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The thermodynamic, structural, and dynamical properties of oxygen adsorbed on graphite have
been simulated using a molecular-dynamics algorithm. The simulations were run at temperatures
ranging from 30 to 70 K and at nominal coverages of one (dense) layer, ~ 1.7 layers, two layers, and
three layers. Melting behavior was characterized in all cases. Enthalpies, layer densities (solid and
liquid), and temperatures of melting were obtained. The temperature for first-layer melting was
found at 55-60 K and was not very dependent upon total coverage. This melting appeared to be
sharp for most cases studied. Second-layer melting behavior depended very strongly on the layer
density, and compound liquid-solid layers were observed. The simulation results are found to be in
good agreement with experiment. The importance of orientational changes in determining the
properties of these systems is demonstrated and discussed.

I. INTRODUCTION

The structural and thermodynamic properties of O,
physisorbed on the graphite basal plane have been exten-
sively studied.!=2° This is partly due to the fact that, in
spite of the similarities in size, shape, and interaction en-
ergy between O, and N,, the phase diagrams for these
molecules adsorbed on graphite show pronounced
differences.®?! At temperatures below ~20 K, the mag-
netic interactions in O, give rise to an ordered phase
which is, of course, absent in N,. Above this tempera-
ture, the quadrupolar interactions in N, are an important
source for the differences with O,, which has a relatively
small quadrupole moment. If one neglects magnetic in-
teraction terms, it is straightforward to produce realistic
models for the interaction potentials in the O,/graphite
system?”2® which can then be used in a variety of calcula-
tions, including computer simulation studies at 7" > 20 K.
In this paper such simulations are reported for four cov-
erages ranging from monolayer to trilayer at tempera-
tures ranging from below the melting points to consider-
ably above. We find considerable changes in the layer
properties as the temperature changes, including altera-
tions in the monolayer density which produce signifi-
cantly different coverages (measured in layers) as the tem-
perature increases.

One of the striking differences between O, and N,
monolayers on graphite at low temperatures is the larger
compressibility of the two dimensional (2D) O, solid.
The lowest-density solid observed has a centered-
rectangular lattice with a density of ~0.073 A ?and a
melting point of ~26 K (& phase). As more molecules
are added to the system, the solid changes symmetry and
density to one of several § phases which differ primarily
in their orientation relative to the underlying graphite
lattice. They are characterized by a density of ~0.08
A72 (at its lowest limit—some compression is possible).
As density increases even more, a lattice forms in which
molecular orientation relative to the surface has shifted
from almost surface-parallel (observed in the low-density
phase) to angles approaching those for surface-
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perpendicular orientation. The melting point of this
phase depends upon its density but is definitely higher
than that for the 8 phase. Among the questions investi-
gated in the present study are what is the melting point of
this monolayer, and what happens when a second and/or
third layer of O, is added to this system? We will show
that the results of the simulations presented here are in
good agreement with recent experimental work in this re-
gion of the phase diagram.

II. SIMULATION

The details of the potential energies for O,-O, and O,-
graphite interactions have been given elsewhere?”28:%
and will not be repeated here. The models are based on
site-site representations of both O, and graphite. Well-
depth and size parameters for the 12-6 potential functions
used are shown in Table I. The resulting energies include
reasonably realistic representations of the shape of an ox-
ygen molecule as well as the periodicity of the gas-solid
potential. Classical molecular dynamics simulations were
carried out using a fourth-order predictor-corrector algo-
rithm based on the quaternion representation of molecu-
lar orientation,’! and a time step of 4.9X107* psec.
Constant-temperature dynamics were found to be essen-
tial to avoid the large jumps in temperature that would
otherwise occur whenever a molecule switched adsorbed
layers—this happens regularly in the high-temperature
runs of these calculations (i.e., 60 K and above). The
Evans-Hoover isokinetic algorithm? was used to avoid
such jumps. (Although this choice rather than the Nosé
or Andersen algorithms is arguable, it does have the ad-
vantage of precisely eliminating all fluctuations in the
temperature no matter how short the time interval.)

