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ABSTRACT. The thermodynamics, kinetics, and computer simulations of
crystallization and melting is discussed with special emphasis on the research
directions taken in our laboratory. The thermodynamics is shown to be well
understood, although for many specific crystals not enough details for full description
are available. Experiments on the crystallization kinetics of poly(ethylene) and
poly(oxyethylene) in the presence of crystal nuclei as a function of molecular mass
revealed that with increasing mass, the crystallization behavior deviates increasingly
from that of small, rigid molecules. Instead of showing a continuously changing.
linear crystallization rate with temperature through the equilibrium melting tempera-
ture, 7 ,̂, these flexible macromolecules show a region of practically zero crystalliza-
tion rate between T°m and about (7^, - 15) K, creating a temperature region of
metastability in the melt that cannot be broken by nucleation with pregrown crystals.
Molecular Nucleation was proposed as a cooperative process to be of overriding
importance for the description of polymer crystallization, and to be at the center of
segregation of molecules of lower molecular mass by growing crystal fronts. Initial
efforts to model sufficiently large crystals using Monte Carlo and molecular dynamics
methods are presented. Some of the short-time intermediates in the melting.
crystallization, and annealing processes seem to have little similarity to commonly
assumed models of crystallization and melting and are presented as discussion topics.

1. Thermodynamics of Crystallization and Melting

The study of crystallization and melting of flexible, linear macromolecules has
if''if*' followed a path of many trials and errors and is still far from a satisfactory solution.
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It is not only that the crystallization from the supercooled melt or solution is of non-
equilibrium nature because of nucleation difficulties [1], it also leads commonly to
small, nonequilibrium crystals containing folds, tie-molecules and defects [2]. Even
melting, normally not hindered by nucleation barriers, deviates often from ihe
expected zero-entropy-
production path, due
to a reorganization of
crystals before melt-
ing, or due to relax-
ation of strain in the
initial melt, caused by
the crystal network [3].

Figure 1 illustrates
typical thermal analy-
sis data for polyethyl-
ene between the glass
transition (237 ,K [4])
and melting (414.6 K
[5]) and at very low
temperatures (2-25 K
[6]). Equilibrium is
expected for a crystal-
linity of 1.0, in accord with the phase rule for a one-component, thermodynamic sys-
tem. ExtrrDolating the data of Fig. 1 to equilibrium (wc = 1.0) and to the fully
amorphous state (wc - 0.0) sets the framework of a free enthalpy plot vs. temper-
ature in the crystallization and melting region. Figure 2 illustrates the data sche-
matically [3]. States that are always metastable, indicated in the figure by thinner
lines, can be found above the free enthalpy of the equilibrium crystal and the liquid.
The metastable crystals are characterized by an increase in free enthalpy mainlv
caused by a large surface free enthalpy, Ags; the metastable liquids, by reduced
conformational entropy due to strain, Ase. Besides the metastable crystalline states
with largely parallel free enthalpies," there exists a set of states with various
degrees of conformational disorder and mobility [7] with increased slopes (entro-
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Figure 1: Thermal analysis according to [6].

Zero-entropy-production melting occurs either at the equilibrium melting
temperature 7 ,̂, or when the metastability of the crystal is equal to the metastability
of the melt (at Tm, see also Fig. 2, below).

Parallel free enthalpy curves of the various crystals require equal heat
capacities at given temperatures. Figure 1 indicates that from about 50 K to the
glass transition temperature heat capacities are largely structure independent. Only
above the glass transition or a disordering transition does one find larger heat
capacities whenever conformational mobility exists, and thus different slopes for C.
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Figure 2: Schematic free enthalpy diagram.

pies). The mesophase
states are marked in
Fig. 2 by shaded lines
of intermediate thick-
ness. The points of
intersection between
the various states
define the conditions
for zero-entropy-pro-
duction phase transi-
tions and set the
frame for the discus-
sion of phase changes
in flexible macromole-
cules.

The change of angle
between two states of
different degree of

order is fixed by the difference in entropy (d&G/dT = -A5d). At the equilibrium
melting temperature, T^, it could be shown that A5f is empirically represented by
7-12 J/(K mol of mobile grouping in the repeating unit) [3], not far from the value
expected for a transition from one to three rotational isomers (R\n 3) [8]. Since not
all bonds which are able to cause rotational isomerism need to become mobile at
the same temperature, mesophases with different entropies may exist. On cooling,
the sequence of ordering does not have to follow an equilibrium path and may lead
to metastable mesophases, as indicated in Fig. 2. The second law of thermodynamics
forbids upward movement between the different states. For crystallization, one
moves upward along the liquid G beyond Tm (supercooling), drops in a temperature
range determined by kinetics to the lower lying metastable crystal or mesophase
states [9]. For flexible polymers, the equilibrium crystal is practically never reached,
largely due to the chain folding principle [2]. The unsolved problems of the
thermodynamics of crystallization and melting do not lie with the basic understand-
ing, but with the detailed thermal characterization of the initial, final, and
intermediate states of crystallization and melting.

