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ABSTRACT

The model recently proposed to estimate the ‘molecularity parameter’n in
the junction zone model of biopolymer gelation from the slope of a
log-log plot of reciprocal geltime versus concentration is discussed. In
contradiction to the predictions of this simple model, the slope of the
latter plot is shown not to be constant but to diverge at the critical con-
centration C,. Moreover, even in the high concentration regime where the
slope approaches linearity, the calculated slope is a more complex
function of n than previously assumed. A more rigorous model is derived
from polymer network theory, and compared with previously published
experimental data for carrageenan and serum albumen gels.

INTRODUCTION

A recent series of papers by Oakenfull and co-workers (Oakenfull &
Scott, 1986, 1988; Oakenfull & Morris, 1987) proposes an attractively
simple method for the determination of the molecularity parameter » for
the formation of physical gels from cross-links involving intermolecular
‘junction zones’. Such junction zones are now accepted to be involved in
many gels formed from biopolymers, including those where the junction
zones are formed from multiple helices, e.g. double helices (n=2)
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(carrageenans, agarose) and triple helices (n = 3) (gelatin, curdlan) (Clark
& Ross-Murphy, 1987). We show in the present paper, however, that the
exponent n' extracted from the plot proposed by Oakenfull, viz. log of
‘gelation rate’ against log concentration is not in general equal to #, nor is
it constant. Values cited in the above papers, although consistent with
current molecular understanding (Morris, 1986), must rather be
regarded with some trepidation. In particular, and contrary to the
expectation of this simple model, more accepted treatments of gelation
do not lead to a simple #; rather they suggest that the apparent value n’'
should increase as the critical gel concentration C, is approached, and
become infinite at C, (Clark & Ross-Murphy, 1985, 1987).

THE GELATION KINETICS METHOD

The details of the Oakenfull gelation kinetics method are as follows: it is
proposed that the time required to form a gel of small, but precisely
determined, rigidity is a measure of the rate of gelation, and that the
setting time (geltime) is inversely proportional to the initial rate. By
confining measurements to the very early stages of the gelation process,
it is then proposed that, since each potential cross-linking locus (L)
along a chain acts as an independent species in solution, when » of these
form a junction zone (J) then

nlL—-J
and the rate of gelation v is given by
v=d[J]/dt=kC" (1)

where k is a rate constant, [J] is the concentration of J units and C is the
polymer concentration. Following this argument, the slope of log (rate of
gelation) versus log (concentration) gives a ‘reaction order’, which is
assumed to be the number of polymer chains participating in the forma-
tion of a junction zone.

In the above treatment, the gelation rate is assessed by pouring a
fixed amount of pre-gel solution into a series of small vials held in a
thermostatted waterbath. These vials are then inverted sequentially, and
the time, ¢, required to form a gel just strong enough to remain held in
position is recorded, for each of a series of concentrations. The rate of
gelation is then assumed to be proportional to 1/¢,, a procedure
equivalent to estimating the rate constant from the initial rate method of
chemical kinetics.

Analysing data for ¢- and x-carrageenan by this method, n was found
to be 4-5 £ 0-5 for ¢-carrageenan, and 12-5 £ 0-9 for the x sample. In Fig.
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1a we reproduce the original data (Oakenfull & Scott, 1988), whilst Fig.
1b (inset) shows this same data plotted as log(1/s.) against a linear
concentration axis, as proposed by Richardson and Ross-Murphy
(1981). The values for n noted above were argued to be reasonable, in
view of the ‘domain model’ of carrageenan gelation proposed by Morris
et al. (1980), in which the ion-mediated gelation is assumed to involve
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Fig. 1. (a) The data of Oakenfull and Scott (1984) for ¢- (®) and x-carrageenan (A ).

Gelation rate is determined as described in this and by Oakenfull and Morris (1987); (b)

the same data is plotted against concentration on a linear axis as in Richardson and
Ross-Murphy (1981).
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the stacking of double helices, into a fringed micellar type structure. In
other words, from the above plot it was suggested that ¢-carrageenan
junction zones involve two to three, and x-carrageenan around six, such
associated double helices.

CRITICISMS OF THE KINETIC MODEL
Number of chains involved in a junction zone

The first, and perhaps most direct, argument against the kinetic
approach is that it requires that n-fold collisions of polymer occur, and
that these n polymer chains are simultaneously involved in the nuclea-
tion of the junction zones. Binary collisions are, of course, very common,
and even ternary collisions can occur (although with a much lower
probability than binary), but values of »> 3 seem to be of progressively
much decreased likelihood. In fact some recent work on gelatin, where n
might be asserted to be equal to three has confirmed that the reaction
order of gelatin renaturation (monitored by the usual optical rotation
technique) is equal to one at low concentrations, increasing to two at
higher concentrations (Busnel ez al., 1988, 1989).

