
Macromolecules 1983,16, 1367-1374 1367 

Structural and Mechanical Properties of Agar/Gelatin Co-gels. 
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ABSTRACT: Composite aqueous gels based on the thermoreversible cold-setting gelling components agar 
and gelatin have been studied by electron and light microscopy and mechanical spectroscopy. The microscope 
evidence showed phase separation of the two polymer networks, with phase inversion occurring a t  specific 
mixture compositions. Mechanical characterization of the gels was achieved by measurement of the shear 
modulus at  small deformation, and a theoretical model, constructed by using ideas of solvent partition between 
components and of upper and lower bound limits for G’vs. composition behavior, provided a useful rationalization 
of these data. 

Introduction 
Over the years much ~ 0 r k l - l ~  has been devoted to the 

study of gel formation by biopolymers such as poly- 
saccharides and proteins, and of the methods of inducing 
this phenomenon in aqueous solution, thermal setting has 
probably been the most widely investigated. Consequently, 
for these individual polymer types, the structures and 
mechanisms of formation of the gel networks involved, and 
their mechanical properties, are now well understood, and 
fundamental distinctions between the cold-setting behavior 
of polysaccharides (and gelatin) and the heat-setting be- 
havior of many globular proteins can now be made. 

Recently, work has been carried out in this laboratory 
to examine thermally induced gel formation in aqueous 
solutions containing two such polymer types, and as part 
of this program mixed gels formed by combining the 
water-soluble polysaccharide agar (see Figure 1) and pro- 
tein gelatin have received particular attention. In the 
present paper structural and mechanical properties of 
these gels are described, these properties being determined 
by electron and light microscopy and mechanical spec- 
troscopy. Although structural and mechanical data for 
composite gels involving gelatin have already been re- 
ported15 by some of the present authors, the second com- 
ponent on these occasions was glass in the form of discrete 
particles, i.e., an insoluble material. As will become clear 
from the work described here, the structural and rheo- 
logical properties that emerge when a soluble, and inde- 
pendently gelling, second component is added to gelatin 
are somewhat different, though certain basic similarities 
between the two types of system remain. 

In the present work the mechanical data discussed are 
restricted to measurements of the shear modulus at small 
deformation. Results of large-deformation, destructive, 
testing will be described later. 

In terms of their molecular structure and mechanism of 
formation, gelatin gels have more in common with poly- 
saccharide gels than those formed by heat-setting globular 
proteins. In particular, the initial gelation of gelatin is 
believed to proceed by formation of ordered quasi-crys- 
talline triple-helical junction zones separated along a single 
polymer chain contour by flexible regions (see, for example, 
ref 1 and 16), and these zones (analogous to the collagen 
triple helix) form on cooling solutions to -28 “C. The 
gelation of agarose proceeds in a similar way, although at 
a somewhat higher temperature and with double helices 
constituting the junction 20nes.l’ From these facts, it is 
to be expected that sequential (or, under circumstances 
of very rapid cooling, simultaneous) gelling of these two 
types of polymer will occur when a solution containing 
them both is cooled. For such a mixed gel there is a need 
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to investigate structural aspects of the process such as the 
relationship between the agar and gelatin in the network 
that forms and mechanical properties such as the rela- 
tionship between the composite gel shear modulus and the 
amounts of the constituents present. Although such 
studies have been made in the past on mixed interpene- 
trating networks based on synthetic polymers, for example, 
by Sperling and co-workersls and by Frisch et al.,I9 the 
present system differs from these and from most poly- 
mer-polymer blends or “alloys” in that a large volume 
fraction of solvent (water) is present in both the sol and 
gel states. I t  is this extensive presence of water (volume 
fraction -0.8), and the competition between the polymers 
for it, that clearly distinguishes biopolymer gels from most 
synthetic cross-linked networks and makes any theoretical 
description of their properties additionally complicated. 
In the present work such a description is attempted, 
however, and a theoretical model is constructed to relate 
the small-deformation shear moduli of the agar/gelatin gels 
studied to their compositions and microstructures. In the 
future we intend to apply this model to results for other 
mixed biopolymer gel systems and so investigate its general 
applicability. 

