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The average network dimensions of a cross-linked matrix 
(i.e., average dimension between two neighboring cross- 
link junctions) determine the swelling and mechanical 
behavior of the network.'t2 Hence, it is possible in turn 
to deduce the network characteristics by monitoring the 
swelling and mechanical proper tie^.^*^ Flory and Rehner5 
have correlated the swelling behavior of a cross-linked 
matrix to M,, the average molecular weight between two 
neighboring cross-link points: 

where u2 is the volume fraction of the polymer in the gel 
swollen to -equilibrium, x12 is the polymer-solvent inter- 
action parameter, p is the density of the solvent, us is the 
molar volume of the solvent, M, is the average molecular 
weight between cross-links, C, is the concentration of the 
polymer expressed as the volume fraction in the cross- 
linked state. 

For systems with a very high swelling ratio (Le., very 
low u2 values), this expression can be simplified5 to 

Poh et a1.6 and Adachi et al.' have used these equations 
to explain the swelling behavior of solution cross-linked 
natural rubber networks. 

We have attempted to estimate the cross-link dimension 
in a series of gelatin-poly(acry1amide) full and semi 
interpenetrating polymer networks (IPNs) by using these 
equations. The details of the preparation of these gels 
have been reported in detail e l s e ~ h e r e . ~ ? ~  In brief, the 
process involves the in situ polymerization of an acryla- 
mide-bis(acry1amide) mixture in a gelatin medium fol- 
lowed by the cross-linking of the gelatin chains by soaking 
in 1 o/o aqueous glutaraldehyde solution. This yields 
interpenetrating networks, with both macromolecules 
independently cross-linked. Semi-IPNs of the (PAam- 
Gelx) type and [PAamx-Gel] type were also prepared. 
See Table I for abbreviations used. Swelling studies were 
performed by immersing dry blocks in distilled water. The 
swollen gels were then lifted, patted dry, and weighed at  
definite intervals until equilibrium was achieved. From 
swollen and dry weights, the swelling ratios were calculated. 
The initial and final dimensions of the blocks were also 
measured in each case. 

Whitelo has reported earlier the pore size values of cross- 
linked poly(acry1amide) gels as a function of concentration. 
The computation of these average pore size values (4) 
involved the use of the permeability coefficient (KO) and 
specific water content (s) according to the equation 

(3) 

In Figure 1, we have superimposed the M, values we 
derived over White's pore size values for the correspond- 
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Figure 1. Average pore radii (from ref 7) and cross-link 
dimensions of poly(acry1amide) gels as a function of acrylamide 
concentration. (A) M, values from swelling data, (X) average 
pore radius. 

Table I 
Abbreviations and Symbols Used 

Gelx-PAamx full IPN where gelatin and poly(acry1amide) are 
fully independently cross-linked with 
glutaraldehyde and bis(acrylamide), respectively 

Gelx-PAam semi-IPN where only gelatin is cross-linked 
Gelx-PAamx semi-IPN where only poly(acry1amide) is 

cross-linked 
SIPN semiinterpenetrating polymer network, where 

only one component is cross-linked 
FIPN fully interpenetrating polymer network, where 

both components are independently cross-linked 

Table I1 
percentage (by weight) of 

~ 

no. system PAam gelatin 10-9M. 
I PAamx 5 

10 
15 
20 
25 

I1 full IPNs A 5 
[PAamx-Gelx] 5 

5 
5 
5 

B 10 
15 
20 
25 

I11 semi-IPNs 5 
(PAam-Gelx) 5 

5 
5 
5 

IV semi-IPNs A 5 
(PAamx-Gel) 5 

5 

107.90 
39.22 

nil 46.50 
33.21 
30.00 

5 0.662 
10 1.496 
15 1.177 
20 1.713 
25 1.045 
5 2.71 
5 4.05 
5 
5 4.83 
5 0.326 
10 1.686 
15 1.028 
20 0.724 
26 0.946 
5 13.96 
10 10.90 
15 7.1 

5 20 1.2 
5 20 1,2 
5 25 1.6 

10 5 13.7 
15 5 13.8 
20 5 10.2 
25 5 10.9 

B 6 5 14.21 

ing concentrations. The swelling ratio (q)  and the volume 
fraction (VZ) of the polymer in the hydrogel swollen to 
equilibrium were calculated a8 reported in the literature.11 
The polymer-solvent interaction parameter for cross- 
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linked poly(acry1amide)-water systems has been reported 
to be 0.48.12 We have used this value in our calculations. 

The Mx values calculated from the equilibrium swelling 
data, given in Table 11, provide significant insight into the 
molecular structure of a poly(acry1amide) network em- 
bedded in a gelatin matrix. Taking the MI values of 
PAamx as the reference scale, the following inferences 
could be drawn. The full IPNs and semi-IPNs, where 
gelatin is in the cross-linked state and in excess over poly- 
(acrylamide) content, have the lowest MI values. In fact, 
the PAam-Gelx IPN system with low PAam content has 
MI values comparable to the corresponding PAamx-Gelx 
system. There could be two explicit reasons for this. 
Primarily, the formation of collagen-like folds must 
necessarily bring the gelatin chains to close proximity. 
The other reason is the finite length of the glutaraldehyde 
oligomers, the cross-linker for gelatin. 

The M. values of PAamx-Gel semi-IPN systems are 
equally informative. The values are, in general, lower than 
those of pure PAamx gels even at  low gelatin contents. 
With an increase in gelatin content, there is a steep fall. 
This could be due to the collagen folds getting reinforced 
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by the overlapping poly(acrylamide) network, thus effec- 
tively reducing the MI values. 
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