2. Kinetics of Crystallization and Melting

Kinetic experiments permit in many cases to speculate via a molecular model about
the microscopic details of the process. The crystallization and melting kinetics of
flexible, linear macromolecules has most frequently been modelled using the
knowledge gained from small molecules [1]. For small molecules, one can usually
identify a separate crystal-nucleation step that is followed by growth. Eliminating
the nucleation by seeding, the linear crystal growth rate, v, can be measured by
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microscopy as a function of temperature, as shown in Fig. 3 for the examples of
GeO, [10] and P2O5 [11]. Of importance is the continuity of the growth rate through
the melting temperature, an indication of reversibility of addition and removal of the
crystallizing motifs from the crystal. The slope of the curves depends on the detailed
growth mechanism. A
quadratic AT-depen-
dence of v suggests,
for example, the possi-
bility of a mechanism
involving a growth spi-
ral [12]. The increas-
ingly smaller slope of
the crystallization rate
with increasing super-
cooling is linked to the
slowing of molecular
motion at lower tem-
perature, that ulti-
mately stops crystalli-
zation at the glass
transition temperature.

Efforts to grow nu- Figure 3: Linear crystal growth rates of small motifs,
cleated polymer crys-
tals close to equilibrium were uniquely unsuccessful [13]. Flexible polymers of suffi-

cient molecular mass
show a supercooling
dependence of the
crystal growth-rate as
illustrated in Fig. 4 for
the poly(oxyethylene)s
[14,15]. The molecu-
lar mass dependent
break at AT = 0 in
the growth-rate and
the temperature re-
gion of metastability
(v « 0) indicates the
need of additional
nucleation of polymer
crystallization, and
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Figure 4: Poly(oxyethylene)
different molecular masses.

linear crystal growth for
perhaps also to
small degree of melt-
ing It is interesting to



note that an extrapolation of the data of Fig. 4 to single chain atom mass makes the
region of metastability disappear. Similar data for selenium and poly(ethylene) were
summarized earlier [16] and led to the proposal of a molecular nucleation step that
must precede the crystallization at low supercooling.

Secondary or tertiary nucleation alone cannot account for this crystal-growth
behavior [1]. A study of rejection of molecules of different lengths from a growing
crystal revealed that the critical selection of crystallizable lengths occurs below the
equilibrium temperature, Le. it must be based on a reversible molecular nucleation
step [16]. After quantitatively following such segregation for polyethylene up to a
molecular mass of 20,000, the same was repeated more recently for poly(oxyethy-
lene) [14,17]. The detailed studies of molecular mass dependence of the crystalliza-
tion rate and the initial nonintegral folding of the flexible macromolecules will be
discussed elsewhere in this workshop [18]. The experimental data point to a coop-
erative process for crystal growth. No effort toward a description of the cooperative
processes of crystallization has yet been fully successful in describing the molecular
mass dependence of molecular nucleation, the process of chain folding as a function
of supercooling, and the perfection to the ultimately observed crystal morphology
and molecular macroconformation. It was suggested that depending on the crystal-
lization conditions as many as seven, more or less reversible processes may govern
the overall crystallization process [19]:

(1) Primary crystal nucleation/melting
(2) Diffusion to/from the interface
(3) Disentanglement/entanglement
(4) Adsorption/desorption
(5a) Surface nucleation/rejection
(5b) Molecular nucleation/melting
(6) Crystal growth/melting
(7) Crystal perfection/melting

Under different crystallization and melting conditions, different steps of the overall
process may be of overriding importance.

