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the interstices of the lattice and that they were
immobile in tungsten at 60, 61, 80, and 90 K.

The temperature at which the interstitial “He
atoms became mobile in W was determined by
implanting *He in an FIM specimen at different
T/s and then analyzing at 7,=60 K. The ‘He
integral profile determined at T, was independent
of T; only if the “He was immobile at all values
of T;,. However, when T; was above the tempera-
ture at which the “He interstitials became mobile,
the “He implanted during the irradiation diffused
to the surface of the FIM specimen and entered
the gas phase. Therefore a sharp decrease in
the measured “He concentration was expected as
T; was increased (see Fig. 1). Since only T, was
varied, significant changes in the integral pro-
file could only be attributed to a sharp increase
in the mobility of the interstitial *He atoms at T;.
A dramatic change in the integral profile was ob-
served upon increasing 7'; from 90 to 110 K; thus
indicating that interstitial *He atoms were im-
mobile at 90 K but were highly mobile at 110 K.
By employing a diffusion model, a value of the
enthalpy change of migration (A% ™) of 0.24 to
0.32 eV was estimated.
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A new model for polymer gelation is presented that predicts new effects that can not be de-
rived from the conventional theory of Flory and Stockmayer. An exact solution is obtained
for the Bethe lattice, and is related to recent experimental results of Tanaka. Under certain
conditions, the gelation curve terminates at the consolute point; at this point, both connectiv-
ity and concentration fluctuations are critical, just as in the random magnet at the percola-

tion threshold.

Recently, there has been renewed interest in
applications of critical-phenomena concepts to
polymers.! The gelation transition is particular-
ly intriguing, in part due to superficial resem-
blances to the bond percolation problem.

In 1941, Flory? proposed an elegant model of
polymer gelation, which has the virtue of being
amenable to closed-form solution for the special
case in which one neglects the possibility of intra-
molecular binding. Flory’s original model and
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its elaborations® have proved extremely versatile
in providing a qualitative understanding of a wide

range of gelation processes. In the following, we

shall refer to this model as the Flory-Stockmayer
(FS) model.

In this Letter, we propose a statistical mech-
anical model of polymer gelation that predicts
new effects that cannot be derived from the clas-
sic FS model. First it is convenient to review
the essential features of the FS model. For sim-
plicity, consider the case of polyfunctional con-
densation in a system of identical monomers,
each with functionality f=4 (cf. Fig. 1). The
monomers are indicated by open circles and the
chemical bonds between the monomers by wavy
lines. The FS model assumes that for a given
set of experimental conditions, the presence or
absence of a bond between any given pair of mon-
omers is a random event, characterized by a
probability p ;. When p is small, the system
consists of only finite polymers (monomers,
dimers, trimers,...); this is the sol phase of
Fig. 1(a). However, when p ; exceeds some criti-
cal or “threshold” value p., there exists in addi-
tion to the finite molecules a single molecule that
is infinite in spatial extent; this is the gel phase
of Fig. 1(b). The weight fraction of monomers
belonging to the gel molecule (the “order param-
eter”) is zero for p z<p, and nonzero for pz>p..
Today, of course, we recognize the FS model as
being equivalent to the bond-percolation problem,

In the FS theory two simplifying assumptions,
which might leave out certain features at least in
reversible gelation, are (i) the absence of solvent
molecules, and (ii) the absence of correlations
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FIG. 1. (a), (b) All sites are occupied by a monomer
(open circle), as in the Flory-Stockmayer model of
gelation. The wavy lines correspond to chemical bonds
between two monomers, while p is the probability of
such a bond being present. (¢) The model of gelation
proposed here. Each site can be occupied by either a
monomer (circle) or a solvent molecule (dot). The
wavy line corresponds to a chemical bond. We find p,
given by Eq. (3), is a function of the temperature.

between the molecules. The model we propose
does not assume (i) and (ii).

Specifically, we associate an “A site” with a
solvent molecule and a “B site” with a monomer,
Moreover, we assume that the sites are corre-
lated as in the lattice-gas or Ising model. In
specifying the interactions, we must consider
that the monomers can interact with each other
in two ways. One is the usual van der Waals
interaction, and the other is a directional inter-
action that leads to chemical bonds. The particle-
particle interactions of this system are reason-
ably approximated by the following nearest-neigh-
bor interactions:

- W, 4=solvent-solvent,

—~W 45=monomer-solvent,

—€ ;5= Monomer-monomer (1)
_ | =Wyg (van der Waals) with weight p,
" | —E (bonding energy) with weight 1 -p,°

The Hamiltonian for a system of N , molecules of
solvent and N ; monomers can be written as

__ Ar A_ B, B
H==W,, 2, 1,418~ €zp 2187,
(i) (i)

- Wap 2 mAm5, (2)
(g

where the sums are over all nearest-neighbor
pairs of sites. Here 7;# is 1 if site j is occupied
by a molecule of species A and zero otherwise;
a similar definition holds for 7,2 Clearly 74
+7m;8=1, For a given configuration of bonds, we
can calculate the partition function from (2), and
then take the average overall bond configurations.

While the thermodynamic properties can be de-
rived from the free energy, the connectivity prop-
erties, which are related to the question of gela-
tion, cannot. We define the “gel” phase to be the
phase where a nonzero finite fraction of mono-
mers are bonded together via chemical bonds to
form a macroscopic molecule,

In order to calculate the gelation threshold
¢, (T), we must specify when a pair of monomers
are chemically bonded. We require that (i) they
be nearest neighbors and (ii) their relative inter-
action energy be —E. When two nearest-neighbor
monomers satisfy (ii), we say that a bond is pres-
ent between two monomers.

The probability p g that such a bond is present
between two nearest-neighbor monomers is®

- (1 - p,) exp(BE) (3)
P, exp(BW 5p) + (1 - p,) exp(BE)
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