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Figure 1. Thermograms of biphenol-CBr, condensate.
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Figure 2. X-ray diffractogram of biphenol-CBr, condensate. .

groups which, due to four electronegative oxygen atoms,
are susceptible to facile oxidative degradation.

X-ray Diffraction. An X-ray diffractogram of the
polymer was recorded with Mo Ko« 0.071-nm radiation. A
typical X-ray diffractograms is illustrated in Figure 2,
which has the characteristics of amorphous materials.
There are, however, some peaks of low intensity that are
not well resolved.

The apparent absence of any well-defined peaks in the
diffractogram may be attributed to either of two reasons.
First, the polymer was itself obtained in an amorphous
form. This is quite likely in view of the facts that the
condensation may be incomplete in regard to the formation
of closed tetrahedral network and that there may be ro-
tation around the carbon-oxygen—aryl bonds, leading to
a large deformation in the structure. The latter could have
been minimized by prolonged annealing at a suitable
temperature to bring about uniformity in the network.
However, in view of the poor thermal stability of the
polymer even at lower temperature, (vide thermal stability)
no improvement in the diffractogram was observed.
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Second, the regular uniform network might have led to
a large unit cell dimension and hence to too low an angle
of diffraction maximum to be identified in the diffracto-
gram. With the assumption of a perfectly ordered dia-
mond cubic structure of the polymer, a large distance of
1.08 nm for the C-R-C linkages, and a low Mo Ku radi-
ation wavelength of 0.071 nm, the scattering angle (26) for
the first-order diffraction for a diamond cubic lattice pa-
rameter of 2.488 nm works out to be only about 0.2°, which
is too low to be detected in the diffractomgram.

It, therefore, remains unresolved, at least from the
diffraction pattern, as to whether the polymer is really
crystalline.

Concluding Remarks

The proposed scheme of synthesis of a highly cross-
linked ordered polymer appears to be applicable in the case
of condensation between CBr, and disodium biphenolate,
although the optimum conditions and the mode of carrying
out the reaction are subject to variation depending upon
the physical characteristics and reactivity of the compo-
nent reactants. In the case of CBr,~biphenol condensate,
many of the predicted properties like hardness, solubility
characteristics, porosity, and pore size distribution have
been attained. However, an ordered structure and high
degree of crystallinity in the polymer could not been es-
tablished unambiguocusly, and the prediction regarding
thermal stability has been totally belied. It is expected
that the ambiguity regarding an ordered structure and high
degree of crystallinity of the cross-linked polymers can be
resolved, and high thermal stability can be ensured by
proper choice of the component reactants on the basis of
their structures and reactivity. Further investigation in
this direction is in progress.
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Benmouna et al.! have proposed a model for the scat-
tering intensity from a dilute solution of charged macro-
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Figure 1. The scattering intensity (in arbitrary units) from a
solution of polyelectrolyte chains in the form of Gaussian coils
(with radius of gyration R,) for different chain concentrations.
The polyion charge is ﬁxeé with T'/R* = 40, and curves labeled
by smaller T (or lower R*) values correspond to more dilute
solutions.

molecules. In this Note we present a generalization of this
model that is, in principle, applicable to solutions of both
spherical and rodlike polyelectrolyte chains at any con-
centration.

The scattering intensity I{q) for a one-component system
may be written

I(q) = P(q)S(q) D

where P(g) is the intrachain structure factor or form factor,
S(q) is the interchain structure factor, and the wavevector
g = (47A71) sin (6/2) (M being the wavelength of the inci-
dent radiation and 6 the scattering angle). The structure
factor may also be expressed in terms of the Fourier
transform of the direct correlation function C(g), which
is defined by

S(g) = (1 - nC(g)™! (2)

where n is the number density of chains.? The present
model consists of using the single-contact approximation®
to express C(q) as a product of the form factor P(g) and
an interchain monomer—monomer interaction factor, which
for uncharged macromolecules is known as the excluded
volume parameter ».* However, for polyelectrolytes the
range of interaction may be large due to the screened
Coulomb interaction between charged monomers and »
becomes g-dependent. This represents a direct correlation
between monomers on different chains which is denoted
C,(q) and allows us to write

