded with a graphic recorder (J.J. Instruments 
CR600) working at its maximum sensibility (1 / 20 m V / cm). With 
these recording conditions a signal drift less than 1-2 % over a 
24-h period has been found.

The samples were immersed in water inside a glass vessel
provided with a constant-temperature water jacket. The tem
perature inside the vessel was checked with a digital thermometer 
with its probe located near the sample. The strain was followed 
measuring the distance between two ink points with a cathe
tometer (Ealing 11-5253). 

The relaxation delay between successive experimental points 
depends not only on the relaxation of the sample but on the new 
swelling equilibrium that must be attained, which is a function 
of the cross-linking density and was found to be between 2 and 
6 h. 

Results and Discussion 

The elastic results have been interpreted by means of 
the inodulus or "redt:!ced force", which is defined by12 

(f/A*)u211s
[/*] =

s 
a - a-

2 
(1) 

6.0 0.40 1.46 
5.7 0.40 1.40 
9.6 0.20 2.75 
8.6 0.15 3.60 

13.0 0.15 5.07 
12.0 0.15 4.67 
22.0 0.08 12.6 
20.0 0.07 10.0 
24.0 0.05 12.8 
25.0 0.06 14.8 
38.0 0.03 28.9 
39.0 0.026 29.3 
65.0 0.04 88.9 
71.0 0.03 113.0 
35.0 0.18 24.3 
29.0 0.025 19.4 
28.0 0.035 19.5 
24.0 0.05 12.7 
26.0 0.04 15.4 
24.0 0.05 13.0 
23.0 0.06 12.7 
24.0 0.06 13.0 
27.0 0.06 16.1 
29.0 0.06 18.4 
29.0 0.05 18.4 
33.0 0.05 24.7 
33.0 0.05 23.4 
33.0 0.05 24.4 
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Figure 2. Phase diagram indicating the two sets of experiments 
at C"" 10% and CT "" 6.7 g/100 mL. Sample: ( �) T-1; (T) T-2; 
('7) T-3; (,a.) T-4; (e) T-5; (e) T-6; (A) C-1; (Cl) C-2; (�) C-3; (i;i)
C-4; (ll) C-5; (D) C-6; (0) C-7; ('-) C-9; (0) C-10; (0) C-11. For
full details see Table I. The continuous lines are the boundaries
between the different phases of PAA gels reported by Bansil and
Gupta.10 

where f is the elastic force at equilibrium, A* is the 
cross-sectional area of the unstretched unswollensample, 
and u28 is the degree of swelling of the sample (gel volume 
fraction) at the given deformation a (a = L / L0, L and L0 

being the lengths of the deformed and undeformed states, 
respectively). Since the measurements are carried out with 
the sample immersed in water, the degree of swelling 
changes with a (u28 decreases with elongation). Therefore 
it is necessary to correct u28 at each measurement. As an 
approximation, the degree of swelling has been expressed 
by 

(2) 

This expression can be obtained easily from the usual 
equilibrium swelling formula,13 in the limit of high dilution.
The error introduced by using this approximation instead 
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Figure 3. Reduced force versus a-1 for samples T-1 to T-6, at 
fixed cross-linker weight fraction (C = 10% ). The crosses rep
resent the rupture point for each experiment. The continuous 
lines are the Flory-Erman fitting curves, for which the limiting 
value at a-1 

-+ 0 has been drawn representing the phantom 
modulus, [f*ph]. 

of the complete formula is less than 1 % and it has no 
influence on the final results. 

On the other hand, it is not possible to measure directly 
the cross-sectional area of the dried gel, so that it should 
be obtained from the one of the swollen sample (A0) as
suming isotropic swelling, by means of the equation 

A* = Ao(u2.0)2/3 (3) 

As mentioned in the Experimental Section, two sets of 
gels were analyzed. Figure 3 shows the results obtained 
on the series of gels synthesized at constant cross-linker 
concentration (C � 10% ). The data have been plotted 
as a function of a-1 in a Mooney-Rivlin form. As we can 
see the modulus increases as the total monomer concen
tration (CT) increases. On the other hand, a deviation 
(upturn) from linearity takes place, this deviation being 
more pronounced at higher values of CT. 