The first-order reaction rate is, in this case, associated with intra-
molecular helix formation, which ‘wastes’ cross-links. In other words, not
all of the observed helix renaturation results in elastically effective
junction zones since, in the absence of ‘trapped entanglements’ (Langley,
1968; Ferry, 1980), these can only involve intermolecular helices. The
second-order process occurring at higher concentrations is assumed to
involve an anti-parallel, triple-stranded, double-chain helix. This model
reduces the topological complexities of triple helix, but also illustrates
how efforts are being made to rationalise the mechanism of gelatin
renaturation in terms of n=2 models. Of course, subsequent side-by-
side helix aggregation could then occur; but for n > 3 this implies a much
more cooperative process than is currently accepted. It also suggests a
system which is in a thermodynamically extremely poor solvent resulting
in, at best, a biphasic gel.Certainly structural and mechanistic studies of
the carrageenans and of gelatin are not consistent with a non-nucleated
spinodal decomposition mechanism for gelation suggested for some
other systems (Miller ez al., 1974).

Absence of a critical gel concentration

The kinetic scheme of eqn (1) requires that gelation will always occur, at
any concentration provided that a long-enough time has elapsed. This
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follows because [J] is a monotonically increasing function of time for
C>0 and n>0. However, a critical concentration must exist below
which gelation can never occur. This concentration may be defined
theoretically, and also measured, although in a more pragmatic way.
There are arguments in the literature which suggest that this concentra-
tion, here denoted C,;, may be related to the C* overlap, in particular
suggesting that C, =C*, but there are certainly many counter-examples
— in some cases C,< C* and in other cases C,> C* — and a prolonged
discussion of this issue is given by Clark and Ross-Murphy (1987).
However, the presence of such a concentration is not disputed, and is
related theoretically to the Flory (1941a, b) gelpoint requirement, i.e.
that a critical number of cross-links. (junction zones) per primary
polymer chain are required to produce a continuous gel network.
Further aspects of this requirement are discussed below, but the crucial
point is that v, the gelation rate defined in eqn (1) will always be zero for
concentrations less than C,. What this requires is that there must be (at
least) one other term in the kinetic scheme of eqn (1), either a back reac-
tion (equilibration) of the form of the Ostwald dilution law, as assumed by
other workers (Hermans, 1965; Clark & Ross-Murphy, 1985, 1987;
Gordon, 1986) and explicitly stated in the Oakenfull-Scott calculation of
the gel modulus (Oakenfull, 1984; QOakenfull & Scott, 1984), or a
wastage term, involving intramolecular reaction steps (Chatellier ez al.,
1985; Durand et al., 1985), sometimes known as cyclisation (Ross-
Murphy & Stepto, 1986). Both of these lead naturally to a more physical
model of the gelation rate.

Relationship between gel modulus and [J]

The assumption that a gel is self-supporting when the modulus becomes
greater than a certain value (say G.) is probably not unreasonable. Of
course, inverting any particular vial is not a simple rheological experi-
ment, since both shear and tensile components may be present, it is by
definition a large deformation experiment (at least for the samples which
are judged not to have gelled) and the deformation rate is unknown. It
also requires that the adhesion of the gels is not itself a strong function of
concentration. However, for a series of samples of a given polymer made
under identical conditions, these factors may not be dissimilar. Neverthe-
less, even accepting that there is a sharp distinction between ungelled
(with G< G,) and gelled (G> G,) samples, the assumption that G, is
proportional to [/], the concentration of junction zones, is a very poor
one. In particular, following the argument above, at and below C, the
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equilibrium modulus G is zero, and becomes finite only for C> C,.
There is a corresponding critical value of [J], here denoted [J.]. The
modulus is therefore not dependent simply upon [J] but upon the
difference between [J] and [J ). It is usual to write this dependence in the
form (Stauffer et al., 1982):

G=((JI/D)—1p (2)

for small values of [J]/[J.]. Here the ‘critical exponent’ p=3 in the
classical theory of percolation on a tree-like or Bethe lattice (Gordon &
Ross-Murphy, 1975) and around 1-8 for percolation on a cubic lattice
(Stauffer er al., 1982). These exponents are strictly only appropriate
extremely close to the gel point, ie. [J]/[J,]= 1; at higher degrees of
cross-linking there is a ‘wastage’ effect, whereby not all of the cross-links
lead to the formation of elastically effective chains. In other words, if we
are to apply such a formula for [J]/[J.]> 1, the measured exponent will
be less than this ‘critical value’.

