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ABSTRACT: Molecular dynamics is used to study the melting on the surface of a polyethylene-like crystal.
The rate constant for melting of a crystalline molecule without and with one to four folds is determined at
several different temperatures and molecular lengths. The results show a strong dependence of the transition
rate on the number of folds. For a constant lamellar thickness, the transition rate decreases with increasing
number of folds for temperatures near the equilibrium melting temperature, as expected from analogy with
experimental melting temperatures. In contrast, the transition rate increases with increasing number of folds
for temperatures that exceed the equilibrium melting temperature by more than 100 K. Two melting paths
are suggested to explain the simulation data. One pathway involves a competition between melting and
crystallization. This pathway leads to a decreasing transition rate as a function of increasing folding. The
second pathway exhibits dominating melting. In this case, the rate of transition tends to increase with increasing
number of folds. Diffusion coefficients of segments at different locations along the chain show that motion
of the ends of a polymer chain or of the folds is faster than in the center of the stem. The overall effect of
increasing temperature is to increase the diffusion coefficients.

I. Introduction

Two-dimensional polymer crystal melting on an
extended-chain crystal surface was studied experimentally
some years ago. Rgcrystallization of the melt on the
extended-chain surface does not lead to any re-extended-
chain crystals, but rather to folded-chain crystals decorating
the underlying extended-chain crystal surface.l®* From
the viewpoint of equilibrium statistical mechanics, melting
occurs from an extended-chain crystalline state to a liquid
phase. In the crystalline state, the internal degrees of
freedom are well ordered, while in the fluid phase there
is a large amount of disorder. For polyethylene, the
extended-chain crystalline state consists of all-trans
conformations. As the temperature is increased toward
the melting point, there is a critical temperature well below
the melting point at which there can be conformational
disorder.* However, this disorder, which results from large-
angle rotations about the C~C bonds, including and beyond
the gauche conformation, does not lead to any coiling of
the chain. There is still order along the crystal axes. This
type of mesophase has been called a condis crystal.? In
the liquid phase, finally, there is a mixture of gauche and
trans rotations that lead to a randomly coiled chain with
disorder about all axes.

Quantitative studies of polymer melting rates were made
for polyethylene,?? selenium,?? and poly(ethylene ox-
ide).8® Two different types of melting have been observed.
One shows a linear relationship between the melting rate
and superheating AT, and the other, a linear relationship
between the logarithmic melting rate and AT, where AT
=T - Tw°. The constant T,° represents the equilibrium
melting temperature of the particular polymer studied. The
question of “continuous” or “nucleation-controlled”
mechanisms is applicable to these observations. The
former melting process is continuous, while the latter is
obviously of a different nature and is most likely nucleation
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controlled. The nucleation barrier (AG) is usually small
enough so that significant melting starts close to T,°. On
the other hand, the reverse process (crystallization) occurs
only below a certain supercooling. In this temperature
range of supercooling a metastable, supercooled melt exits.

Crystallization/melting for small molecules is thermo-
dynamically a first-order transition, but for macromolecules
this process is complicated by nonequilibrium processes.
In contrast to the crystal-to-melt transition, the melt-to-
crystal transition involves significant kinetic effects. We
have suggested that molecular nucleation and not
secondary nucleation may be the rate-determining step in
crystallization.?11-15 This suggestion is based on
experimental observations and has recently been studied
by computer simulations.!8

While the melting transition described by a universal
statistical mechanical theory!” has been considered in
depth,8 the atomistic details of the process are required
for a complete understanding. There is a need for more
reliable and rigorous calculations for simple models in order
to develop a better understanding of polymer melting/
crystallization. In this light, we have recently carried out
molecular dynamics simulations of the melting process in
linear macromolecules.!® In that study, a simplified
molecular model was used to obtain information on one
molecule. The results showed that the end-to-end distance
and radius of gyration have during melting a simple
exponential dependence on time. Melting rate constants
were determined for various temperatures and molecular
lengths. The melting rate was found to increase with
increasing temperature and decrease with increasing
molecular length. In the present paper, we extend our first
study to include polymer chain folding. The effect of the
number of folds on the rate of the transition will be studied,
as well as the temperature and molecular length depen-
dence. A detailed analysis of the time-dependent structural
changes (extended chain to random coil) is presented. In
section II, we describe the model and methods that we have
used to study the dynamics of the melting process. The
results are presented in section III, and the conclusions
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Figure 1. Plot of the orthorhombic crystal lattice with two
dynamic and nine surface layer chains. The bottom graph shows
the connection of the two chains by a fold.

are given in section IV.