Due to this anomalous behavior of the data, the usual 
extrapolation procedures, such as the Mooney-Rivlin 
formulation, were not suitable for determination of the 
degree of cross-linking of the gels. Therefore we have 
employed the new Flory and Erman theory of rubber 
elasticity.14-16 In this approach the modulus is given by 

[/*] = [/*ph][l + (/e//ph)] (4) 

where [/* ph] is the modulus for the corresponding phantom 
network and fe and /ph are the contributions to the force 
from the constraints on fluctuations of junctions and from 
the equivalent phantom network, respectively. The ratio 
fell ph is given by the theory as a function of two parame
ters, K, which is a measure of the severity of the constraints, 
and (, which is related to the degree of nonaffineness in 
the relaxation of those constraints with strain.16 

In order to interpret the results by the theory, the fol
lowing extrapolation criterion has been used. The pa
rameter K has been reported to be a function of the degree 
of crosslinking,17-19 as expressed by the phantom modulus 
[/*ph], according to the equation 

= 1( 
N Ad12C00 )3/2

( _!!I_ )
1
1
2
( � )3;

2

( _
2

) K 
Mo [/*ph] <I> <J>-2 

(5) 

where I is a proportionality constant whose value has been 
taken to be 0.5,17 N is Avogradro's number, dis the density, 
Coo is the characteristic ratio of the chains, land M0 are 
their length and molecular weight per skeletal bond, k is 
the Boltzmann constant, <I> is the cross-linker functionality, 
and T is the absolute temperature. For PAA chains the 
following parameters have been reported: d = 1.3004 g/ 
cm3,21 1 = 1.53 A, M0 = 35.54 g/mol, and Coo = 8.5.2° From 
this set of parameters and the assumption <J> = 4, the 
following relationship is found: 

K = 3.32[/\hJ-l/2 (6) 

Therefore the data were fitted by adjusting simultane
ously K and [/* ph] along with the value of (. This last 
parameter, though is not very important for unswollen 
networks and is usually set to zero, is really important for 
swollen gels. Setting this parameter to zero results in a 
poorer fit of the data since the theoretical lines have 
positive slopes at small deformations, whereas the exper
imental data indicate that the modulus increases with a, 
giving negative slopes even for low values of a. 

In the isotherms of higher values of CT it is not possible 
to fit properly the data even at small elongation ratios. 
These isotherms have been fitted with eq 6 and the value 
of r that gives the highest negative initial slope since this 
is the trend suggested by the data at lower values of C.r. 

As can be seen from Figure 3, the results can be fitted 
by the theory only at small elongations and lower values 
of CT. The pronounced upturns cannot be accounted for 
by the theory because they should be attributed to non
Gaussian effects due to the increasing heterogeneities of 
the gels and these effects are not included in the theory. 
However, the theory is able to predict a small increase of 
the modulus with a in very highly diluted systems like the 
ones considered here. Other treatments like the Moo
ney-Rivlin formula would give horizontal lines at most, 
and the phantom modulus would have to be obtained at 
a ---+ 1, assuming 2C2 = 0 (very high dilution). The values 
are slightly lower than those calculated by Flory's theory 
but the final conclusions would be the same. In any case, 
the numerical values determined by us are in good 
agreement with previous data published in the literature 
obtained by different techniques.2•

8 The results are given 
in columns 6 to 9 of Table I (gels T-1 to T-6). Values of 
the parameter K lie in the range expected, whereas ( seems 
to decrease with decreasing total monomer concentration 
(decreasing modulus). The physical interpretation of this 
parameter has not been well established and it is usually 
related to the degree of imperfection of the network 
structure. In this regard the fact that ( is higher for the 
gels of higher CT suggests a higher heterogeneity. 