For the moment the actual value of the exponent is not important.
What is significant is that for low-modulus gel [J] is only a little greater
than [J ], so that the term (([J]/[J.]) — 1) is less than 1, and the dependence
of G on [J] becomes very non-linear as is illustrated in Fig. 2. The slope
of a log G versus log[J] plot is proportional to [J,]/([J]—[J.]) and this
behaves as expected, the slope increasing and becoming infinite as [J]—{J ]
from above. In later calculations we will use the value p =2, which is not
far above the percolation exponent and sufficiently below the classical
exponent to include implicitly some wastage effects.

FEATURES OF A MORE REALISTIC MODEL

A more realistic model than that assumed by Oakenfull and co-workers
must still predict very high slopes in the plot of log (gelation rate) versus
log (concentration) for gels since, apart from Oakenfull’s own work,
these have repeatedly been reported for a wide range of systems. For
example, Bisschops (1955) noted that the slope of modulus growth, dG/
dt, was proportional to C?? for physical gels of poly(acrylonitrile) in
DMF, and we have reported that for heat set globular protein gels this
slope is = C? at low concentrations, and even at higher concentrations
(>3C,), it is o« C% (Richardson & Ross-Murphy, 1981). However, the
slope is neither constant, nor can it be related to the junction zone size,
since for the globular protein gels the gelation mechanism is funda-
mentally different.
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It is possible to reproduce qualitatively some features of the expected
behaviour by including a minimal number of assumptions, and we
illustrate this below in a series of steps. This calculation is only semi-
quantitative, since we are ignoring a number of important factors. Never-
theless, we hope it will predict the correct curvature, and that the
parameters obtained will be reliable. In other words, it should retain the
character of the overall behaviour.
1. Assume dfJ]/dt is proportional to C?° — a second-order mechanism
implying a binary intermolecular complex in the activated complex

From assumption 1 we have:
—d[L]/dt=d[J]/dt = kC? (or more generally =k, C") (3)

Arguments against high exponents for C were given above. Here there is
no specific wastage mechanism to give a critical concentration. This will

be incorporated by choosing an arbitrary [J.]

2. Assume that the geltime corresponds to a fixed low-modulus system,
and that the relationship between modulus and [J] is calculated using

our adopted value (p=2)

(Much more sophisticated, and realistic solutions to this problem are
available, including that by Peniche-Covas et al. (1974) specific to the

junction zone model, but are not used here.)
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To apply assumption 2 fully we need to consider a number of factors.
In particular, the gel point will be defined in terms of [/ ], and so the
geltime z, will be given by the time when [J] =[J_]. The geltime could, in
principle, be calculated from any of the kinetic schemes discussed above,
but the simplest way to examine the dependence of geltime on con-
centration is to say that the measured gelpoint corresponds to the sample
having a small, but finite modulus, G_. Thus from any equations of the
form of eqn (2), this modulus will correspond to a small, but constant
ratio (J,) of [J]/[J.] a little greater than one. As explained earlier, for
gelation to occur, for concentrations less than the critical concentration
C,, the ratio J, must always be less than one, however long is the time.
However, in the absence of another process in the kinetic scheme (either
a back reaction leading to an equilibrium state, or an alternative ‘wastage’
mechanism), this is necessarily a somewhat artificial constraint.

Regardless of this, the simplest way of calculating J, actually does not
require us to solve these kinetic equations at all. Instead when we assume
that J, is very small the ratio [J]/[J.] is very well approximated by the
differential ratio d[J]/d[J_]. Since the concentration corresponding to [J,]
is the critical concentration C,, we can use eqn (3) and say

Jo=dJ)/dlJ ] = (dlJ]/de)/(d[].] /dt) = kC? [kCF
and more generally we have the result that
Je=(CCo) (4)

CONCLUSIONS

If we substitute eqn (4) into eqn (2) we can then say
G=[(C/Co)—1)]

and finally since as C— C,, then G—0 and ¢,— ©, we now assume that
G=1/t.,so that

.= K((C/Cor—1)] (5)

where K is a proportionality constant. In practice, the inverse rela-
tionship between G and ¢, is quite well obeyed (Richardson & Ross-
Murphy, 1981). Equation (5) has, of course, been obtained by employing
a number of approximations, but despite this we feel it will behave
correctly, at least for small C/C,; what is of interest is the values of K
and p (assuming that »= 2). For illustration the function is plotted double
logarithmically (Fig. 3) for the simplest case when n=2, and p=2. The
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major features of this curve are of the form expected, but in no region
can we locate an actual exponent, n' of 2; much higher exponents would
be extracted from gradients drawn at any point, the slope '’ of the plot of
log (gelation rate) against log(C/C,) being given by

n'=dlog(1/¢.)/d log(C/Cy) =np(C[Col/{(C/Co )~ 1 (6)

so that the limiting value of »' at high C/C, will tend towards 4, as then
the slope should be well approximated by np. In this particular case we
can calculate the slope of the graph for different values of C/C,. For
C/C,=1-2, theslopeis =13, for C/C,=2itis =55 and for C/C =4 it
is beginning to approach the limiting value, ie. the slope is = 4-26.
Clearly, if the value of our parameter p were to be equal to one then the
original Oakenfull analysis could still be used. However, under any
circumstances where this was the case (say C> 10C,), most of the earlier
approximations would already have failed. We do not feel that the
original analysis would be made any more valid under these circum-
stances.