II. Method

A. Model. Our model for a polyethylene (PE) crystal
surface consists of two layers of static chains arranged in
an extended zigzag on lattice sites of the orthorhombic
phase of PE with the crystal dimensions ¢ = 0.495 nm, b
= (.7 nm, and ¢ = 0.255 nm (Figure 1). As part of the
crystal, one chain with n atoms and m folds lies on the
crystal surface at an appropriate lattice site (see Figure
1). Such a chain provides a new interface layer between
the crystal and melt. The total surface area of the crystal,
however, does not change by addition of such a chain. The
molecular dynamics method gives the momenta and
coordinates of each atom in the system as a function of
time by integration of first-order differential equations
known as Hamilton’s equations of motion. For the set of
atoms of interest arranged into polymer chains, Hamil-
ton’s equations (a variation of Newton’s equation)!® are

N N-1
= Z—-—(px[2 + pyi2 + pzi2) + sz(ri) +
e =

ZV (61 i+ 1+2) + ZV (Tz S+ l+2l+3) +
ZVZNBC(ru) + ZVZNBS(ru) (1)

. = 8H _Pa
q;= apq,- m, (2)
and
oH 1%
), B o —— I — 3
Pi dq;  dg, ®)

where H is the Hamiltonian and is composed of kinetic
energy terms (first term in eq 1) and potential energy terms
(remaining terms in eq 1), N is the number of atoms in a
chain, g; is the Cartesian coordinate (either x, y, or z) of
the ith atom, pg, is the corresponding momentum (in either
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Figure 2. Definition of the internal coordinates.

Table I
Potential Energy Parameters

two-body constants®
K, = 2.65098 x 10% kJ/mol nm?
re = 0.153 nm
three-body constants®b
Ky = 130.122 kJ/mol
cos § = cos 113° = 0.3907
Kga = 331.37 kJ /mol-rad kcal/mol-rad?
90,\ =113°
four-body constants®
a =-18.41 kJ/mol
B = 26.78 kJ/mol
two-body nonbonded constants®
PE chain interactions
¢ =0.4137 kJ /mol
¢ = 0.4335 nm
chain—-surface interactions¢
€= 0.3072 kd/mol
o = 0.4335 nm

¢ Waber, T. A. J. Chem. Phys. 1978, 69, 2347; 1979, 70, 4277.
bSorensen,R. A.; Liam, W. B.; Boyd, R. Macromolecules 1988,
21,1941. Boyd, R.H.J. Chem. Phys 1968, 79, 2574. ¢ Fit to give the
heat of fusion of polyethylene.

the x, y, or z direction) of the ith atom, and the sub-
scripted V’s are the individual terms of the potential energy
to be discussed shortly. The ryj, 8, and 7 are the internal
coordinates for the interatomic distance, the angle between
three consecutive atoms, and the torsional (twist) angle
between four consecutive atoms, respectively (see Figure
2). The Hamiltonian represents the kinetic energy part
in Cartesian momenta. In our calculations, we have
collapsed the CH; repeating group to a single particle of
mass 14.5 amu. The potential energy functions are written
in terms of two-body, three-body, and four-body bonded
interactions (i.e., Vy, V3, and V) and an additional, non-
bonded two-body term labeled Vangc or Vongs. We have
used two different nonbonded interactions. On (Vangc)
is to describe the interactions of the atoms 1 to N within
the polymer chain, and the second (Vangg) describes the
interactions of the atoms of the chain with the crystal
surface.

The two-body potential is a harmonic oscillator of the
form

K, 2
Vy(r) = (r -re) 4)
where r;; is the intermolecular distance between atoms i
and J, and K, and r. are constants given in Table I.
The three-body term is

Va(8) = 1/2K,(cos 8 - cos 6,)* (5)

6 is the angle between atoms i/, j, and K (see Figure 2). In
order to study the effect of bond-bending flexibility on the
melting transition, we have also considered an alternate
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three-body potential

Vaa(0) = 1/2K,, (0 - 6,,)° (6)
The four-body potential is
Vi(r)=8T7T+acos7+p cos® 7 (7a)
or
Vi) =0 (7b)
The nonbonded interactions are of the form
Vaa(R) = 4el(s/R)™ - (o/R)°] ®)

All constants in the potential energy terms are given in
Table L

Hamilton’s equations (eqs 2 and 3) were integrated in
Cartesian coordinates using the differential equation solver
ODE? and a new method developed in this laboratory for
evaluation of the internal derivatives in eq 3.2

It is important to note that our molecular dynamics
simulations?! involve very accurate numerical integrations
of Hamilton’s equations of motion. Calculations are carried
out in the microcanonical ensemble (total energy is
constant), and conservation of the total energy to at least
four numerical digits is required by our integrations. This
degree of accuracy is necessary to study the details of
structure and dynamics of polymers in which we are
interested.