Simulations were carried out at various temperatures
for four different O, coverages. Run 1 is made up of data
taken at nine temperatures ranging from 35 to 85 K at a
coverage of roughly 1.7 layers (see below). The number
of temperatures for runs 2 and 3 are more limited, in part
because the interesting range had been determined in run
1. Thus, five temperatures ranging from 35 to 65 K and
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TABLE I. Parameters of the site-site potentials.

Sites e/k (K) o (A)
0-0 52.1 2.99
0-C 38.2 3.195

us=4e[(o/r)2— (o /r)f]

an approximate coverage of one layer were taken in run
2, and six temperatures over the range 45 to 65 K at a
coverage of two layers were taken in 3. Run 4 consisted
in simulations at six temperatures for a nominal trilayer
coverage. Some difficulties were encountered in achiev-
ing complete equilibrium at the lowest temperatures. In
particular, at T <45 K, the first-layer center-of-mass
packing can remain at a metastable value because of the
slow rate of molecular exchange in and out of these 2D
solid layers.

Figure 1 summarizes the “equilibrium” densities ob-
served for three runs. At temperatures less than 60 K,
the first-layer densities for these runs are only approxi-
mately equal, ranging from 0.107 to 0.112 A2 We be-
lieve that these small differences are more a reflection of
lack of equilibrium than of any real effect. Also, runs 1
and 3 give essentially complete first and second layers for
T'>60 K with nearly equal but temperature-dependent
densities. The value at 65 K is 0.076 A "2 (£0.002). The
sharp expansion of the first layer observed at 60 K occurs
by promotion of molecules to the third layer for runs 1
and 3 and to the second layer for run 2. We will show
that the transition at 60 K is due to first-layer melting ac-
companied by a significant change in orientational order.

The numbers of molecules and the simulation box size
varied from run to run. In run 1, the initial configuration
was taken to be 120 O, molecules in the first layer in a
box of dimensions 16X 6V'3 (reduced units for length are
obtained by dividing length in A by 2.46 A) and 72 mole-
cules in the second. The first layer was initially chosen to
be triangular with all molecules perpendicular to the sur-
face; the second was set in a configuration which is cen-
tered rectangularly with all molecules parallel to the sur-
face. After equilibration at the lowest temperature, the
system stabilized with 112 molecules in layer 1 and 80 in
layer 2.

In runs 24, 72 molecules were placed in the first layer
in the same structure as for run 1 but in a box of dimen-
sions 8 X8V'3. Run 2 was initially a single monolayer.
Run 3 was initially taken to be two layers thick with the
outer identical to the first, and run 4 was initially set at
three identical layers.

Each run consisted of a series of simulations performed
at successively higher temperatures. In this way, one
could take the final configuration from the previous simu-
lation to be the initial configuration for the simulation at
the next higher temperature. (Obviously, the initial
configurations described above refer only to the simula-
tion at the lowest temperature for a given run.) At
T =45 K, we judged that sufficient time steps had been
taken to achieve equilibration, with the possible excep-
tion of deviations from the equilibrium value of the first-
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layer density at 7 <60 K. Subsequent to the equilibra-
tion period, molecular configurations and thermodynam-
ic data were recorded.

The calculations include average potential energies per
molecule in a given layer but these energies were further
subdivided into {(u gs(n)) the average molecule-solid en-
ergy for a molecule in layer n, {u,,(i)) the average en-
ergy of an O, molecule in layer i interacting with mole-
cules in the same layer, and (U, (ij)) the total energy
of interaction between layers i and j. In addition, orien-
tational distributions were simulated for the molecules in
each of the layers. A number of orientational time-
correlation functions were evaluated that were useful in
characterizing orientational ordering. It was found to be
helpful to make computer-generated plots of the time-
dependent trajectories of the molecular centers-of-mass in
the plane of the layer, since one can use them to obtain a
reasonably good feel for the presence of solid (oscillations
about lattice points) or a fluid (diffusive displacements) as
temperature varies.
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FIG. 1. Layer densities are shown as a function of tempera-
ture for runs 1, 2, and 3. The low-temperature densities for lay-
er 1 are roughly 0.106 molecule/A” and hardly vary with total
coverage, for the values used here. The sharp drop at ~60 K is
associated °v2vith melting to a liquid layer of density ~0.080
molecule/A". Observed second-layer densities vary smoothly
with temperature and appear to be those for a 2D liquid (except
for run 2, where the layer is incomplete). The third layers are
all partially filled, with densities that reflect this fact.
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FIG. 2. The average gas-solid potential energy per O, for the
molecules in the separate layers (denoted by n) in run 1.