Experimental Section 
Mixed gels of agar and gelatin were prepared by adding suitable 

amounts of agar to water, autoclaving the mixtures to dissolve 
the agar, cooling the resultant solutions to 45 “C, and adding and 
dissolving appropriate amounts of gelatin. The weights of agar 
used were adjusted to provide two series of agarjgelatin gels: one 
in which the agar content was constant a t  1.0% w/w and another 
in which this constant amount was 2.0% w/w. In both series, 
the gelatin content was allowed to vary between 0 and 25.0% wjw. 

Mechanical measurements were made by introducing the warm 
solutions between the plates of a Rheometrics mechanical spec- 
trometer (RMS-605) and allowing gelation to occur in situ. 

For the microscopy studies blocks of gel were obtained by 
cooling solutions in glass containers, and the procedures of fixing, 
staining, and embedding samples were as described previ~usly’~ 
for similar investigations of agarjbovine serum albumin gels; i.e., 
fixing procedures involved use of tannic acid, glutaraldehyde, and 
osmium tetraoxide, dehydration involved ethanol-water mixtures, 
and embedding was carried out by using Araldite epoxy resin. 
Optical microscope images were photographed with a Leitz Or- 
tholux I1 microscope. For this purpose, specimens were sectioned 
to  a thickness of 1 pm (104m) and were stained with toluidine 
blue. Electron micrographs were recorded with a JEOL 100 CX 
electron microscope. In this case staining procedures involved 
treatment with uranyl acetate and lead citrate, and the section 
thickness was 800 8, (8 X m). 

In these various experimental studies the agar and gelatin 
samples used were crude commercial products (the gelatin was 
acid-treated 250 Bloom material supplied by Croda, and the agar 
was Portuguese agar from Lysander Foods) since one object of 
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sample are needed and both the agar and gelatm must be available 
in kilogram quantities. 

Results 
Microscopy. Figure 2a (in which the top row of mi- 

crographs shows light microscope results and the bottom 
row electron microscope details) provides clear evidence 
concerning the microstructure of agar/gelatin cegels. The 
micrographs presented are for samples selected from the 
series of 1% agar systems and, interestingly, they appear 
quite similar to those published for a number of synthetic 

no WOAO e' 
Fwre 1. Basic repeating dkacharide unit of the polyssecharide 
component agarose (agar). 

the present investigation was to compare rheological trends at 
small deformation with large-deformation tensile testing of the 
same systems. In the latter type of experiment large volumes of 
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Figure 2. (a) Light microscope (top row) and electron microscope (bottom row) results for the 1% w/w agar series of agar/gelatin 
gels. Gelatin appears as the darkly staining material, the maximum concentration shown being 590 w/w. (b) Electron microscope 
view of the microstructure of a 190 agar/2090 gelatin mixed gel. Again dark areas indicate gelatin. 
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Figure 5. Changes in G'  (e . . )  and G" ( " I )  at 10 rad s-l with 
temperature as a 1% agar/lO% gelatin gel is melted by heating 
and allowed to re-form on cooling. 

agar/lO% gelatin system. Figure 5 shows the variation 
of modulus with temperature that accompanies reheating 
and recooling the sample. Even though the agar gel, in 
pure form, is stable to -80 "C, the composite gel structure 
may be seen to have melted out by -37 "C, while on 
recooling it forms again by 28 OC. Although some hys- 
teresis is involved when melting and re-forming gelatin 
gels, at  least part of the above effect is due to the com- 
paratively rapid heating (1 deg min-l) and cooling rates 
applied. 

Finally, Figure 6 shows the composition dependences of 
G'for the 1% and 2% agar gel series. G' is plotted against 
the weight percent gelatin present, and results for the 
corresponding pure gelatin gels are included for compar- 
ison. G'values for pure 1% and 2% agar gels are also 
included as horizontal broken lines. Figure 6 makes it clear 
that for both agar/gelatin gel series, the shear modulus first 
falls as gelatin is added and then, after reaching a mini- 
mum near, but somewhat beyond the phase inversion 
point, increases again finally to follow a gelatin concen- 
tration dependence close to that for pure gelatin itself. 
Although this last behavior is understandable in terms of 
the high gelatin content, it is by no means as easy to in- 
terpret the low-gelatin composition dependence of the 
modulus, particularly on the agar-rich side of the phase 
inversion point. Here the fall in gel modulus in relation 
to the value appropriate to the parent agar system is 



1370 Clark et al. Macromolecules, Vol. 16, No. 8, 1983 

I( 

G'(10 

la 

10 

10 

m 

A :/' 

/ 
/ 
13 

I 

i 
i 

I 
I 
I 

I 1 I 1 
5 m 15 20 25 30 

%GELATIN (wm) 

Figure 6. G' (10 rad s-l) plotted against gelatin content for the 
1% (A) and 2% (H) agar gel series. G'values for pure 1% and 
2% agar gels are represented by horizontal broken lines, and the 
concentration dependence of G'for pure gelatin gels is also in- 
dicated (0). 

surprising. Its significance in terms of the properties of 
the two pure polymer constituents and the gel micro- 
structures is considered at  length in the next section. 