In our present model, we have an environment that
describes a PE crystal in a vacuum. That is, the dynamic
PE chain has no forces above the surface. While at a
constant temperature this would mean that the PE chain
would collapse into a droplet upon melting, due to our
simulations which are carried out in the microcanonical
ensemble, the PE chain approaches a random coil structure
and not a droplet. In future calculations we will study the
effects of a constant-temperature environment by using
Nosé or Langevin?? equations and also include a mean field
to simulate a liquid environment which gives the PE chain
a well-defined state for the transition upon melting (instead
of a vacuum).

B. Trajectories. Initially, a randomly chosen amount
of kinetic energy is placed in each atom of the dynamic
. chain. The end-to-end distance (EED) and radius of
gyration (Rg) are then calculated as a function of time. If
the time of computer simulation is long enough, the values
of EED and R, will reach a constant value. Rate constants
for melting are determined by computing the least-
squares fit of the slope of In Rg(t) vs time (t). The data
for In Rg(t) vs t are fitted over the range 0~100 ps. An
analysis of the data is performed such that the rate
constants are essentially converged. That is, rate constants
are calculated for the first 10 ps of the data and then 20,
30, ..., 100 ps to determine the converged value. Rate
constants for crystallization can be calculated by a similar
procedure. The rate of crystallization is the slope of In
(number of atoms reoriented) vs time.

Diffusion coefficients for different segments in the PE
chain were computed with the velocity autocorrelation
function and the relation

D =1/3 " (Veu(O Ven(®)) dt ©)

The segment center-of-mass velocity is given by

Nout Noyt
Vem = ; pi/gMi (10)

where p; is the Cartesian momentum of atom { and M; is
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the mass. The sum is over various segments of the chain,
starting from atom Nj, and ending with atom Ny.

The Cartesian coordinates of the folded chains were
generated by the following procedure:

(1) The Cartesian coordinates of a single chain of PE
are generated which give the correct bond lengths, bond
angles, and dihedral angles using the program eucLm.? This
chain is translated by one lattice site on the crystal, thus
giving two N-atoms chains on the PE crystal.

(2) An M-atom fold is added to connect the two chains.

(3) The equations of motion are integrated (eqs 1-3),
and the 2N + M atoms are annealed (setting the momenta
to zero) until the fold has found a potential minimum (the
kinetic energy is zero). The coordinates are then saved
and used as the initial geometry of once-folded (2N + M)-
atom PE chain.

II1. Results

A. Melting/Crystallization. We have carried out
molecular dynamics simulations of both extended and
multiply folded chains. Up to 1000 dynamic CH, groups
have been included in our simulation. The effects of
bending and torsional modes on the extended to random
coil transition, “melting”, have been studied by changing
the form of the potential (eqs 5-7).

Figure 3A is a time sequence of melting at high tem-
perature of the molecular configuration of a single, 100-
atom extended chain of polyethylene. The time frames
are taken at the intervals listed in the legend. This figure
shows how an extended polymer chain coils up on the
underlying, static crystal surface. As can be seen by
examining Figure 3A, the initial step to this process is the
movement (peeling off) of the ends of the chains. At a
sufficiently longer time, the middle of the chain begins to
move also. The diffusion of the middle of the chain is
followed quickly by the “coiling up” to a random coil.

Figure 3B is a plot of the radius of gyration (R;) as a
function of time for the melting process shown in Figure
3A. The R, reaches an approximately constant value after
15 ps, and the ratio of the end-to-end distance squared to
the radius of gyration squared (EED?/R,?) is approximately
6. From a fit to an exponential (see section II), a rate
constant of 5.8 X 1072 ps~! was determined.

