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Thermoreversible Gelation via Multichain
Junctions’

Thermoreversible gelation has been observed in a variety
of polymer solutions.1® In many (though not all) cases it
is clearly established® to be due to the formation of small
crystalline regions or micelles acting as cross-links. Quan-
titative understanding remains rather incomplete. For
example, in a given polymer/solvent system at a given
temperature, the critical concentration ¢, for gel formation
depends only weakly on polymer molecular weight. Also,
the onset of association prior to gelation is observable over
only a small range of concentration just below ¢g. In this
paper we rationalize these observations, modifying a
treatment by Tanaka’ with the aid of the statistical
description of systems with multichain junctions due to
Fukui and Yamabe.?

The Tanaka formalism rests on two basic assumptions:

(a) The polymer/solvent system is described by standard
Flory-Huggins thermodynamics® with a single interaction
parameter x for all species; i.e., it is a “quasi-binary” system.

(b) The polymer chains associate through pairwise
contacts to form an equilibrium system of branched
molecules distributed according to standard tree statis-
tics.%10

These two statements are mutually consistent since, as
long ago shown by Flory,!! chemical equilibria in quasi-
binary Flory-Huggins systems follow the ideal mass-action
law. However, the assumption of pairwise contacts does
not correspond to the multichain nature of the micellar
junctions (whether microcrystalline or amorphous) in
actual thermoreversible gels. Fortunately, the Fukui-
Yamabe theory® furnishes the required relations. As far
as we have been able to ascertain, these have not previously
been applied to physical association and thermorevers-
ible gelation. Here we give one simple example, leaving
a more general and complete discussion to a later time.

Forsimplicity we take the original unassociated polymer
to be monodisperse, composed of chains with a molar
volume r times that of the solvent V. On the average,?
a chain bears f segments each capable of taking part in a
junction binding s (>2) such segments together. For a
polymer of given composition, f is proportional to r. Like
the original tree theories for pairwise junctions, the Fukui-
Yamabe theory excludes all cyclic structures, so that the
s segments forming an s-tuple junction come from s
different chains. (In polymers like a-PS or PVC we can
imagine these segments to be stereoregular sequences
capable of crystallization.) Let the degree of association
of a branched molecule be nn, an integer restricted to values
n =1+ j(s - 1), where j is the number of s-tuple junctions
in the molecule.

The chemical potential of the solvent is given by

(o= 1o®)/RT =In (1- ¢) + ¢[1 - (ra,) ™" + x¢* (1)

where ¢ (=3 p¢5) is the total volume fraction of polymer.
The number-average degree of association is

A, =1/[1-fa(l-s™)] 2)

t Belatedly dedicated to Ron Koningsveld on his 65th birthday.
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Figure 1. Double-logarithmic plot of critical gel concentration
against primary molecular weight M, according to eqs 4 and 5

withs =6,f=1.2 X 10*M, K, = 4.49 X 103. Compare to Figure
13 of ref 5.
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and the corresponding weight average is
("}

Ay =[1+(s-1a]/[1-als-1){F-1)] @)

where « is the probability that a segment is part of a
junction. Itis seen that A, diverges (i.e., gelation occurs)
at

a=1/(s-D(f-1) 4

and that Flory’s classical result!3 corresponds to s = 2.
Now it is straightforward to show that at equilibrium

a/(l-a) =Kg"? (5

where K, is an equilibrium constant!* independent of f.
Thus we can combine eqs 4 and 5 to relate the critical
concentration ¢; to the functionality f (and hence to the
lengthr) of the chains. A sample result, for s =6, isshown
in Figure 1, which may be compared to the data of Dom-
szy et al.’ for various systems. Physically, the weak
dependence of ¢ on chain length is directly due to the
multiple nature of the junctions.

For low concentrations, expansions of eqs 1, 2, and 5
give the osmotic pressure:

wV,/RT = (¢/r) + (% - X)¢2 + .- (f/N(1 - sHK "
(6)

Thus, for s > 2, association is not evident in dilute
solutions and makes no contribution to the second virial
coefficient.

The detailed theory, to be presented elsewhere, involves
distributions, rather than single values, of the variables r,
s, and K,. An approximate correction for the formation
of rings!®16 can be introduced, and scattering can be treated
by appropriate adaptation of the random-phase approx-
imation. Since mean-field arguments and equations are
used throughout, the critical exponents at the gel point
are inevitably the classical ones.

Acknowledgment. Useful advice from Leo Mandel-
kern and Bob Stepto is gratefully acknowledged. This
work was described in a symposium on polymer solution
thermodynamics at the spring meeting of the American
Chemical Society, Atlanta, GA, April 1991.

References and Notes

(1) Gelsand Gelling Processes. Faraday Discuss. Chem. Soc. 1974,
57.

© 1991 American Chemical Society



6368

(2) Tan, H.-M.; Moet, A.; Hiltner, A.; Baer, E. Macromolecules
1983, 16, 28.
(3) Tan, H.-M.; Chang, B. H.; Baer, E.; Hiltner, A. Eur. Polym. J.
1983, 19, 1021.
(4) Boyer, R. F.; Baer, E.; Hiltner, A. Macromolecules 1985, 18,
427,
(5) Domszy, R. C.; Alamo, R.; Edwards, C. O.; Mandelkern, L.
Macromolecules 1986, 19, 310.
(6) Lutringer, G.; Meurer, B.; Weill, G. Polymer 1991, 32, 884.
(7) Tanaka, F. Macromolecules 1989, 22, 1988.
(8) Fukui, K.; Yamabe, T. Bull. Chem. Soc.Jpn. 1967, 40, 2052 and
earlier papers.
(9) Flory,P.J. Principles of Polymer Chemistry; Cornell University
Press: Ithaca, NY, 1953.
(10) Stockmayer, W. H. J. Chem. Phys. 1943, 11, 45.
(11) Flory, P. J. J. Chem. Phys. 1944, 12, 425,

Macromolecules 1991, 24, 6368

(12) Theappropriateaverageis Y.f2ns/3fn;, wherethere are nschains
with f reactive segments.

(13) Flory, P. J. J. Am. Chem. Soc. 1941, 63, 3083.

(14) Appropriate physical theories of K, can be constructed, e.g., for
crystallites or micelles.

(15) Gordon, M.; Scantlebury, G. R. J. Polym. Sci., Part C 1965, 16,
3933.

(16) Ross-Murphy, S. B.; Stepto, R. F. T. In Cyclization, Gelation
and Network Formation; Semlyen, J. A., Ed.; Elsevier Applied
Science Publishers: London, 1986.

W. H. Stockmayer

Department of Chemistry, Dartmouth College
Hanover, New Hampshire 03755

Received July 22, 1991

CORRECTIONS

Wyn Brown® and Johan Fundin: Dynamical Behavior
of High Molecular Weight Polystyrene in the Marginal
Solvent 2-Butanone. Volume 24, Number 18, September

2, 1991, pp 5171-5178.

An incorrect version of Figure 8 was published. The

correct version is as follows:
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Figure 8. Plot according to eq 9 of the inverse dynamic
correlation length versus concentration. The equation of
the straight line is given in eq 10. The heavy dashed line
is a scaling representation with exponent 0.5.