III. RESULTS

We begin with the plots of average gas-solid potential
energy per particle shown in Fig. 2. For run 1, it is clear
that the gradual change of this energy with temperature
is abruptly altered in the region between 58 and 62 K.
For first-layer molecules, the most obvious possibility for
this break is that molecular orientation relative to the
surface is altered and this idea is confirmed by plots
shown in Fig. 3 for the distribution of cosf at tempera-
tures above and below the transition region. In addition,
the surface-averaged center-of-mass density f(z*) is
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FIG. 3. Distributions for the cosine of the molecular axis
orientation B relative to the normal to the surface are shown for
O, in the first layer of run 1 at 55 and at 65 K.

duced units for z are defined as z*=2z/2.46 A.

shown for two temperatures in Fig. 4. The sharp peak in
P(cosP) at 55 K which corresponds to a predominance of
molecules oriented perpendicular to the surface is re-
placed by a rather broad function at 65 K that shows a
large fraction of molecules nearly parallel to the surface.
When plotted as a function of center-of-mass distance,
the model gas-solid potential for a dumbbell-shaped mol-
ecule such as O, has minima whose values and positions
change significantly with orientation. The shift in the po-
sition of the maximum density for layer 1 (shown in Fig.
4) in going from 55 to 65 K and the appearance of a
shoulder in the peak are quite consistent with an orienta-
tional change from nearly all perpendicular at 55 K, with
a minimum in energy and maximum in f(z*) occurring
at z*=1.5 (z=3.7 A), to a layer with both surface-
parallel having center-of-mass position at z*=1.3
(z=3.2 A) and perpendicular molecules. Furthermore,
one imagines that the projected area of a freely rotating
surface-parallel molecule will be noticeably larger than
that for a perpendicular molecule. Consequently, the
monolayer, which is nearly close-packed above and below
the transition, must undergo a significant density change
when the orientation changes as indicated. Such a densi-
ty change is shown quite clearly in Fig. 1. It is interest-
ing to note that the second-layer density does not shift
much across this temperature interval so that one must
conclude the molecules lost to the first layer must go into
layer three. Figure 4 confirms this while also showing
that the position of layer three relative to the surface is
rather smeared out. This is easy to understand, since the
holding potential for these molecules is a combination of
a small and slowly varying gas-solid energy at these dis-
tances plus the interaction of third-layer molecules with
the underlying first- and second-layer molecules. Of
course the O,-O, energy has significant fluctuations due
to orientional and positional motion in the underlayers,
which in turn produces a distribution of the third-layer
properties including distance from the surface.
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Although some change in the molecular orientational
distributions occurs in the second layer in going from 55
to 65 K, as shown in Fig. 5, it is clear that the primary
reason for the change in average gas-solid energy shown
in Fig. 2 for a molecule in this layer is actually due to the
shift in average molecule-solid separation distance rather
than a change in molecular orientation. This unexpected
result has interesting implications for theories which
commonly assume fixed distances and gas-solid energies
for the molecules in a given layer of a multilayer film.

Figure 6 gives the average gas-solid energies for first-
layer molecules at the coverages of runs 2 and 3. (The
data from run 1 are shown by dashed lines for compar-
ison purposes.) Although these results are not as detailed
as those for run 1, they do show a jump in the 55-60 K
region for layer 1. In the case of run 2, a jump from
essentially no second-layer molecules to a roughly 0.3
coverage at T=55 K was found—consequently, no
second layer data exists at T <55 K. The curves of den-
sity versus distance from the surface that are shown in
Fig. 7 confirm the fact that these systems are quite simi-
lar to run 1 in that a first-layer melting accompanied by
orientational change from perpendicular to a mix of
orientations occurs at temperatures around 55-60 K.

