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The purpose of this note is to call to the attention
of polymer physicists and morphologists the very
exciting work on the thermodynamics of irreversible
processes which has been coming out of the group of
investigators at the University of Brussels.! ~3 Since
this group has been concentrating on the very large
field of biological applications and since they have
indicated that nonlinear irreversible thermody-
namics is essentially a thermodynamics of chemical
reactions,® it is perhaps worth pointing out that
phase transitions in polymeric materials also require
nonlinear thermodynamics since the conformational
entropy of a polymer molecule is a nonlinear func-
tion of the number of segments. Recognition of this
fact makes it possible to use nonlinear irreversible
thermodynamics to recognize polymer morpho-
logies as dissipative structures rather than equilib-
rium structures and to begin their quantitative
description. In this note we shall point out only some
of the more obvious qualitative results of our initial
exploration in the hope of persuading other polymer
physicists to join in this exciting new approach.

All polymers crystallize (or solidify if crystalli-
zation is not possible) by irreversible processes. No
matter how slowly crystallization takes place, the
melting temperature of the resulting crystal is always
substantially higher than the crystallization tempera-
ture. For example, Chiang and Flory* carried out the
crystallization of a polyethylene fraction at 131.3°C
for over 40 days and found that the last trace of
crystallinity did not disappear until 138.7°C. The
theoretical equilibrium melting point for poly-
ethylene is generally accepted to be in the neigh-
borhood of 145°C. Clearly it is impossible to solidify
polymeric materials reversibly in the time frame of
normal laboratory operations. It follows that such
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solidification must be considered as an irreversible
process occurring in a region far removed from
equilibrium where the possibility of the formation of
dissipative structures exists.

According to Glansdorff and Prigogine? a dissi-
pative structure will form when the steady state of an
irreversible process becomes unstable with respect to
a space-dependent fluctuation. These dissipative
structures are significantly different from equilib-
rium structures and cannot be related by simple
extrapolation. In contrast with equilibrium struc-
tures which are homogeneous and unlimited in size,
dissipative structures are inhomogeneous and have
characteristic size. Since they are fluctuations which
have grown out of instabilities and are amplified and
stabilized by the flow of energy and matter, the
dissipative structures which evolve, unlike equilib-
rium structures, are dependent upon initial con-
ditions as well as the complete history of events
which occur during their existence. In effect, a
nonhomogeneous structure with a characteristic size
becomes a more efficient means for storing the excess
energy of an irreversible process. What may appear
to be a highly improbable fluctuation in molecular
arrangement according to equilibrium thermody-
namics becomes the arrangement which represents
the combined thermodynamic and kinetic solution in
the far from equilibrium case.

The process of solidification consists of the trans-
formation of the kinetic energy of translational
motion of the atoms or molecules in the liquid into
some other form of energy. This energy is either (a).
transformed into heat which flows to the environ-
ment, or (b) stored by increasing the internal energy
of the solid. When the process is carried out re-
versibly (i.e., infinitely slowly), the heat which flows
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to the environment is the maximum amount and is
called the latent heat of crystallization. When solidi-
fication is carrried out irreversibly, part of this heat is
stored in the solid as excess energy in the form of
randomly distributed defects and internal sufaces.
Quantitatively, this excess energy is given by the
temperature times the entropy production and is a
function of both the kinetic fluxes and the thermody-
namic forces of all the processes involved. A dissi-
pative structure is formed whenever the translational
kinetic energy of the liquid molecules can be more
efficiently stored by the formation of a nonhomo-
geneous solid in which some of the energy liberated
in one region is stored by the formation of high-
energy structures in an adjacent region.

Thus the structure which forms when polymers
solidify is really a dissipative structure which de-
pends upon both the thermodynamics of the polymer
molecule and the kinetics of the process by which
solidification occurs. The structure is nonhomo-
geneous with a low-energy core, a high-energy
surface and at least one characteristic dimension. If
the polymer molecule is sufficiently regular and the
entropy production is not too high, the low-energy
core can evolve into a “true” crystal with three-
dimensional translational periodicity and the excess
energy is concentrated in the noncrystalline regions
on the surface. Thus we see that the basic error in the
two-phase concept of polymer structure is not that
two regions exist but that they represent separate
structures. Actually they are both part of the same
dissipative structure and are formed simultaneously
since the one is needed to store the excess energy
liberated by the formation of the other.

