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ABSTRACT: Molecular dynamics simulations of the diffusion of limonene into molten polyethylene were
performed in order to explore the possibility of using atomistic simulations to predict the diffusion of
“larger” solute molecules in polymers. The system contained 6000 anisotropic united atom methylene
units with a molar mass of 84 000 g mol~. A “united atom” limonene molecule (Cio His) was introduced
into the polyethylene matrix. Limonene trajectories were generated for 2—100 ns at 77—227 °C. The
simulated diffusivities were compared with experimental zero-concentration diffusivities of limonene in
natural rubber and ultrahigh molar mass polyethylene, obtained from desorption measurements in the
same temperature range. The simulated diffusivities and activation energy were within 30% and 16% of
the experimental thermodynamic diffusivities and activation energies, respectively. The simulated average
diffusivities, obtained from 10 trajectories, changed by only 33% when the simulation time was shortened
from 100 ns to 500 ps. The limonene molecule “vibrated” in a cagelike fashion on a 1-2 ps scale, whereas
on a larger time scale the jumping was liquidlike. The limonene molecule showed tumbling during its

motion through the polyethylene matrix.

Introduction

There are currently specific limitations of approxi-
mately 200 substances which are permitted by the EC
directives as additives for use in plastics in contact with
food.! The list is increasing continuously and is expected
to include several thousands of chemicals in the near
future. The cost for the development of experimental
methods to determine the migration rates in order to
meet the limitations will be very high. There is thus a
need for alternative methods to obtain chemical migra-
tion data, e.g., computer-based simulations.

Molecular dynamics (MD) simulation has proven
useful for predicting properties of polymers, e.g., PVT
data, dielectric permittivity, solubility parameters, the
solubility of small-molecules, X-ray diffraction patterns,
and molecular characteristic ratios.? MD has also been
used to obtain the diffusivities of small gas molecules
in polymers.2 Of particular interest here is the potential
to predict diffusivities of larger molecules using MD
simulation.* The prediction of the migration rates of
larger molecules, e.g., antioxidants and aroma com-
pounds, requires that the simulated molecular system
is large and possibly also that the system has to be
followed for a long time. To avoid unwanted correlations
between the periodic boundaries and the trajectory of
the guest molecule, the side of the box containing the
polymer should be at least twice as large as the size of
the guest molecule.

In the present study, limonene has been chosen as
the migrating molecule and the polymer matrix is a
6000 anisotropic-united-atom (AUA) polyethylene (PE)
system. The migration properties of limonene are of
practical interest, because it is the major aroma con-
stituent in citrus fruit juices and it readily migrates
from the liquid into polyethylene-based packaging ma-
terials causing a deterioration in the quality of fruit
juice.® A more general purpose of this study was to test
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the prediction capability of MD simulation in determin-
ing the diffusivity of larger solute molecules.

Experiments and Simulations

Desorption Measurements. (R)-(+)-Limonene (p-limonene)
was purchased from Aldrich (purity >97%). The samples
studied were an ultrahigh molar mass PE (M,, > 1040 000 g
mol~1, My/M, = 54.45, mass crystallinity w, = 0.59) and a
sulfur-cross-linked natural rubber (NR, molar mass of un-
cross-linked polymer, My, = 664 000 g mol~!, M/M, = 4.6. M,
= 2500 g mol~* at 25 °C as determined from n-hexane sorption
equilibrium data). PE was melt-crystallized during cooling at
a rate of 15 °C min' from 200 °C in a Schwabenthan
compression molding machine (Polystat 400s).

The dimensions of the unswollen samples used in the
desorption experiments were as follows: PE, thickness = 1.0
mm, width =40 mm, length =40 mm; NR, 2.715—3.46 mm x
40 mm x 40 mm. The samples were saturated in liquid
limonene (p1 = 840 kg m=3 (25 °C)) at 20—177 °C. After
sorption equilibrium was established, the surface-dried samples
were exposed to air at 20—227 °C, and the desorption was
monitored by intermittent weighing of the samples on a
Mettler AE balance after different times. Since the specimens
had been exposed to liquid limonene during the sorption
operation, the solubility and diffusivity of limonene were
measured in materials “cleaned” with respect to low-molar
mass oligomers and additives. The amount of material ex-
tracted during the immersion in the liquid was less than 12%
in the case of NR and less than 1% in the case of PE.