We now consider the simulated values of the average
0,-0, energies per molecule. The data for intralayer en-
ergies are shown in Fig. 8 for all three runs. Significant
jumps are observed in the 55-60 temperature interval,
with the first layer becoming less stable in all cases. It is
not surprising to find a loss of O,-O, stabilization energy
in layer 1, since the orientational change in this tempera-
ture range clearly produces an over-compressed layer
which relieves part of the compression by expelling mole-
cules, as seen by the sharp decrease in density in Fig. 1.

There appears to be no simple explanation for the jump
in second-layer O,-O, energy. The results shown in Fig.
1 indicate that density of this layer varies smoothly with
temperature. Furthermore, the curves of Fig. 5 show
only a small change in out-of-plane orientational distribu-
tion. So far as the average O,-O, interaction goes, the
most significant change in second-layer properties be-
tween 55 and 60 K is the broadening of distribution of
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FIG. 5. Same as Fig. 3, but for the second-layer molecules.
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FIG. 6. Same as Fig. 2, but the points show results for runs 2
and 3.

the molecule-surface distances shown in Figs. 4 and 7.
Whether it is this alteration that is responsible for the net
increase in attractive energy within this layer is not
known.

Additional support for first-layer melting near 60 K is
obtained from the computed time-dependent center-of-
mass trajectories for the sample of molecules. Figure 9
shows a top view of the trajectories followed by the first-
layer molecules over a 50 psec time interval in run 1. Itis
clear that this layer is solid at 58 K and fluid at 62 K.
Figure 10 shows the same trajectories for molecules in
the second layer of run 1 at several temperatures. These
plots lead to the conclusion that for this layer density,
layer 2 melts at a low temperature of approximately
3040 K. Note that the low-density & monolayer solid is
known to melt at 28 K. Since the density of the layer of
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FIG. 7. Same as Fig. 4, but results for run 3 are shown in the
left-hand panel while those for run 2 are shown on the right.
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FIG. 8. Intralayer energies are shown here as a function of
temperature. The quantity u,,,,(n) in the average O,-O, poten-
tial energy for a molecule in layer n interacting with the other
molecules in the same layer. The pairs of crosses are for the

first and the second layers.

Fig. 9 (0.075 A™?) is comparable to the & solid (0.073
A™?), similar behavior of the two layers is not surprising.
Figure 11 shows time-correlation functions for the first
layer of run 2 at two temperatures near the transition.
Two types of function are shown: one that measures that
change in the angle B between the molecular axis and the
normal to the surface by evaluating
CP(1)={cosdB) , (M
where 8f is the change in B in time interval ¢ and the
brackets denote an average over molecules and over start-
ing times in the computer simulation. The uppermost
curve shows that 88 remains small at 55 K and C/°*(t)
corresponds to an ensemble of librators, as one might ex-
pect for a layer in which all molecules are nearly perpen-
dicular to the surface. The slow decay seen in C{*'(¢) at
60 K, indicates that some reorientation is possible, again
in agreement with a picture in which melting is accom-
panied by a change in the out-of-plane orientational or-

der.
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FIG. 9. Computer-generated trajectories for the center-of-
mass motion parallel to the plane of the surface. These are
shown for a time interval of ~50 psec for all the molecules in
the first layer of run 1. Plots are for 58 K (a) and 62 K (b)—just

below and just above the melting point.

The dashed curves in Fig. 11 give time-correlation
functions for the in-plane angle a. Specifically,

Ci™(t)={cosa) , )
where a is the angle between the in-plane projections of
the molecular axis at time zero and at time ¢. The oscilla-
tory behavior at 55 K is characteristic of in-plane libra-
tion whereas the roughly exponential curve for 60 K is
characteristic of the rotational diffusion expected in a
liquid layer.