Other important properties related to the gel structure 
are the ultimate properties, given in the last two columns 
of Table I; ar is the elongation ratio at the rupture point 
(denoted by a cross in Figure 3) and Er is the total energy 
needed for rupture of the sample, given by the total area 
under each curve of the force-deformation plot. Er is 
therefore a measure of the "toughness" of the material. 22.23 

As expected ar decreases with increasing modulus due to 
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Figure 5. Shear modulus (Ea
= 1 / 3(/* ph]) of samples T-1 to T-6

as a function of volume fraction, v28°, in the unstretched state. 

the shortening of the network chains. Values of Er are 
difficult to interpret due to the large errors involved In 
general Er seems to increase with total monomer concen
tration for values of CT less than 15.0 g/100 mL. 

In Figure 4, the phantom modulus and the elongation 
ratio at rupture for this set of gels are represented As the 
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total monomer concentration increases ar decreases and
the modulus grows exponentially. This variation of the 
modulus with polymer concentration agrees with predic
tions, based on scaling concepts, that give the following 
relationship for the shear modulus24•25 

Ea � (v2• 
o)3v/3v-1 

(7)

where v is the excluded-volume exponent whose value 
should range between 0.588 (excluded-volume limit) and 
0.5 (0 conditions).26•27 Values of Ea obtained from our
phantom modulus data (Ea

= 1/3[/*ph]) are plotted ac
cording to the logarithmic form of eq 7 in Figure 5. As 
can be seen a good straight line is  obtained with a slope 
of 2.55 which gives a value of v = 0.55 for the excluded
volume exponent. This value lies in the range mentioned 
above and agrees with what should be expected for a good 
solvent. 

The second series of results, obtained on gels synthesized 
by keeping the total monomer concentration constant is 
shown in Figures 6 and 7. As can be seen the behavior 
here is more complicated. Increasing BA monomer per
centage first causes an increase in modulus but after C =

5-6% the modulus levels off, has a maximum, and then
decreases (Figure 7). At the same time the upturn becomes
more pronounced as C increases (Figure 6), indicating a
very high non-Gaussian effect on these gels. The numerical
results are given also in Table I (gels C-1 to C-11). Values
of the theoretical parameter S' show no trend whatever and
lie around 0.05. This is in contrast with the statement
mentioned above that it should be higher for gels of higher
heterogeneity. In any case, the fact that the results cannot
be fitted properly by the theory, due to the strong non-
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Figure 7. Phantom modulus, rt*vhl (0), and rupture elongation, 
ar ( •), plotted as a function of crosslinker weight fraction at fixed 
CT (CT ""' 6.7 g/100 mL). 

Gaussian effects found, keep open the physical interpre
tation of t. The most important feature that can be drawn 
from Figure 7 is that there is a range of values of C in 
which the mechanical properties are enhanced since the 
modulus has a maximum around C = 5-6% without 
loosing ultimate properties. Increasing further the per
centage of cross-linking monomer does not improve the 
elastic properties of the gels. 

Most of the previously reported studies on PAA gels 
have been carried out on gels corresponding to the 
"transparent" zone of the phase diagram (Figure 2, low 
values of C). With regard to the total monomer concen
tration, the modulus is reported to increase exponentially 
with CT

5 as we have found here for gels of higher cross
linker monomer percentage (opaque gel zone). A more 
interesting feature is the variation with C. At low values 
of cross-linker monomer percentage, a linear relationship 
is always found.2•

8 However, at high values of C this linear 
proportionality breaks down4

•
5 and the modulus has a 

maximum. This behavior is just the one we have found 
in our study. The region in which the modulus begins to 
level off coincides approximately with the transparent 
gel-opaque gel boundary. 