Theory 
The microscope data make it clear that there is an an- 

tagonistic effect operating between agar and gelatin during 
gel formation. This is clearly indicated by the heteroge- 
neous microstructures demonstrated in Figure 2a,b. It 
turns out, however, that this property of polymer segre- 
gation provides a simplifying feature when a quantitative 
correlation is sought between gel composition and shear 
modulus. The simplifying feature is that a body of theory 
already exists for treating heterogeneous composites con- 
taining well-defined phase domains, the upper and lower 
bound approach introduced by Takayanagi et al.23 and 
described in some detail by Manson and S ~ e r l i n g ~ ~  being 
the simplest starting point. The only difficulty expected 
when applying this theory to aqueous gels is that these are 
three-component systems, while the original treatment 
applied to binary composites containing pure, mutually 
insoluble, components whose individual rheological prop- 
erties were independent of the macroscopic amounts 
present. The existence of a variable amount of solvent able 
to partition itself between two polymer constituents is a 
complicating factor but, as the present section will show, 
the difficulties it presents can be overcome by suitable 
elaboration of the original approach. 
The Takayanagi Approach. To understand this ex- 

tended version of the simple theory it is necessary to begin 
with formulation of the Takayanagi approach as it is 
normally applied to two-component composites. If X and 
Y are these components and they have individual shear 
moduli (real parts only considered here) Gx and Gy, then 
the Takayanagi equations provide upper (isostrain) and 
lower (isostress) bound limits for the value of the shear 
modulus Gc of a composite formed from X and Y. If 4x 

and # J ~  = 1 - 4x are the volume fractions of X and Y 
making up the composite, these limits are given by the 
equations 

Gc = 4xGx + q.qGY (upper bound) (1) 

and 
l/Gc = @x/Gx + I $ ~ / G ~  (lower bound) (2) 

and it is clear that this theory requires the experimental 
Gc always to lie between Gx and Gy. Although eq 1 and 
2 do not allow calculation of the exact dependence of Gc 
on c $ ~  in a given situation, it is to be expected24 that for 
a simple phase-separated structure, Gc will follow lower 
bound behavior prior to phase inversion when the sup- 
porting phase X is the weaker one (isostress situation) and 
then show a transition to upper bound behavior after this. 
For aqueous three-component gels, however, which are the 
subject of the present work, the situation is different as 
these contain water in large amounts, and the way in which 
this solvent partitions itself between components X and 
Y during gelation determines (for any arbitrary system 
composition) the correct values of Gx, Gy, 4x, and $ J ~  to 
be inserted into eq 1 and 2. This complicating factor can 
be introduced into the theory, however, provided that some 
reasonable assumptions are made. 

Relative Affinity Parameter p .  Let x and y be weight 
percentages of X and Y in the solution and let w = 100 
- x - y be the mass of associated solvent (water). The 
nominal concentrations of X and Y (CXnom and Cynom) are, 
of course, just x and y. When the system gels, however, 
it is assumed that phase separation of X and Y occurs, 
there being formation of a composite gel system containing 
two distinct aqueous gel phases based on X and Y. I t  is 
further assumed that during this process CYW of the solvent 
is associated with X, and (1 - CY)W with Y. In this situation 
the real, i.e., effective, concentrations of X and Y in the 
two phases are 

(3) Cxeff = lOOx/(x + CYW) 

Cyeff = lOOy/Cy + (1 - a ) w )  

and 

(4) 

If the densities of the two phases are now assumed equal 
(since they are both dilute aqueous gels), then the volume 
fractions of regions X and Y are 

4x = ( x  + aw)/100 (5) 

4y  = Cy + (1 - a)w)/100 (6) 