Figure 3C is the same type of plot as Figure 3A but for
a once-folded polyethylene chain containing 207 CH,
groups. Comparison of plots A and B of Figure 3 shows
that the single extended-chain and the folded-chain
molecules behave similarly in the transition process. In
particular, the initial step is the movement of the ends of
the chain away from their position in the crystal, followed
by motion in the center and then by the coiling of the chain.
The rate constant for the transition of the single, folded
chain is 6.7 X 102 ps~1. This is somewhat larger than that
determined in Figure 3A, indicating that the process is
faster for the folded chain. This is an interesting point
since thermodynamically one would expect a slower rate
for the more than twice as long folded chain of the same
crystal length as the extended chain.?

To investigate the meaning of this result, we have carried
out a more extensive set of calculations on the rate of
transition to random coils for chains with single and
multiple folds. A summary of the transition rates as a
function of the number of atoms, number of folds, and
temperature is given in Table II. In this table, the rate
constants are, again, determined as described in section
II. There are two different potentials examined in this
table. The first column is without torsional potential (eq
7b); the second is for the torsional potential given by eq
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Figure 3. (A) Change of the molecular conformation of a PE extended chain (100 atoms) as a function of time on fusion at high
temperature. The conformations are at 1, 6, 8, 10, and 20 ps. The temperature is 800 K; i.e., the figures represent transition at high
temperature. The axes are labeled #, y, and z, which correspond to the a, b, and ¢ axes in Figure 1, respectively. (B) Radius of gyration
as a function of time for the trajectory of (A). (C) Same as for (A) except for a singly folded PE chain (207 atoms). The first conformation

is at time zero.

Table 11
Melting Rate for High AT (AT = T- Tw°) as a Function of
Molecular Length, Number of Folds, and Temperature

rate (ps-!) with rate {ps!)
no. of no. of 4-body potl =0 with 4-body potl,
atoms folds eq 7h, T=600 K eq Ta, T=800 K
100 0 5.70 X 10-2 5.80 X 1072
200 0 4.01 X 102 4.07 X 1072
300 0 3.60 X 102 3.90 X 1072
400 0 3.53 X 1072 3.90 X 102
500 0 2.90 X 102 3.30 X 1072
207 1 8.49 X 1072 6.70 X 10-°
1007 1 1.20 X 101 1.40 X 10!
314 2 1.04 x 1071 8.70 X 1072
421 3 1.05 X 107! 1.10 X 107!
528 4 1.28 X 1071 1.84 x 1071
no. of no. of rate (ps!) with
atoms folds T, K 4-body potl, eq 7a
207 1 1200 1.10 X 1071
314 2 1000 1.37 x 1071
314 2 1200 1.60 x 101
421 3 1200 1.94 x 1071
528 4 1200 2.47 X 107!

7a. The temperatures are purposely high due to limitations
on the computation time. An approximation to the
equilibrium transition temperature was determined by
finding the minimum temperature that resulted in a
transition within 200 ps. The time equilibrium transition
temperature would be lower than that temperature, but
simulations on the nanosecond time scale would be
required for its determination.

There are several important results evident from Table
II. First, the effect of the torsion is to make the PE chain
stiffer and thus require a higher temperature for a similar
transition rate, i.e., 800 vs 600 K. Second, as in our
previous study,!® the rate decreases with increasing
molecular length for extended-chain molecules (zero folds).
Third, from the bottom portion of Table II, one can see
that the transition rate of one to four folds per chain
increases with temperature. The change of the transition
rate with temperature is similar to that observed in our
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0 | i I Te |
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k3 L 1
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= . __]
<
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. i
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| .
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NUMBER OF FOLDS

Figure 4. The high AT-transition rate vs the number of folds
(0,1, 2, 3, and 4) in a PE chain with a constant chain fold length
of 100 atoms and increasing chain length. Each fold contains 7
atoms (i.e., the molecular lengths are 100, 207, 314, 421, and 528
atoms, respectively). The temperature is 800 K.

previous study on extended chains.l® The main point is
the effect of folding on the transition rate. It is clear from
Table II that the transition rate increases as the number
of folds is increased at constant fold length (i.e., with
increasing molecular length). The increasing transition
rate as a function of increasing folding at constant chain
fold length is shown more clearly in Figure 4.