We have attempted to least squares fit eqn (5) to Oakenfull’s own data,
but with limited success. Fitting was carried out by minimising the sum of
{(log(1/1,)measurea — 10&(1/2.)catcutaea}” values for each data point using the
generalised simplex method (Nedler & Mead, 1965). The advantages of
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Fig. 3. Reciprocal geltime plotted against log reduced concentration for n=2 and
p =2 (the proportionality constant K = 1000).
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the weighting implied by minimising the sum of log values rather than the
values themselves has been discussed recently (Clark ez al., 1990).

For the :-carrageenan, a satisfactory fit is indeed obtained and is
illustrated in Fig. 4. Of course we are fitting three parameters to five
points so this is not surprising. However, the value of p obtained (2-28) is
close to two, in the range of our original estimate, and C, is reasonable.
In fact the quality of the fit is not really impaired if we constrain these not
to vary at all. Nevertheless, it is clear that there is only a little curvature in
his data in this regime. For our model curve the equivalent slope to his
value of 4-5 corresponds to C/C,= 3. The fit to the x-carrageenan data
is really not so convincing; although there are six points in this dataset
the curvature is almost the opposite to that expected from our model. In
this case the best overall fit corresponds to p=1-75, again not so far
from our estimate of two. Although the fit of the curve to the data looks
rather unrealistic, we are actually using no more parameters than in the
‘log-log is linear’ model — again if we were to constrain p to be equal to
two, the present model would actually fit adequately with one less
parameter. What seems clear is that, from this data, the critical
concentration for the ¢-carrageenan sample is lower than for the x sam-
ple; this is confirmed by the least-squares fit. In our opinion the behav-
iour observed in the latter data is not really physically reasonable — we
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Fig. 4. Data of Oakenfull and Scott fitted to eqn (5) — symbols as Fig. 1; for ¢-
carrageenan the best fit corresponds to p=2-28, C,=1-52; for x-carrageenan p=1-75,
Cy=234,
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can only attribute this to experimental factors. We note, nevertheless,
that the quoted n' slope of = 12-5 corresponds in our model calculations

to values of C/C, of around 1-2.
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Fig. 5. (a) Reciprocal geltime plotted against concentration for bovine serum albumin

gels fitted as discussed in text. Data correspond to measurements with a torsion

pendulum (low strain, high strain rate), (®) and a falling sphere viscometer (high strain,

low strain rate), (W) — details as in Richardson and Ross-Murphy (1981); the best fit

(dotted line) corresponds to p=1-70, C; =6'04; when p=2, C,=5-36 (solid line); (b) as
Fig. 5a, but plotted against log concentration.
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In view of the limited agreement mentioned above, we have repro-
duced some of our own previously published data for heat-set protein
gels (bovine serum albumin). In this dataset there are a total of 13 points
collected using two different techniques — for details see Richardson
and Ross-Murphy (1981). It is clear that this data does behave in the
manner predicted, and Figs 5a and 5b illustrate the fits obtained firstly
by constraining p to be equal to two and secondly by allowing the three
parameters K, p and C, to float independently. The best fit is actually
obtained for p=1-70. Figure 5a is on a linear concentration scale,
whereas Fig. 5b is double logarithmic. On this latter plot and even with
the present data, one might be inclined to assume that the behaviour
observed in the slope of the log-log plot was linear; nevertheless, as we
have shown above, the statistics of the gelation clarify that this is not
really the case. Overall we cannot accept that there is any requirement to
adopt the highly cooperative n' parameters suggested by Oakenfull,
since satisfactory agreement can be obtained with the present model by
assuming only binary collisions. A quite similar conclusion has been
reached in a recent publication of ours, which has reexamined gel
modulus-concentration relationships (Clark ez al., 1990) by comparing
cooperative and non-cooperative branching models.

Finally, we repeat our observation that the overall curvature of a plot
such as Fig. 4 can actually be well represented by mapping the behaviour
of the function of gel modulus against concentrations such as those
proposed by Oakenfull himself (Oakenfull, 1984; Oakenfull & Scott,
1984), by Hermans (1965), or by Clark and Ross-Murphy (Clark &
Ross-Murphy, 1985; Clark er al, 1990) and assuming that modulus
scales directly to the reciprocal geltime. Some of the approximations
involved are not quite the same as those described above, but have been
discussed in more detail in the previous work on serum albumen gels.
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