In eq 3-6, a appears as a variable fraction which depends 
both on the composition of the system (i.e., x and y) and 
on the relative powers of the two polymers to attract 
solvent. An attempt may be made to separate these factors 
by introducing a parameter p which is assumed to be in- 
dependent of x and y and which is intended to measure 
the relative affinities of networks X and Y for solvent. In 
terms of p ,  CY may be written as 

(7) 

and clearly p < 1.0 implies that Y is more solvent at- 
tracting than X, the opposite being true for p > 1.0. 
Possibilities for the experimental determination of p for 
given X and Y and a particular solvent will be mentioned 
later, but if for the moment eq 7 is assumed, eq 3-6 can 
be rewritten in terms of p as 

and 

CY = p x / ( P x  + Y) 

Cxeff = lOO(px + y)/(lOOp + (1 - p)y) (8) 
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and 

4y = y(100 - (1 - p)x)/lOO(px + y )  (11) 

It  follows that for all x and y, provided p is known for the 
polymer pair and solvent in question and is constant over 
the concentration range studied, upper and lower limits 
for Gc can be calculated via eq 1 and 2 and the phase 
volume and effective concentration information supplied 
by eq 8-11. To do this the volume fractions 4x and 4y 
from eq 10 and 11 are used directly in eq 1 and 2, while 
the effective concentrations CXeff and Cyeff are used to 
determine moduli Gx and GY appropriate to the gel phases 
X and Y. This step of converting these real polymer 
concentrations to shear moduli can be performed either 
by interpolating extensive experimental modulus vs. con- 
centration data for the individual polymer systems or, if 
only limited data of this kind are available, by using this 
to evaluate constants in an analytical expression proposed 
by HermansZ5 to relate gel modulus to polymer concen- 
tration. 

Calculated Bounds for Agar/Gelatin. In the present 
work this analytical approach was adopted to obviate the 
necessity of making detailed experimental studies of the 
concentration dependences of the shear moduli of agar and 
gelatin gels. The analytical expressions were adjusted to 
pass through the data points shown for gelatin in Figure 
6 and through similar but more limited concentration data 
for agar gels. Further comments on this procedure and 
on the Hermans formula and its underlying assumptions 
are given in the Appendix. Using these methods the simple 
Takayanagi approach was modified and used to calculate 
upper and lower bounds for G c  for the agar/gelatin sys- 
tems studied, X being identified with the weaker gelatin 
component and Y with agar. To calculate these bounds 
it was necessary to decide upon a suitable value for p, and 
though this quantity could conceivably be determined 
experimentally via Flory-Huggins polymer-solvent in- 
teraction parameters, x,26,27 appropriate to the gel state, 
an absence in the literature of suitable values for these 
precluded this objective approach. Instead, it was ac- 
cepted, temporarily at least, that p was a parameter of the 
theory to be optimized in relation to the experimental data, 
and pairs of upper and lower bounds for Gc were calculated 
as a function of the gelatin concentration x for a range of 
p values surrounding p = 1.0. Selected results are pres- 
ented for the y = 1.0% agar systems in Figure 7 and for 
the y = 2.0% systems in Figure 8. In these figures the 
bounds shown are for p = 0.5, 1.0, and 2.0 only, since 
comparison of these limits with the experimental data 
suggests that p is not less than 0.5, and consideration of 
the relative hydrophilic character of the two polymers 
suggests that it is unlikely to be greater than 1.0, let alone 
2.0. The p = 2.0 result is included for completeness, 
however. 

From Figures 7 and 8 it may be seen that in the 1 % agar 
case the experimental behavior of Gc a t  high gelatin con- 
tent coincides closely with the lower bound calculated for 
p = 0.5, while in the 2% case the lower bound for p = 1.0 
(or slightly less) seems more appropriate. In what follows 
the remainder of the discussion will refer to the bounds 
calculated for p = 1.0, it being recognized that the un- 
certainty surrounding this quantity is potentially resolvable 
by experimental methods such as one or more of the fol- 
lowing: (a) measurement of the appropriate x values for 
agar and gelatin gels as mentioned previously, (b) mea- 
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Figure 7. Upper and lower bounds (p = 0.5,1.0, and 2.0) for the 
composition dependence of G' for the 1% agar gel series as 
calculated using a modification of the Takayanagi approach. For 
details, see text. 
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Figure 8. Upper and lower bounds (p = 0.5, 1.0, and 2.0) for the 
composition dependence of G' for the 2% agar gel series as 
calculated using a modification of the Takayanagi approach. For 
details, see text. 

surement of the volume fractions 4~ and c $ ~  by microscopy, 
and (c) direct determination of a (and hence p) by studies 
of water NMR relaxation. 