C(q) = Cu(@)P(q) @
Hence we find from eq 1-3
P(q)
@) & @

1 - nCy(q)P(q)

In the absence of added salt, when screening effects are
small, the effective monomer—monomer direct correlation
function Cp(g) should be well represented by a one-com-
ponent plasma (OCP) for all but very small wavevectors,’
the OCP being a one-component fluid of charged point
particles interacting through an unscreened Coulomb po-
tential where the counterions form a uniform neutralizing
background.®

To illustrate this result, Figure 1 shows the scattering
intensity for a solution of polyelectrolyte chains in the form
of Gaussian coils where a Debye function may be used for
P(qg) with

P(q) = 2u™ (exp(-u) + u - 1), ul/2 = qR, (5)

and R is the radius of gyration of the coil.” I(g) is plotted
for several values of the OCP coupling constant I'® and
ratio R* = R,/a such that T'/R* is fixed (a = (3/4wn)!/®
is the ion sphere radius for the polyion and typically R*
< 1). This corresponds to variations in the number density
n for fixed values of the polyion charge, with smaller T (or
lower R*) values representing more dilute solutions. Figure
1 reproduces correctly the qualitative behavior of the ex-
perimental data reported by Nierlich et al.® and Matsuoka
et al.® for the scattering intensity as a function of polye-
lectrolyte concentration for both biopolymers and synthetic
polyelectrolytes.

Tt is relatively simple to fit the experimental and theo-
retical results by adjusting the apparent charge on the
polyion, which is unknown due to the counterion con-
densation that may occur in such systems, and using an
appropriate choice for the form factor P(g).

The unphysical feature of Figure 1 occurs in the g —
0 limit, when the OCP model requires S(g) — 0 as ¢ —
0.5 However this feature is removed by the inclusion of
screening effects from the counterions, which in such
systems represents a small perturbation and affects the
scattering at only very small wavevectors.’

A more elaborate study of this model along with its
generalization to multicomponent systems is in progress
and will be reported later.

Acknowledgment. M.B. is grateful to the Institute of
Food Research and the University of East Anglia for their
hospitality and to the AFRC for financial support through
the Underwood Fund during the course of this work.

References and Notes

(1) Benmouna, M.; Weill, G.; Benoit, H.; Akcasu, Z. J. Phys. (Les
Ulis, Fr.) 1982, 43, 1679.

(2) Hansen, J.-P.; McDonald, J. R. Theory of Simple Liquids;
Academic: London, 1976.

(3) Zimm, B. H. J. Chem. Phys. 1946, 14, 164.

(4) Benoit, H.; Benmouna, M. Macromolecules 1984, 17, 535.

(5) Grimson, M. J. J. Chem. Phys. 1983, 79, 5070.

(6) Singh, H. B. J. Stat. Phys. 1983, 33, 371.

(7) de Gennes, P.-G. Scaling Concepts in Polymer Physics; Cor-
nell University Press: Ithaca, NY, 1979.

(8) Nierlich, M. et al. J. Phys. (Les Ulis, Fr.) 1979, 40, 701.

(9) Matsuoka, H. et al. J. Chem. Phys. 1985, 83, 378.

Phase Transitions in Cross-Linked Gels of
Natural Polymers

TAKAYUKI AMIYA' and TOYOICHI TANAKA*

Department of Physics and Center for Materials Science
and Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139.

Received October 20, 1986

Some synthetic polymer gels were reported to undergo
discontinuous volume phase transitions in response to
infinitesimal changes in temperature,! solvent composi-
tion,2% pH, jonic composition,® or by application of a small
electric field across the gel.” It has also been suggested
theoretically that the phenomena are similar to the gas—
liguid phase transition, where the reversible volume
changes up to a couple of thousand times have been ob-
served upon temperature change.? It has further been
shown theoretically that for a gel to undergo a discontin-
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