The desorption curves were fitted to Fick's second law of
diffusion for a plate geometry:®

aC _ 9 aC

at ax(D(C) ax) (@)
where C is the penetrant concentration (g cm™3), x is the
thickness coordinate (cm), and t is time (s). Only half the plate
thickness (2L) was considered. The inner boundary coordinate
was described as an isolated point

(%)L =0 @

and the outer boundary was allowed to take any type of
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Table 1. Potential Energy Parameters for PE2

parameters

function
bond stretch energy = 1/,kr(r — ro)?
c-C
bond bending energy = /5 k(6 — 60)?
c-C-C
torsional potential = ¥/,V3[1 + cos(3¢)] + Y2V1i[1 + cos(¢)]
c-Cc-Cc-C
nonbonded potential = 45 i< jeLyij[(0ij/rij)*? — (0ij/rij)]
_C_

kr = 663 ro=1.54
ko = 482 0o =111.6°
V3 =13.4 V;=3.35
ey = 0.686 o=351

a Energies in kJ mol~1, distances in angstroms, and angles in radians (equilibrium values shown above as degrees). Parameter values
from Pant et al.® The kg values given are reduced by a factor of 4 compared to spectroscopic values to increase the computation speed.
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Figure 1. Limonene molecule and the carbon numbers.

function. During desorption, evaporation takes place at the
surface

D(C)[%—S L =FC 3)

where Fy is the evaporation constant determined to be between
5 x 107% and 5 x 1075 ¢cm s7! for both materials using a
procedure of Bakhouya et al.” The concentration-dependent
diffusivity was described as

D(C) = D,,e*° (4)

where D, is the zero concentration diffusivity and o is the
plasticization power.® Equations 1—4 were solved by a stable
implicit finite-difference method described in ref 8.

Molecular Dynamics Simulations. The PE system used
in the simulation consisted of a single chain with 6000
anisotropic united atom (AUA) methylene units, corresponding
to a molar mass of 84 000 g mol~*. The limonene molecule
(Figure 1) was defined as consisting only of united-atoms of
repeating methyl, methylene and carbon units. The simula-
tions were performed using an own Fortran computer code,
originating from Boyd,® and also the GROMACS 3 software.'01*
The PVT behavior was generated using constant particle,
pressure, and temperature (NPT) dynamics, and the diffusion
trajectories were collected using constant particle, volume, and
temperature (NVT) dynamics. The weak coupling scheme!?13
was used with the temperature coupling constant (zr1) set to 5
fs and a pressure coupling (zp/f3) set to 1 x 10* for NPT. The
time integration was performed using either the velocity-verlet
or the leapfrog algorithm.'® The actual choice of integration
method was of no importance here. A time step of 1 fs was
used at all temperatures.

The packed polyethylene system was made from an all-trans
chain placed in a large periodic cubic box (box side = 700 A).
The box was shrunk to equilibrium size at a high temperature
(377 °C) and a pressure of 0 bar. The box was shrunk in steps
using NPT dynamics. After each step, the system was allowed
to equilibrate under NVT dynamics for 50 ps in order to ensure
cooling under “relaxed” conditions and also to ensure space
filling of the box. Lower temperatures were obtained by
cooling. The limonene molecule was inserted in the polyeth-
ylene box before the polyethylene system had condensed to
its final size, when the box contained sufficient free volume.
Subsequently the box was shrunk to equilibrium size by the
same procedure as was used for the pure PE system. Volume
equilibration was obtained by generating trajectories for at
least 2 ns at each temperature.

The computations were carried out on 800 MHz Pentium
111 2-processor PC's.

The potential function parameters used for PE and limonene
are listed in Tables 1 and 2. The potential function parameters
for PE were obtained from Pant et al.,° and the potential
function parameters for limonene were based on the DRE-
IDING force field.** Bond stretches, bond-bending vibrations,
out-of-plane vibrations (oop), torsional motions, nonbonded
Lennard-Jones types of forces, and atomic velocities contrib-
uted to the total energy (Ui:) and forces in the system

Utot = Ubond + Ubend + Uoop + Utors + Unonfbond + Ukin(5)

which may be written explicitly as

1 1 1
_ 2 2 2
Ui = ZEkRij(rij - Fop)” ”E Ekeijk(eijk =00, Tt ngo(3 +

1
Z E(Val[l + V208(Vaadija)] - Via[1 + Vi,c08
7

JK, aij 12 Oij 6 1 3I’i 2
(Vos®ij)]) + 24€|_Jij’ - |- + zgm‘ - 6)

i<J ij ij T

The truncation radii for the nonbonded forces and neighbor-
list search were set to 9.0 A. Continuum corrections for the
truncation of energy and pressure were applied.