We briefly mention at this point that the transition rate
is also sensitive to the bending force. If the potential is
changed from eq 5 to eq 6, the melting rate for an extended
chain of 100 atoms is 9.9 X 1072 ps7, i.e., only one-sixth
of that for the molecule with the more flexible bending
potential (eq 5) shown in Table II. Similar results are
found for the folded chains and for the onset of the condis
transition of a crystal of PE discussed in an earlier
publication.*

While the transition rate for the extended chains
increases for increasing temperature, we find that for the
temperatures studied in Table II, the logarithm of the rate
deviates from a linear dependence on 1/T. This same
deviation was noted in our previous study. A plot of In
(rate) vs 1/T is linear only for temperatures that are not
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Figure 5. Change of the molecular conformation of a PE chain
along a low-AT (AT = T - Ty°) pathway to melting at 1, 5, 10,
20, and 25 ps. The temperature is 700 K.

in too great excess of the equilibrium melting temperature.
For high temperatures there was a marked deviation from
linearity (see Figure 5 to ref 10). This observation suggests
that there are two melting mechanisms.

Figure 5 shows the changes in molecular conformation
of an extended-chain molecule of 100 CH; groups for a
temperature that is close to but above the equilibrium
melting temperature. A comparison of Figures 5 and 3A
shows that there are two different transition mechanisms.
The principal difference is the longer time required for
diffusion of the center of the chain for low AT. The initial
step is again the movement of the ends of the chain. This
is followed by the formation of loops that change in size
until the middle of the chain begins to move, which is then
followed by the coiling.

To elucidate the different melting mechanisms at low
AT, we have plotted the average position 10-atom segments
above the crystal surface. Figure 6A is the plot of the 10-
atom segment at the end of the chain vs time. This figure
corresponds to the motion shown in Figure 5. The motion
away from the surface is initially very rapid (initial 4 ps).
The loop then appears to find new lattice sites on the
crystal surface and lies back into a stable orientation with
most atoms on the surface. This is a crystallization process.
Crystallization of the chain is thus a competing process
with melting (melting rate ~ crystallization rate). This
competition between melting and crystallization continues
until the middle of the chain begins to move at ~14 ps.
Figure 6B illustrates the motion of the center segment of
10 atoms relative to the crystal surface. At about 14 ps,
the center segment starts significant motion. At this time
the rate of melting becomes larger and dominates the
overall process.

The low-AT melting/crystallization process can be seen
even more clearly in Figure 7. In Figure 7A, a situation
has been simulated in which there is a crystalline segment
(60 atoms) and an amorphous segment (40 atoms) of the

A 4.3 T I "
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Figure 6. (A) Average elevation of a 10-atom segment above the
crystal surface at the end of the PE chain of Figure 5 as a function
of time. (B) Same as for (A), except for a 10-atom segment in
the center of the PE chain.

100-atom PE chain. Continuing with the simulation for
5 ps leads to a conformation within which the amorphous
segment crystallizes (Figure 7B) along lattice sites of the
adjacent crystal cell. The atoms assume again a planar
trans conformation. The molecule has at this moment
crystalline regions that are joined by a short amorphous
segment. Work is in progress to elucidate this crys-
tallization process further.

In contrast to the low-AT mechanism, the high-AT
mechanism appears to largely bypass the competing
crystallization. Figure 8 shows the average elevation above
the crystal surface for a 10-atom segment located at the
end (Figure 8A) and the center (Figure 8B) of the chain
for the high-AT process. The center segment begins to
move already at very short times of ~5 ps (Figure 8B).

Table III and Figure 9 give a summary of the resuits for
the low-AT melting rates. Comparisons of Figures 4 and
9 and Tables I and III show that there are two different
mechanisms for the transition. The low-AT process
matches the experimental results on melting?2¢ more
closely. That is, the rate of melting decreases with
increasing number of folds, and for a single, extended chain,
the rate is linear as a function of 1/7T.

B. Diffusion of Segments. The melting of equi-
librium crystals starts from the upper and lower edges of
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Figure 7. (A) Conformation of a 100-atom PE chain with a 60-
atom crystalline region and a 40-atom amorphous region. (B)
Same as for (A), except after 5 ps of time.

the outer, lateral crystal surfaces and proceeds by peeling
off layer after layer of molecular chains in a direction
perpendicular to the crystal surface.l® This process has
been demonstrated in part A of this section and is observed
experimentally. The melting of a single chain starts at a
chain end or fold at the edge of the crystal, continuing down
the lateral surface. Thus, the rate of diffusion of the chain
ends should be greater than that for the center of the chain.
Table IV shows the diffusion coefficients for various 10-
atom segments of a 100-atom extended polyethylene chain
on a crystal surface and that for a singly folded chain of
207 CHg groups. The diffusion coefficients were calculated
as described in section II. From Table IV, it can be seen
that the diffusion of the end 10 atoms of a PE chain is
faster than that for the 10-atom segment 30-39 or the
middle segment 46-54. The fastest diffusion is found for
the atoms in the fold. This seems to happen because the
folds are in a “metastable” state and rapidly rearrange in
order to find a more stable geometry. The effect of
increasing temperature is to increase the diffusion
coefficients.