The trajectories and time-correlation-functions in Figs.
12 and 13 respectively show a more complex situation for
the first layer of the two-layer system of run 3 than for
run 2. The trajectories for the first layer at 55 K may be
interpreted as those for a partially liquefied solid layer.
The corresponding results at 65 K are somewhat ambigu-
ous but appear to indicate complete liquefaction. The
out-of-plane time-correlation-functions in Fig. 13 are de-
caying slowly for all temperatures. The in-plane func-
tions are more interesting, since they indicate rotational

FIG. 10. Same as Fig. 9, but for the molecules in layer 2 at 25 K (a), 35 K (b), 45 K (c), and 55 K (d).
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FIG. 11. Time-correlation-functions for the out-of-plane
(solid curves) and in-plane (dash curves) reorientational motions
for the first-layer molecules of (the monolayer) run 2. These
functions are defined by Egs. (1) and (2) in the text.

diffusion at 60 and 65 K, but some distinctly different
motion at 55 K. The initial oscillations in the 55 K curve
are expected for oscillatory motion in an ordered phase,
but do not approach zero as in Fig. 11. It is plausible to
suppose that the layer is a mix of the highly hindered
molecules in a solid region and molecules undergoing

41 COMPUTER-SIMULATION STUDY OF MELTING IN DENSE. .. 9485

1.0

05
C,(t)

-05 i | | |
(o) 1 2 3 4
time (psec)

FIG. 13. Same as Fig. 11, but for molecules in the first layer
of run 3.

slow in-plane rotational diffusion (which might account
for the slow approach to zero).

Figure 14 shows densities for the trilayer system as a
function of distance from the surface. The temperatures
of these curves were chosen to be in the melting region.
We associate changes in layer density and layer position
with melting plus randomization of orientations. For
T =50, 55, and 65 K, the layer densities in these systems
are: 0.107, 0.107, and 0.080 for layer 1; 0.107, 0.076, and
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FIG. 12. Center-of-mass trajectories for the molecules in the first two layers of (the bilayer) run 3 are plotted for intervals of ~ 50
psec at 55 K (a), 60 K (b), and 65 K (c) and at the same temperatures for layer 2 (d)—(f.
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sl T L B ! L solid-liquid films have been suggested by several workers

50K and have been proven to exist by neutron sca}tering ex-

- 22: periments?® which also gave 0.11 molecules/A” for the

sl i 2D solid-layer density in bilayer and trilayer films. How-

1
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FIG. 14. Center-of-mass densities are shown for the trilayer
system (run 4) as a function of molecule-surface separation. The
shifts in peak positions and the changes in peak area are associ-
ated with layer melting.

0.077 for layer 2; and 0.107, 0.070, and 0.074 for layer 3.
These results plus the shifts in peak position shown in
Fig. 14 and associated with orientational randomization
lead to the conclusion that layers 2 and 3 melt in the
range between 50 and 55 K, whereas layer 1 melts some-
where between 55 and 65 K. It is reasonable to suppose
that some coupling exists between these close transitions
and that the somewhat gradual change in energy shown
in Fig. 15 for this temperature region would reflect such
coupling.

1V. DISCUSSION

The simulations presented here agree nicely with the
current experimental data. For example, compound

T T T T T
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FIG. 15. The average total potential energies of the simulat-
ed systems are plotted as a function of temperature. The har-
monic vibration-libration thermal energy has been subtracted
from the averages in an attempt to accentuate the jumps in ener-
gy associated with layer melting. Dashed vertical lines indicate
approximately where this melting is believed to occur. For the
monolayer and the partial bilayer, first layer-melting is ob-
served; for the bilayer and trilayer cases, it appears that all lay-
ers melt at nearly the same temperature.