Assuming the p = 1.0 bounds, it may now be seen how 
successful these limits are in explaining the experimental 
composition dependence of Gc for the two gel series to be 
studied. From Figures 7 and 8 it is clear that only at high 
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gelatin content do the two systems show behavior con- 
sistent with the theory, for, in both cases, as the gelatin 
content is increased beyond that necessary for phase in- 
version the modulus Gc approximates predicted lower 
bound behavior. This is reasonable since the simplest 
expectation of the Gc vs. x behavior for both series of gels 
must be that Gc follows upper bound behavior up to the 
phase inversion point (since the supporting agar phase is 
the more rigid one) and then collapses to the lower bound 
curve as x increases beyond the inversion point, and the 
softer gelatin phase becomes the supporting gel. While 
the lower bound expectation is fulfilled, it is clear from 
Figures 7 and 8 that the initial upper bound behavior does 
not occur, for, in both cases, Gc falls as gelatin is added 
and reaches a minimum in the vicinity of the inversion 
point. Clearly, in the agar/gelatin case the simple pre- 
diction of upper and lower bound behavior with a tran- 
sition between these limits is only partly verified experi- 
mentally. I t  is worth noting, however, that such conclu- 
sions as can be drawn from Figures 7 and 8 are not cru- 
cially affected by the choice made for p and that the real 
behavior of the gels is always to be found on or between 
the upper and lower limits specified. 

Modified Bounds for Agar/Gelatin. Following these 
preliminary attempts to rationalize the mechanical prop- 
erties of agar/gelatin gels, a modification to the theoretical 
treatment described above was considered with a view to 
making it provide a more satisfactory explanation of the 
experimental data. This reexamination focused on the 
assumption made initially that the modulus contributions 
for the component gel phases X and Y (i.e., Gx and GY) 
could be estimated from effective concentrations of the 
molecular species present and from experimental modulus 
vs. concentration data for these species studied as indi- 
vidual gelling systems. Questioning of these assumptions 
was prompted by the realization that the anomalously low 
values for G, found experimentally (particularly at low x )  
could only be explained if the agar contribution to the gel 
strength in such systems was considerably less than would 
be expected on the basis on the effective concentration 
(Cye? calculated from eq 9 and the known experimental 
concentration dependence of the modulus for pure agar 
gels. Since suitable modifications of calculated Cyeff’s 
would require a drastic change in p and a substantial re- 
laxation of the condition that p was independent of x and 
y, it was decided to explore the alternative possibility that 
agar gels formed in a gelatin environment are softer than 
pure agar gels formed alone at  the same effective con- 
centration. This was done by assuming that the agar 
phases present a t  all x behaved mechanically as if their 
concentrations were closer to Cynom than CyBff, and ac- 
cordingly earlier calculations of upper and lower bounds 
were repeated with the modification that everywhere Cyeff 
was replaced by Cynom (equal to  1.0 or 2.0% w/w). The 
new upper and lower bounds determined in this way are 
compared with earlier estimates in Figures 9 and 10, and 
from these figures it is clear that while the new lower 
bounds are only slightly altered in relation to the previous 
ones, the new upper bounds are substantially changed. 
These now agree well with the experimental data points 
from both the 1.0% and 2.0% agar gel series, this agree- 
ment being particularly important a t  small values of x ,  
where upper bound behavior would be expected to occur 
prior to phase inversion. Since the new upper and lower 
bounds tend to come together as x increases beyond the 
inversion point, the experimental data agree well with 
theory in this composition range as well. In summary, 
what has been achieved is that the experimental depen- 
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Figure 9. Modified (p = 1.0) upper and lower bounds ( -e - )  

calculated using C sff are compared with the 
original estimates osealFigure 9 (-) for E 1 % agar gel series. Only 
the upper bound is substantially changed. 
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Figure 10. Modified (p = 1.0) upper and lower bounds (---) 
calculated using Cyanom instead of C eff are compared with the 
original estimates o Figure 10 (-) forKe 2% agar gel series. Only 
the upper bound is substantially changed. 

dence of G, on x has now been modeled on the low, as well 
as the high, x side of the inversion point, albeit at the cost 
of sacrificing some of the simple logic of the original ar- 
gument. For the agar/gelatin system at least, it seems that 
the activity of agarose molecules as they gel in a mixed 
agar/gelatin environment is not significantly different from 
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systems at 0.5% agar1570 gelatin. The present work 
confirms their conclusions about the phase-separated na- 
ture of the microstructures of these gels, and no doubt the 
slight contradiction between present estimates of the 
composition required for phase inversion and theirs can 
be reconciled with differences in the polymer samples used 
(e.g., "primary chain" molecular weight and molecular 
weight distribution) and differences in heating and cooling 
regimes. 