This brief summary of the complexity of crystal growth makes it obvious that
addition of a simple primary crystal nucleation step and a linear growth rate, coupled
to a simple crystal morphology, as assumed in the basic Avrami treatment [1], cannot
possibly establish the thought-after link between experiment and microscopic details.
Figure 5 shows, for example, how already the primary nucleation process is always
simplified to represent idealized athermal or thermal nucleation, if needed, with the
introduction of an induction time. Naturally, a much more detailed description of
the primary nucleation step is required for a full representation of the overall
crystallization step. The subsequent growth is often similarly simplified into one-,
two-, or three-dimensional growth of unspecified geometry with simple exponents in
the Avrami equation (see Fig. 5). The oversimplification and flaws of such
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Figure 5: Common simplifications of the nucleation step.

treatment has been
discussed frequently
[1], The exponents
are rarely whole num-
bers and do not vary
only between one and
four, but are often
also smaller, due to a
large nucleation vol-
ume and/or changing
growth rate [20], or
larger, due to branch-
ing of crystals [1,21].
In addition, it is al-
most always necessary
to account for the
rearrangements and
perfection of the crys-
tals after the initial growth [1]. All these problems cause severe limits on the experi-
mental study of the kinetics of crystallization and melting and its understanding.

3. Computer Simulation of Crystallization and Melting

The ultimate goal of the scientist has always been to see the atomic process. This
requires not only the expansion of the length-scale from a fraction of a nm to at
least several Mm, Le. by a factor of 103 to 10s, but also the slow-down of the atomic
time-scale from a fraction of a ps to at least some ms, ue. by a factor of 109 or more.
Such super-slow motion imaging becomes presently possible by full molecular
dynamics simulation of processes [22]. Much simpler (and older) is the Monte Carlo
method that simulates the step-wise progress of a process by random choices,
suitably restricted by geometric and energetic conditions [23]. With sufficient
refinement of the chosen model and large computer power, it may be possible to
visualize crystallization and melting on a molecular scale and help in the
understanding and permit the link to the experiment. One of the goals must also be
to select viable models that permit the proper choice of the limiting step under the
given process conditions. As a first result of Monte Carlo simulations it was found
that the usually assumed surface nucleation models were shown to be unlikely [24].
An early conclusion from the molecular dynamics simulations was, that the minimum
free energy paths calculated using molecular mechanics approaches are often far
from the most-likely path.

Our contributions to simulation of crystallization were begun in with a series of
Monte Carlo calculations on a special surface of high coordination number (a
corrugated surface with CN 6 and 8) [25]. At high temperature, the calculations of



Melting cf a 100 Chain-atom Molecule at 700 K

Figure 6: Macroconformations after fusion at 700 K [29].

the motion of a single molecule on such a crystal surface followed the chain statistics
of a self-avoiding random walk in two dimensions. The surface mobility was found
to be strongly molecular-length dependent. The mobility within the molecular chain
increased from the center of the chain to its ends. Finally, it could be proven that
at lower temperature
completio r f crystalli-
zation of a fixed chain
portion quickens with
decreasing remaining
amorphous chain ends.
The latter may be
taken as an indication
of the usefulness of
the molecular nucle-
ation concept.

A more detailed
picture regarding mel-
ting and crystallization
on a molecular level
has been developed
using molecular dy-
namics techniques.
First, an optimal Fortran program was derived [26] that ultimately permitted the
simulation of crystals of about 30,000 atoms for periods of up to 100 ps [27]. Next,

dynamic polymer mol-
ecules of up to 1000
chain atoms of extend-
ed-chain macroconfor-
mations were ceated
on a rigid, nondynamic
surface and their end-
to-end distances and
radii of gyration were
followed as a function
of time at various
temperatures. The
single chain slowly
leaves the crystal sur-
face and exponentially
approaches the self-
avoiding walk in a
limited, three-dimen-
sional space with the
wall being formed by

Average Elevation AY of a 10-Chain-atorn Segment
10 chain-atom and section 10 chain-atom middle section
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Figure 7: Average elevation of a 10-atom segment in units
of 0.1 nm. L: at the chain end, R: in the center; at 700 K.



the crystal surface [28]. Figure 6 shows how the dynamic chain coils up on the static
crystal surface. The initial step (5 -10 ps) is the peeling-off of the chain ends. At
a sufficiently longer time, the middle of the chain begins to move also (20 ps). The
diffusion of the center of the chain is followed quickly by the complete randomiza-
tion (>25 ps). The relatively high temperature needed to be chosen to speed up the
process to reasonable simulation times. Molecular mass and temperature
dependence could be followed. Figure 7 shows the competition of melting and
crystallization during the course of overall fusion. This competition continues until
the center of the chain begins to diffuse. Similarly, it could be shown that a partially
molten chain below the melting temperature would quickly recrystallize at a random
position of the crystal, connecting two crystalline regions with an amorphous region.
These simulations were followed by a study of chain folding on the rate of melting
[29]. The melting rate decreases with number of folds (at constant fold length and
increasing molecular length) as observed experimentally [3]. For superheatings
above 100 K, the melting process changes due to a quick peeling-off of the chains
to the center of the crystallized segment, bypassing much of the competing
crystallization. For folded chains this high superheating melting reverses the
dependence of melting rate on folding. Similar dual melting mechanisms called
thermodynamic and mechanical melting have also been observed for metals.