ever, observed melting temperatures tend to be lower
than those found in this simulation. For example, the
dense monolayer melts at 48+1 K rather than the 55-60
K estimate made here. There are several likely contribut-
ing factors to this discrepancy: First, we have not at-
tempted to correct the first-layer O,-O, potential func-
tions for substrate mediated effects,>® which are known to
reduce well depths by 15-20 %. In effect, this means that
our transition temperatures are about 15-20 % too high.
Second, experimental melting points are quite sensitive to
density, as has been shown for N, and Kr on graphite for
example. This problem is especially significant at the
high layer packings. Also, the simulations suffer some-
what from lack of complete translational equilibrium at
low temperature. It is quite possible that the solid layers
of the simulation are slightly overcompressed which
would tend to raise their melting points. The neutron
diffraction experiments on bilayer and trilayer films are
inconclusive as to the nature of this melting; our results
suggest that the first-layer transitions may be distinct.
However, this behavior may also be a consequence of the
exact coverages chosen. That is, we see that melting in
this system is accompanied by layer promotion and
significant orientational changes. In this case, the condi-
tions for a first-order thermodynamic transition are not
always fulfilled because the chemical potential of the mol-
ecules in the outermost liquidlike layer is continuously
changing as the transition proceeds. (This would be the
case even in a gedanken melting experiment performed at
constant temperature.) In principle, the only exception
occurs for submonolayer melting of a partly covered sur-
face. Depending upon the particular value of the cover-
age chosen and upon the magnitude of the melting densi-
ty change, the actual smearing out of the transition may
vary over a considerable range of temperature. In the
present case, the layer density change is in excess of 30%
(from 0.11 to 0.075 molecules/A?) so one might expect to
see transitions occurring over a considerable range of
temperature even if they were sharp when run under the
appropriate conditions. Plots of the temperature depen-
dence of total potential energy of each of the systems
simulated are given in Fig. 15. These indicate that the
transitions, which now have been shown to be first-layer
melting from trajectories and other data, are rather
sharp, occurring over a range narrower than 5 K. How-
ever, it is interesting to note that the trilayer results indi-
cate smearing of the transition over a 5 K range. (Satis-
factory simulations very close to first-order transitions
are difficult because of long equilibrium times and large
fluctuations.) One can estimate energies of melting from
the lengths of the dashed lines in Fig. 15. This is essen-
tially constant and is equal to 0.6 kJ/mole for monolayer
and bilayer systems and for the trilayer as well, if one
makes a linear extrapolation of the high temperature
data. The energy change is about 0.4 kJ/mole for the
partial bilayer. Obviously, all values are subject to
significant uncertainty, especially if the transitions are
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not sharp. The energetics of “layer melting” in these sys-
tems is actually very complex, involving changes in O,-
solid energy as well as O,-O, energies of all layers. To
take a specific example, the total reduced energy changes
between 58 and 62 K for the partially complete bilayer
composed of 192 molecules may be broken down as fol-
lows: changes in O,-solid energy due to reorientational
and positional shifts: within layer 1, —459; in layer 2,
—121; in layer 3, O; changes in O,-solid energy due to
gain or loss of molecules within a layer: layer 1, +730;
layer 2, —8; layer 3, —30; changes in O,-O, energy due
to reorientational and positional shifts: layer 1, +408;
layer 2, —7; layer 3, —31; changes in O,-O, energy due
to population changes: layer 1, +449; layer 2, —31; lay-
er 3, —151; changes in interlayer O,-O, energy: layer 1
with 2, —41; layer 1 with 3, —34 layer 2 with 3, —368.
Thus, the change in the total O,-solid energy is +271
(layer 1) —128 (layer 2) —30 (layer 3)= +113; the change
in the total O,-O, energy is +857 (layer 1) —38 (layer 2)
— 185 (layer 3) —443 (between different layers)=+191.
Consequently, the net energy change is +304 or
15.5.1072* kJ. It is obviously impossible to associate this
final number with the changes occurring within layer 1
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even though the basic cause is melting within that layer.
Indeed, a calculation of this layer energy of melting is
ambiguous since one does not know whether to calculate
on the basis of the total molecules in the film, giving
AU, =0.49 kJ/mol, or the molecules initially in layer 1
(59%), giving AU_,=0.83 kJ/mole. Similar complica-
tions arise in all systems studied here.

The primary advantage of the simulations reported
here is the detailed information gained concerning the
orientational properties of molecules in these films.
There is no direct experimental information available
bearing on this point, although some of the interpreta-
tions of the diffraction data are based on packing con-
cepts that require perpendicular molecules in the densest
solid layers.!%1329
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