IV. Conclusions

The transition to the random coil is strongly dependent
on temperature and number of folds in a chain. Besides
nonbonded forces, hindered rotation and bending modes
have the greatest influence on the melting rate. Making
the chain less flexible reduces the melting rate. The
diffusion coefficients provide evidence that the transition
occurs by peeling off the chain from the crystal surface
from the ends or the folds. These conclusions are in
excellent agreement with our previous experimental? and
theoretical studies.10:16

The temperature dependence of the transition process
for folded chains was found to be more complex than that
for extended chains. While the above conclusions on the
initial steps to melting still remain unchanged, there are
two distinctly different overall mechanisms for the
transition process. For temperatures with low AT, the
process follows the expected trend of decreasing transition
rate with increasing number of folds at a constant lamellar
thickness. This pathway from the crystalline state to the
liquid phase involves a competition between melting

Macromolecules, Vol. 23, No. 21, 1990
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Figure 8. (A) Same as for Figure 6A, except for the high-AT
melting pathway. (B) Same as for Figure 6A, except for a 10-
atom segment in the center of the PE chain.

Table III
Melting Rate for Low AT (AT = T - Tx°) as a Function of
Molecular Length and Number of Folds

rat (ps1) with

rate (ps!) with

no. of no. of 4-body potl = 0, 4-body potl,

atoms folds eq 7b, T =500 K eq 7a, T=T700 K
100 0 4,0 X 1072 4.1 %102
200 0 2.5 X 1072 3.4 x 1072
300 0 2.1 x 10?2 3.2 %102
400 0 1.7 x 102 2.7 % 1072
500 0 1.4 x 1072 2.1 X 102
207 1 3.1x10? 3.7 x 102
314 2 2.7 X 1072 3.5x 102
421 3 2.5 X 1072 2.8 X 1072
528 4 2.0x 1072 2.3 X 10°?

and crystallization. The competition between melting and
crystallization continues until the center of the chain begins
to diffuse. At this time, the process is shifted toward
melting and the polymer chain reaches quickly a randomly
disordered geometry (random coil).

For temperatures with a AT = 100 K, the melting process
is different. In this case the total energy available is
sufficient to cause a rapid propagation of the “peeling-
off process” to the center of the polymer chain. While the
initial events are similar to the first mechanism, the time
required to increase the melting/crystallization rate ratio
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Figure 9. Low-AT melting rate vs the number of folds in a PE
chain with a constant length of 100 atoms between folds. Each
fold contains 7 atoms. The temperature is 700 K.

Table IV
Segment Diffusion Coefficients for a Polyethylene Chain
(100 Atoms) on a Polyethylene Surface

D, cm?/s segment of PE temp, K
4.2 %10 1-10 400
4.6 X 10 1-10 600
4.1 %10 30-39 400
4.3 %107 30-39 600
3.5 X 104 46-55 400
3.7x 10 46055 600
207 Atoms and 1 Fold
41X 104 1-10 400
3.4 X 10 30-39 400
2.9 % 10 46-55 400
47X 104 fold 400
4.4 %104 1-10 600
43104 30-39 600
4.3 x 104 46-55 600
48X 104 fold 600

is much shorter. In short, the polymer chain goes
practically directly to the melt, bypassing much of the
competing crystallization. For extended chains, the
temperature dependence of either mechanism is qual-
itatively the same. For folded polymers, the added
instability of the folds leads to a greater shift in the
melting/crystallization rates and leads to a kinetic effect
of increasing the rate for melting with increasing folding.

The observed fact that there are two different melting
mechanisms is interesting in light of recent studies on
crystal melting of metals. Phillips et al.2? have recently
described observations from molecular dynamics sim-
ulations of the melting process of silicon. They concluded
that there are two different processes, one that they call
thermodynamic melting and one they call mechanical
melting. These results on silicon are in good agreement
with our simulations on polyethylene.
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