All these features should be related to the molecular 
structure of the gels. It is well-known that PAA gels are 
very heterogeneous4

•
5

•
7

•
2s-34 and a number of different 

models for their structure have been proposed.5•
7.28.29,32 All 

these models consider two different regions in the gel: a 
number of highly cross-linked aggregates or clusters linked 
together by a more lightly cross-linked gel, thus resulting 
in a two-phase structure. In previous studies on the ki
netics of the gelation process,33

•
34 we have found that the 

structure of PAA gels is a consequence of the different 
reactivity of the comonomers, the cross-linker BA re
activity being higher than that of AA. The soluble polymer 
formed initially is very rich in BA; as the polymerization 
reaction proceeds, the new polymer which is being incor
porated in the gel is progressively poorer in BA thus re
sulting in the heterogenous structure mentioned above that 
is responsible for the mechanical properties reported in 
this paper. If the amount of cross-linker monomer is high, 
a large number of microgels are formed, but if the dilution 
is high, there is not enough acrylamide monomer to link 
these particles by PAA chains. As a consequence, a low 
degree of cross-linking gel is obtained with a large number 
of structures which are not elastically effective. The for
mation of these inelastic structures, consisting preferen
tially on intramolecular cycles, has been already reported35 

for other networks. The number of these cycles increases 
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Figure 8. M;xv / M/h plotted as a function of CT ( •) (samples
T-1 to T-6) at constant C (C""' 10%) and C (0) (samples C-1 to
C-11) at constant CT (CT ""' 6.7 g/100 mL).

with dilution and with the proportion of cross�linking 
monomer. 

The heterogeneous structure of these gels would also be 
responsible for the non-Gaussian effect found qn their 
elastic properties. The presence of aggregates with a high 
degree of cross-linking would act as reinforcing particles 
(filler effect) thus preventing the premature rupture of the 
material. This same effect has been found on bimodal 
poly(dimethylsiloxane) networks22 which showed very good 
mechanical properties when a large concentration of short 
chains was present. 

The existence of inelastic structures on PAA gels can 
be evaluated by comparison of the degree of cross-linking 
that can be calculated by the phantom moduli with the 
theoretical value obtained if the cross-linking process were 
ideal and the whole gel structure were elastic. From the 
phkntom modulus, the "effective" molecular weight be
tween cross-links, M/"P, can be calculated by means of the 
equation36 

M/XP = (1 - 2/c/>) i�� (V2c)2f3 (8) 

The results are given in column 9 of Table I and they 
show the very large range of cross-linking densities covered 
by this study. On the other hand, the "theoretical" mo
lecular weight, M/h, can be calculated by the equations 

[AA]MAA 
M th - (9) 

c - 2[BA] 

(10) 

(11) 

where [AA] is the concentration of AA, [BA] is the con
centration of BA, and MAA and MBA are their molecular 
weights, respectively. 

Values of the ratio M/xp / M}h are given in column 10 
of Table I. As can be seen these values may become very 
high indicating a high degree of inelastic structures for 
most of the samples. In Figure 8, this ratio is plotted for 
the two series of gels. The theoretical ideal value of 1 
would only be obtained in the limit of very small dilution 
(high CT) or low percentage of cross-linker monomer (low 
C). 
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CT(lOO - C) 
[AA] = 

IOMBA

CTC 
[BA] = 

IOMBA



Concluding Remarks 
(i) Elastic modulus of PAA gels increases with total

comonomer concentration, at a fixed cross-linker weight 
fraction, as expected from scaling theories; moreover, 
successive additions of cross-linker above 5% do not im
prove the mechanical properties of the resulting gel; even 
more, they decrease, although this trend is not reflected 
on the ultimate properties (rupture elongation). 

(ii) In the stress-strain isotherms, with either increasing 
CT or C the upturn on the modulus becomes more pro
nounced, indicating a bimodal structure of the PAA gels. 
This non-Gaussian effect can be related to the previously 
reported heterogeneous structure of PAA gels. 

(iii) The high values of the ratio Mc"xp / M}h, which is a
measure of the cross-linking effectiveness and, therefore, 
of the network perfection, indicate a great degree of to
pological imperfections and inelastic structures. "Ideal" 
networks would be obtained only in the limits of high 
concentration and very low cross-linker percentage. 
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