In terms of the gel moduli, Watase et al. also report 
minima in plots of E' against composition, and in one 
article2* they attempt, with what they admit is little suc- 
cess, to fit extended equations of the Takayanagi type to 
the data. Eventually, they attribute the minima observed 
to a specific interference effect that causes the agar net- 
work to be softer than normal when formed in the presence 
of ungelled gelatin. Their theoretical approach is always 
likely to fail, however, because of the incorrect way they 
assess the gel component phase volumes in terms of the 
volumes of the two gelling polymer solutions originally 
mixed together. In the present work the problem of 
finding a theoretical model for such systems is attacked 
in a more realistic way, that is, one in which the likely 
reorganization of water between the two components is 
taken into account. This theory can be used to provide 
a quantitative description of the experimental data in- 
cluding the minima just mentioned, provided that it is 
accepted that the agar gel strength contribution to the 
modulus is less than would be expected on the basis of the 
amount of agar present and the volume finally occupied 
by the agar network in the composite. In the present work 
this effect is ascribed to the fact that the agar network 
forms first and that the subsequent concentrating action 
of the aggregating gelatin is insufficient to increase the 
strength of the agar phase to a value equivalent to a pure 
agar gel at the new effective concentration. This property 
could indeed be identified with the interference effect 
discussed by the Japanese, and to this extent there is no 
contradiction between the findings presented here and 
their results. The present paper offers a more quantitative 
description of the small-strain rheology of mixed aqueous 
gels, however, and in the case of the agar/gelatin systems 
also provides experimental evidence regarding their mi- 
crostructures. 
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Appendix 
In his original paper25 Hermans derived a theoretical 

expression to relate the equilibrium shear modulus of a 
polymer gel to the polymer concentration. This was based 
on the Flory-Stockmayer theory of gelation3s32 and as- 
sumed that an equilibrium between cross-link association 
and dissociation was established at any temperature. This 
equilibrium was controlled by an equilibrium constant, 
which, in turn, depended on the intrinsic stability of the 
cross-links formed. Using this concept, the degree of re- 
action of the available polymer cross-linking sites could 
be formulated at  any concentration and hence the ap- 
propriate cross-link density established. Using ideal rubber 
theory,33 this last quantity allowed the shear modulus G 
to be expressed as a function of c, the concentration, or, 
more generally, as a function of c / c o ,  where co was the 
critical concentration for gelation appropriate to the system 
concerned. Hermans' final result can be written as 

5 10 15 20 25 30 
." 

C =% POLYMER (w/w) 

Figure 11. Fits of experimental G' (at 10 rad s-l) w. concentration 
data achieved for agar and gelatin gels using Hermans' theoretical 
expression. 

that which would apply if no gelatin molecules were 
present at all. Also, as the gelatin network inclusions form 
at a later stage in the gelling process, the agar network does 
not respond in the fashion required by the Hermans 
treatment (see Appendix); Le., it  does not increase its 
cross-link density in the way prescribed by Hermans' 
equations for a network suffering concentration. This 
could be a particular kinetic property of agar gel formation, 
for the hysteresis behavior of agar as a gelling polymer is 
well-known,l' but further study is needed to prove this. 
Indeed, the whole question of whether or not cross-link 
formation in biopolymer gels can generally be described 
as a mobile equilibrium readily shifted by changes in 
temperature, concentration, etc. remains to be established 
even though there is no doubt that in mathematical terms 
Hermans' equation fits experimental G ' vs. concentration 
data for individual gelling systems and conditions very well 
indeed. 