Results and Discussions

For a reliable prediction of the limonene diffusivity,
it is important that the simulated system has a proper
density. Figure 2 shows that the simulated specific
volumes were within 1—2.5% of the experimental values
reported for linear polyethylenes.1>16 The simulated
thermal expansion coefficient in the melt region was in
close agreement with experiment. Figure 3 shows that
the equilibration times were short, even though the
simulated system was large. To explore whether there
was a risk that the simulated molecular system was
frozen-in by too rapid equilibration, the system at 77
°C was rapidly and “slowly” (1 °C ps~1) cooled from 127
to 77 °C, and the specific volumes of these systems were
compared. Figure 3 shows that both systems had the
same specific volumes, which indicated that the rapidly
cooled system was not frozen-in. The effects on the final
specific volume of using different initial atom velocities
was investigated and it was shown that the magnitude
and distribution of initial atom velocities had no influ-
ence on the PVT properties of the “equilibrated” sys-
tems.

The diffusivity of limonene was obtained by monitor-
ing the mean square displacement of the center-of-mass
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Table 2. Potential Energy Parameters for Limonene?

function parameters
bond stretch energy = /,kg(r — ro)?
1-2,2-3,5-6,7-8,6-10 kr = 2929 ro=1.43
3—4,4-5,3-8 kr = 2929 ro=1.53
6—7,2-9 kg = 5858 ro=1.33
bond bending energy = /2ky(0 — 60)?
1-2-3,1-2-9,3-2-9,5-6-7,5-6-10, 6—7—8, 7—6—10 ko = 418.4 6o = 120°
2—3-4,2—-3-8,3-4-5,3-8-7,4-5-6,4-3-8 kg = 418.4 6o = 109.5°
torsional energy = 1/,Vn[1 + cos(ng — ¢o)]
1-2—3-4,1-2-3-8,4-3—-2-9,8-3—-2-9 n==~6 Vnh =0.523 ¢o = 180°
2—3-4-5,2-3-8-7,4-3-8-7,5-4-3-8 n=3 Vn =2.092 ¢o =0°
3—4-5-6 n=3 Vnh=4.184 ¢o = 0°
3—-8-7-6 n==~6 Vnh = 2.092 ¢o = 180°
4—-5—-6—7,4-5-6-10 n==6 Vn = 1.046 ¢o = 180°
5-6—-7-8,8-7-6—-10 n=2 Vn = 47.07 ¢o = 180°
out of plane energy = /,kod?
2—1-3-9,6-5-7-10 ko = 167.4 0=0°
3—4-2-8 334.7 0 =35.3°
nonbonded potential = 43 i< jeLy,ijl(0ij/ri))*? — (0ij/rij)®]
C e 3 =0.398 o=3.47
CH e 3 =0.614 o=3.55
CH2 €Ly — 0.83 0=3.62
CHs; ey =1.046 o=3.70

a Energies in kJ mol~1, distances in angstroms, angles in radians (equilibrium values shown above as degrees). Parameter values from

Maya et al.14
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Figure 2. Specific volume as a function of temperature at 0
atm: (@) simulated data, (O) linear high-molar mass PE (H);
branched PE; (=) linear medium-molar mass PE.

from the origin (To) as a function of time:17:18
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The averaging was done by generating new starting
points every 10 ps along the trajectory. Figure 4 shows
the mean square displacement as a function of time at
177 °C. The curve was approximately linear for times
shorter than 60 ns. The curve shape was similar to that
of the mean square displacement-time curves of melts
of short PE chains.?® The diffusion process was liquidlike
rather than cagelike at these high temperatures. The
limonene molecule thus tended to “flow” with the motion
of the PE units. The jump maps of limonene presented
in Figure 5 shows patterns typical of liquidlike flow, i.e.,
the discrete, in time well-separated jumps were absent.
The jumps were based on differences in “mean” li-
monene positions calculated at 3 ps intervals. The
limonene coordinates within the 3 ps intervals were
collected every 10 fs. The 3 ps intervals were chosen
because the lateral motion of limonene was decorrelated
within 3 ps. The curve shape of the velocity auto
correlation functions at 77 and 227 °C indicated that

Specific volume (cm® g™)

0 100 200 300 400 500 600 700

Time (ps)