It is important to recognize that the so-called
noncrystalline part of the dissipative structure is not
just the “fronzen-in”’ random structure of the liquid,
but represents a molecular arrangement which most
efficiently stores the excess energy which must be
retained in the solid as a consequence of the irreversi-
ble solidification process. Polymer molecules fold (in
some manner) when they solidify since a fold is an
efficient high-energy structure for storing the excess
energy. The regularity of this fold will depend upon
how much excess energy must be stored which in turn
is quantitatively dependent upon the rate of entropy
production. To argue that regular folding is unlikely
on the basis of probability is like arguing that 10%°
randomly moving water molecules will spon-
taneously begin to move in one direction while at
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some characteristic distance away an equal number
will begin to move in the opposite direction. It is an
event with almost zero probability according to
classical statistics; yet it occurs invariably with the
onset of convection cells whenever the rate of heating
exceeds a critical value. Nonlinear irreversible ther-
modynamics is forcing a revolution on our ideas of
statistical probability.®

Although Prigogine suggested the term * dissi-
pative structures” a number of years ago, it was only
recently recognized that a number of well-known
phenomenon in the formation and behavior of
polymer solids qualify for the use of the term
“dissipative” to distinguish them from ‘‘equilib-
rium” structures. For example, the neck which is
frequently observed during determation is a dissi-
pative structure which forms when the force times
the rate of deformation exceeds a critical value. The
deforming system becomes unstable to a space-
dependent fluctuation which evolves with time into a
nonhomogeneous structure by minimizing the force
at the expense of increasing the elongation (flux) in
some regions and reducing it in others. The onset of
this instability (i.e., the neck) is dependent upon both
thermodynamics (i.e., the force) and kinetics (i.e., the
rate of deformation).

Another example of a dissipative (nonequilib-
rium) structure is the dislocation. It minimizes the
force necessary to deform a crystal by concentrating
the flux along a narrow line. The dislocation illus-
trates another characteristic which we must expect in
these nonequilibrium structures. When one no
longer insists upon the homogeneity and the un-
limited extent required by an equilibrium structure,
the number of possible ordered arrangements is
greatly increased beyond the 230 space groups of
classical crystallography. Although the core of a
dislocation is frequently referred to as “disordered”
in comparison with the rest of the crystal, there is
nothing random about the arrangement of the atoms
within it. Each atom is arranged in a manner which
most efficiently stores the excess energy which must
be contained in the crystal as a result of the
nonequilibrium process which created the dis-
location.

In the same manner, there need be nothing
random in the noncrystalline arrangements which
form when polymers solidify by irreversible pro-
cesses in the nonlinear region far from equilibrium.
The molecular arrangement which form is that which
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most efficiently stores the excess energy and minim-
izes the thermodynamic forces.

The recognition of polymer morphologies as dissi-
pative rather than equilibrium structures yields a
very different insight upon what structures are to be
expected and how to influence them. Instead of a
homogeneous structure which minimizes the energy
and maximizes the entropy, we must be concerned
with a nonhomogeneous structure which most ef-
ficiently stores the excess energy while minimizing
the thermodynamic forces. The excess energy which
must be stored is given by the temperature times the
entropy production which is the sum of the product
of all the thermodynamic forces and their cor-
responding kinetic fluxes.

As the solidification process departs farther and
farther from equilibrium the excess energy which
must be stored increases, the characteristic distance
decreases and the possibility of the formation of a
true crystalline core decreases. When the entropy
production is such that all of the translational kinetic
energy of the liquid must be dissipated by the
structure of the solid, solidification occurs by the
formation of a glass. Thus a glass may be considered
as the ultimate dissipative structure which may form
upon solidification and the glass transition tempera-
ture may be quantitatively represented as the ratio of
the latent heat of crystallization to the entropy
production at the glass transition.

T,=AH/AS,

Thus the glass transition, like entropy production, is
a function of both thermodynamics and kinetics, a
fact that is well-known experimentally. Recognition
of a glass as a dissipative structure, however, permits
one to consider it as two interpenetrating networks
of high- and low-energy structures with a character-
istic distance, and to calculate, in principle at least,

Itis hoped that this brief note will serve to whet the
appetitie of polymer physicists and inspire them to
expend the effort necessary to understand nonlinear
irreversible thermodynamics since it is clear that this
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is a science which controls polymer behavior in the
solid state.”
the characteristic distance using the mathematics of
spinodal decomposition.®

The question of “order” in so-called amorphous
materials is beyond the scope of this brief note.
However, it should be pointed out that dissipative
structures are nonhomogeneous on the scale of their
characteristic dimension and evolve from initial
perturbations or fluctuations. Consequently, the
“order’” which might result from such a process will
not be restricted to the traditional equilibrium
crystal with its three-dimensional translational peri-
odicity and its 230 space groups.
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