Discussion 
The mechanical properties of agar/gelatin gels have 

received some limited attention in the literature, but no 
previous study has been set up to investigate the micros- 
copy of such gels nor to relate observed microstructure to 
rheological data. In the past, however, Watase et al. have 
s t ~ d i e d ~ ~ - ~ ~  the effect of composition on gel melting tem- 
perature and on the real part of the extension modulus E' 
(=3G1. From the dependence of the gel melting tem- 
perature on the proportion of gelatin present, they con- 
clude that the two polymers form individual networks, and 
judging by the point a t  which this temperature changes 
suddenly with composition, phase inversion occurs in their 
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G = (RT/2fMK)(wg(2 - w , ) c / c ~  - ~ w , ) c / c ~  (Al) 

and in this equation f is the functionality of the gelling 
polymer, i.e., the available number of cross-linking sites 
per molecule, M the molecular weight, K the equilibrium 
constant for cross-link formation, and w the gel fraction, 
assumed by Hermans to be given by the l!lory-Stockmayer 
relation 

wg - 1 - exp(-w,c/co) 

This is valid for large f only, and indeed throughout his 
analysis Hermans made the assumption that f was very 
much greater than 2. Fortunately, for the agar and gelatin 
systems studied here, this assumption should not be too 
limiting since for gels that arise via formation of ordered 
junction zones and that have x zones per chain and n 
chains per zone, the functionality f is equivalent to (see 
ref 16) 1 + (n  - l)(x - 1). For gelatin, experimental datal6 
suggest that n = 3 and x - 5-8 and this makes f - 10. 
Though similar experimental results are not yet available 
for agar gels, an analogous situation is likely to obtain with 
the zones involving double rather than triple helices, and 
again f is likely to be moderately large. 

From the nature of eq A1 it is clear that it can be used 
to fit any set of G vs. concentration results, if two variable 
scale factors are introduced corresponding to co and 
RTI2fMK. In the present case this was done using ex- 
perimental data (G'at 10 rad s-l) for pure gelatin and agar 
gels and a simple least-squares fitting procedure. The fits 
achieved are shown in Figure 11 and are generally very 
good. This shows that, within the concentration range 
readily accessible to experiment (it is difficult to study agar 
gels a t  concentrations much greater than 8% w/w for 
reasons of polymer insolubility and gel syneresis), the 
Hermans treatment provides an adequate means of in- 
terpolating experimental modulus vs. concentration data. 
However, for the agar in particular, it  was necessary in 
many of the calculations described earlier to use the 
Hermans function as a means of extrapolating G vs. c 
results to values of c / c o  greater than could be studied with 
accuracy experimentally. This meant that a considerable 
reliance was placed on the correctness of eq A1 in all the 
calculations described earlier in this paper, and because 
of.this an alternative treatment of the modulus vs. con- 
centration problem was subsequently investigated to es- 
tablish what effects if any uncertainties in the assumed 
G vs. c relationship might have on general conclusions 
drawn from this work. This alternative analysis was also 
based on the concept of a cross-linking equilibrium but 
allowed f to take on any value greater than 2. Another 
difference was that the methods of the cascade ap- 
proach*% to the theory of gelation were used to calculate 
G in terms of the degree of reaction achieved at  any con- 
centration. Details of this investigation will be published 
elsewhere but the main outcome was that the cascade 
treatment provided an alternative G vs. c / c o  relationship 
to that given by (Al) and one that depended on f .  It  was 
found that for f < 100 and c / c o  > 10 this function differed 
significantly from the Hermans expression. Since this 
finding cast some doubt on the reliability of the agar 
contribution to the composite modulus calculated by the 
Hermans approach (i.e., implied the possibility of error in 
extrapolations beyond c = 10% w/w), these calculations 
were repeated using the f = 10 cascade version for the G 
vs. c relationship. Though the upper bound curves in 

Figures 7 and 8 were substantially lowered on doing this, 
the lower bounds were largely unaffected. The change in 
upper bound did not, however, explain the unexpected 
behavior of the agar discussed previously, and it was still 
necessary to replace Cyeff by Cynom to achieve a good fit 
to the experimental data. It was concluded that, significant 
as errors in the chosen G vs. c / c o  theoretical relationship 
might prove in certain situations, they were not likely to 
affect conclusions reached here regarding the properties 
of agar/gelatin gels. Other uncertainties in the adopted 
model such as the exact value of p to use or whether or 
not in principle G vs. c relationships are suitable for ap- 
plication in co-gelling situations seem to be of greater 
importance. 
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