Figure 3. PE specific volume as a function of time at 327
(@), 277 (O), 227 (m), 177 (O), 127 (a), and 77 °C (A, rapidly
cooled; —, slowly cooled).
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Figure 4. Mean square displacement from the origin as a
function of time for limonene in polyethylene at 177 °C (solid
thick line). The broken lines correspond to the average square
displacement curve projected in the three orthogonal direc-
tions. The thin solid line shows the slope from where the
diffusivity was calculated.

the limonene molecule changed its diffusive direction
within 1—2 ps. The nonlinear initial slope shown in the
insert graph of Figure 4 revealed a cagelike motion on
these short time scales. The reorientations of the two
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Figure 5. (@) Jump map for limonene at 227 °C. The
displacement was calculated between successive 3 ps positional
averages. (b) Jump map for limonene at 77 °C. The displace-
ment was calculated between successive 3 ps positional
averages.

Time correlation function

t (ps)

Figure 6. Time correlation functions for four different li-
monene vectors at 177 °C based on a 100 ns run.

orthogonal in-plane vectors and the two vectors normal
to the planes defined by the carbons 4, 6, and 8 and 1,
2 and 9, respectively, were monitored through time-
correlation functions (eq 8, Figure 6). The correlation
times (7) of the in-plane and ring-normal vectors yield
information on the tendency for “spinning” and “tum-
bling” motions, respectively. The Kohlrausch—Williams—
Watts (KWW) function was used to fit the time-
correlation function®

[(t)u(0) I~ e~ 8)

where u(0) and u(t) are the vectors at times 0 and t
respectively (Figure 6). It was observed that all the time-
correlation functions were well fitted with the KWW-
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function with  ranging between 0.79 and 0.83. The
correlation time was obtained through the integral:2°

o (/)
r= (e U ot 9)

The correlation times were 5.6 ps (bond connecting the
ring to the three carbons), 5.8 ps (in-plane vector
perpendicular to the long axis), 6.4 ps (ring-normal), and
22.0 ps for the in-plane vector along the long axis. Thus,
the limonene molecule tumbles, rather than spins, while
moving through the polymer matrix. This behavior was
different from the reported spinning of benzene in
swollen polystyrene at 27 °C.2° The absence of bulky side
groups on the benzene ring and its tendency to orient
parallel to the polystyrene ring units yielded in-plane
and ring-normal vector time correlations of 5.28 ps and
1.23 ns, respectively, for a polystyrene system with 16
w% benzene. Thus, the spinning tendency was much
stronger than the tumbling tendency. The tumbling
tendency became stronger in systems with higher
benzene contents.

This analysis showed that all translational and re-
orientational features of the limonene motion were
“relaxed” within 200 ps, involving cagelike behavior
(1—2 ps), liquidlike motion (>2—3 ps) and tumbling and
spinning motions (<200 ps).

Figure 4 shows that the displacement of limonene,
projected in the three orthogonal directions, was the
same over the first 5—7 ns (isotropic motion). Figure 7
illustrates the 100 ns limonene trajectory. It shows that
the molecule traveled through six periodic boxes in two
directions (X and Y) and through four boxes in the third
direction (Z). The trajectory yielded a diffusivity of: 1.26
x 1077 cm? s~1. A 100 ns run is time-consuming on the
computer and it is desirable to obtain the same infor-
mation from shorter runs. The 100 ns limonene trajec-
tory at 177 °C was therefore analyzed in shorter time
intervals (Figure 8). The upper and lower limits of the
diffusion coefficient in Figure 8 corresponded to the
maximum and minimum slopes from 10 consecutive
runs at each time interval (2 runs at 50 ns). The slopes
were estimated over the “linear” part of the curve that
was closest to the origin: 5—10 ns (50 ns run), 0.2—0.8
ns (5 ns), 10—50 ps (0.5 ns) and 2.5—8 ps (50 ps). The
diffusivities obtained showed only a moderate change
with simulation time (50 ps to 50 ns). As a result of
these findings, the limonene trajectories at the other
temperatures were taken during 2 ns.