These initial, direct simulations of melting and crystallization have been extended
to a full molecular dy-
namics study of suffi-
ciently large crystals
[30]. Figure 8 shows
the surprising dynamic
disorder on approach-
ing the melting tem-
perature. Although
the concentration of
gauche-bonds reaches
only about i - 2 % at
the melting tempera-
ture, the rate of transi-
tion per bond is as
high as 1010 s"1. These
gawc/ie-conformations
are generated by inter-
action of transverse
and torsional vibra-
tions and are stabi-
lized as 2gl-kinks,
minimizing the strain in the crystal and keeping the overall chain parallel to the
crystallographic c-axis (activation energy w 16 kJ/mol). The kinks are then the cause

Simulation of a Polyethylene Crystal at 80 and 430 K

Figure 8: Crystal segment of seven chains at low (top) and
high (bottom) temperatures at different simulation times.
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Longitudinal Vibration of the Central Chain

of a diffusion of the chain through the crystal under relatively low activation-energ}
gradients (« 4 kJ/raol). Figure 9 illustrates the crystal simulation through a plot of
the longitudinal acous-
tic mode. In the first
contraction step, the
chain is pulled-in, in
the subsequent expan-
sion, it is expelled out
of the crystal via a
twist motion, causing
an overall diffusion of
the chain without mo-
vement of the kink.
Over the 20 ps dis-
played in Fig. 9, the
chain has moved by
about 2 nm (« 4 unit
cell lengths, of 8 C-C
bonds). Temperature,
chain-length, and fold-
dependence of this
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Figure 9: Longitudinal acoustic mode, indicating the
coordinated twist motion during chain diffusion,

motion have been
analyzed [31]. Figure 10 shows the step-wise motion of a chain through the crystal
on the influence of an external force [32]. Again, the ease of diffusion under
conditions of crystallization and melting is demonstrated.

Although these crys-
tal simulations have
not yet reached the
time-scales of experi-
mental crystallization
and fusion, they have
shown the basic,, large-
amplitude molecular
motion in the picosec-
ond time-frame that
underlie the process.
They have shown the
enormous fluidity of
the system, and they
have proven that the
actual path of changes
is far from a global or
local equilibrium. The

10
Figure 10: Chain motion under external stress.
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Figure 11: Simulation of monoclinic poly(ethylene).

simulated activation energies using full dynamics simulation are almost an order of
magnitude lower than those computed using molecular mechanics calculations.

Figure 11 shows a
first attempt at an
overall melting and
crystallization experi-
ment, achieved by
reducing the tempera-
ture during simulation
[27]. A crystal of
9,600 CH2-groups has
been heated to various
temperatures above
and below melting
(365 K). Such simula-
tions take about 2
h/ps of supercomputer
time, close to today's
computer (and bud-
get) limits. The figure
represents a projection of all chains along the crystallographic c-direction. As one
approaches the melting temperature, the crystal shows a domain structure and the

surface chains begin to
coil. In this process,
due to the assumed
limited range of the
van der Waals attrac-
tions (1.5 nm) and
•osses in the integrator
on extending the simu-
lation time, the crystal
cools to below the
melting point and the
initial melting is re-
versed. Figure 12
shows a sequence of
such fast melting fol-
lowed by renewed
crystallization. Note
that besides surface
melting, the instanta-
neous heating of the

Change of Disorder of C5QHJ QQ with decreasing Temp.

Figure 12: Melting and crystallization of a crystal [27].

crystal interior changes also to a conformationally disordered crystal.



4. Summary

Crystallization and melting is well understood thermodynamically when taking
account of the nonequilibrium nature of the process. A full description is often
hindered by the large number of parameters needed to characterize the nonequili-
brium states. The kinetics can be measured experimentally, the details are, however,
due the cooperative nature of the process much more complicated than originally
thought. Supercomputer simulation is able to provide the super-slow motion of the
process to understand the underlying picosecond time-scale molecular steps. An
approach to the ultimate goal of full simulation seems possible by asking more
specific computer experimentation questions and extending simulations as soon as
more powerful computers becomes available.
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