Figure 9 shows the limonene desorption curves in the
natural rubber and molten PE. The experimental de-
sorption curves at all temperatures for both NR and PE
were well described by the use of the exponential
concentration-dependent diffusivity (eq 4). The curva-
ture at short times was due to the slow evaporation of
limonene from the specimen surface. The same curva-
ture was observed for limonene desorption in PE. The
plasticization power, and consequently the diffusion
concentration dependence, decreased with increasing
temperature. For PE, it decreased from 44 to 0 cm?/g
in the temperature interval 20—177 °C, and for NR, it
decreased from 6.8 to 0.6 cmd3g in the temperature
interval 25—227 °C. The apparent zero-concentration
diffusivity, i.e., the diffusivity calculated directly from
the desorption curves (eq 4), does not correspond to the
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Figure 7. 100 ns limonene trajectory at 177 °C illustrated in two and three dimensions. The PE atoms are not displayed. The

grid lines refer to the box size.

MD-simulated diffusivity. The apparent diffusivity is
obtained in the presence of a limonene gradient and is
not therefore equivalent to the limonene “self” diffusion
coefficient obtained by MD simulation (eq 7). The self-
diffusivity or thermodynamic diffusivity (D) is, how-
ever, related to the apparent (experimental) diffusivity
(D) through a thermodynamic correction

T\olnv,

where a; is the solute activity. The correction is obtained
by differentiating the Flory—Rehner equation?!

dlna, A
alT\ll =1 = v — 2xp,vy) —

3M(1 — v1)§

(11)

where Vi, y12, and M. are respectively the limonene
molar volume, the Flory—Huggins interaction param-
eter and the number-average molar mass between cross-
links. For a semicrystalline polymer, the solute volume
fraction (v1) and the polymer density (p2) refer to the
amorphous component. All the necessary parameters in
eg 11 were obtained from limonene solubility and NMR
data of Marklund and Hedengvist?? (Table 3). M. was
determined from NMR data on a nitrile rubber NBR,
27% nitrile).?? For PE, due to the difficulty of obtaining
M, the last term in eq 11 was omitted (M, — «) and
the effect of “crosslinks” was considered within the y1»
parameter. y1, was obtained from the limonene solubil-
ity in the amorphous component in PE. The PE data at
20, 50 and 80 °C were taken from a high-density
polyethylene (p = 0.941 at 20 °C). Because of the
complexity of determining the crystallinity of the li-
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Figure 8. Calculated limonene diffusivity at 177 °C as a
function of the simulation time. The solid line corresponds to
simulated methane diffusivity in the same PE system. The
dashed and dotted lines correspond to the simulated limonene
diffusivities at 227 and 127 °C, respectively. The semi-dashed/
semi-dotted line corresponds to experimental o-xylene diffu-
sivity in molten PE at 175 °C.%

monene-saturated PE at 80 °C, the yi» value was
estimated by interpolating y12 between 25 and 177 °C.
Parts a and b of Figure 10 show the simulated and
experimental limonene diffusivity. To assess the predic-
tion power of MD in this study, experimental and
simulated diffusivities of other similar systems were
also shown in the figures. Interestingly, the simulated
limonene diffusivities were close to the limonene self-
diffusion values in both natural rubber and molten
polyethylene must, however, be pointed out that the
degree of thermodynamic correction presented in Figure
10, parts a and b, is very uncertain due to the uncer-
tainty of the input parameters in the Flory—Rehner
equation (eq 9 and Table 3). Evidently MD is a promis-
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Figure 9. (a) Limonene desorption in NR as a function of
time. The solid lines correspond to the fit of eq 4 to experi-
mental data at 77 (@), 127 (O), 177 (m), and 227 °C (O). (b)
Limonene desorption in PE at 177 °C as a function of time
(®). The solid line corresponds to the fit of eq 4 to experimental
data.

Table 3. Parameters in the Flory—Rehner Equation
(Equation 9).22
T 022 V1P (cm3 M¢ (g
material (°C) (gcm™3) mol™?) Vi x12¢  mol™Y)
NR 77 0.970 167.4 0.413 0.84 5800
NR 127 0.934 173.4 0.469 0.77 7500

NR 177 0.900 179.5 0.524 0.70 8600
NR 227 0.864 185.9 0.579 0.53 9400

PE 20 0.941 160.8 0.109 1.07*
PE 50 0.927 164.3 0.136 0.97*
PE 80 0.907 167.7 0.447 0.87*
PE 177 0.758 179.5 0.894 0.51*

a Polymer density. ? Limonene molar volume. ¢ Saturation li-
monene volume fraction or maximum limonene volume fraction
of desorption run. 9 Interaction parameter in eq 9. An asterisk
indicates that the Flory—Huggins equation has been used (M; —
) and that the effects of cross-links (crystals) are included in the
interaction parameter. ¢ Molar mass between cross-links. ¢ Molar
mass between cross-links on NBR. All PE data at 20 —80 °C are
on a HDPE.

ing technique for predicting diffusivities of larger sol-
utes, especially in view of that only relatively short runs
seems necessary, at least for rough estimates (Figure
8). It is known that the use of the united atom concept
may lead to higher diffusivities than that when explicit
atoms are used. This seems to be of minor importance
here, since the simulations yielded slightly lower dif-
fusivities than the experiments.” The simulated activa-
tion energy for diffusion was 26 kJ mol~! and the
experimental activation energies in natural rubber and
polyethylene were both 31 kJ mol~1 in the melt. The
o-xylene zero-concentration diffusivities in molten poly-
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Figure 10. Simulated limonene (=) diffusivity using eq 7 as
a function of time together with the experimentally determined
apparent limonene zero-concentration diffusivity (O) and the
thermodynamic limonene zero-concentration diffusivity (@) in
NR. The experimental values are averages of calculations
based on dry and swollen thicknesses. # refers to o-xylene
zero-concentration diffusivities in polystyrene.? Also given is
the limonene diffusivity (activity = 0.3) in oriented polypro-
pylene? (). (b) Simulated methane (v) and limonene (<)
diffusivity using eq 7 as a function of time together with the
experimentally determined apparent limonene zero-concentra-
tion diffusivity (O) and the thermodynamic limonene zero-
concentration diffusivity (M) in PE. The experimental values
are averages of calculations based on dry and swollen thick-
nesses. The solid line corresponds to simulated methane
diffusivity in polyethylene from ref 2. @ refers to o-xylene zero-
concentration diffusivities in molten PE 22 Also given is the
apparent diffusivity of liquid limonene in LDPE? (a). The
vertical line corresponds to self-diffusion coefficients of Ca4 to
Ci44 long paraffin chains, obtained by molecular dynamics
simulations during 12 ns.1®

ethylene are also given and these values were close to
the simulated and experimental limonene values.? The
o-xylene activation energy was slightly lower (21 kJ
mol~1) than that of limonene, which seemed reasonable
based on the fact that o-xylene (121 cm3 mol~?) is
slightly smaller than limonene (162 cm3 mol—1).

Conclusions

The possibility of estimating diffusivities of larger
solutes using atomistic simulations was tested. Here the
force parameters for polyethylene were known, but the
limonene molecule had to be constructed by force
parameters from a general force field. From this point
of view, the results were promising. The simulated
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diffusivity and activation energy were within 30% and
16% of the experimental values, respectively. Note the
uncertainty of thermodynamic correction. With today’s
PC power, a 100 ns run takes too long a time for
practical reasons. Interestingly, however, a shortening
of the simulation time by a factor of 200 yielded
a drift in the average diffusivity, obtained from 10
trajectories, of only 33%. The diffusivity from a single
trajectory, however, could be as much as 3—4 times that
of the 100 ns run. The limonene molecule “vibrated” in
a cagelike fashion on a 1—2 ps scale, whereas on a larger
time scale the jumping was liquidlike. The limonene
molecule moved through the PE matrix in a tumbling
rather than spinning manner.
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Nomenclature

u(0), vectors of the limonene molecule defined in
u(t) Figure 8 at time 0 and t

T(t) limonene center-of-mass position at time t

To limonene center-of-mass original position

My mass average molar mass

M molar mass between cross-links

M number-average molar mass

o the plasticization power

a solute activity

C solute concentration

D(C) concentration-dependent diffusivity

D apparent diffusivity

Deo zero concentration diffusivity

Ds MD-simulated diffusivity

Dt thermodynamic or self-diffusivity

Fo rate of evaporation

kg, Ko, elastic constants in the stretching, bending, and
ko out-of-plane energy terms

L thickness of half the plate

m atom mass

r bond length or interatomic distance

ro equilibrium bond length

T temperature

t time

U energy

Vi maximum or saturation solute volume fraction
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V, solute molar volume

\Z1 solute volume fraction

Vab parameters in the torsional energy equation

X space coordinate

o constant describing the magnitude of concentra-
tion dependence of D(C)

I} stretched exponential constant

o} out of plane angle

€L Lennard-Jones force constant

¢ torsional angle

y stretched exponential constant

0 covalent angle

6o equilibrium covalent angle

g atom diameter or interatomic distance in the
Lennard-Jones equation

T correlation time
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