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ABSTRACT: By combination of an equation-of-state (EOS) theory and molecular simulation methods, a
new way to predict and to analyze the surface phenomena of polymeric materials is suggested. The EOS
parameters, p*, vs,* and T* of polyethylene are calculated by molecular simulation methods, without
any experimental effort. With the calculated parameters, surface tensions and density profiles at surface
are obtained by numerically integrating Poser and Sanchez’s equations. The calculated surface tensions
without adjustable parameters are slightly underestimated as compared to the experimental measure-
ments. The underestimation may come from the fact that the simulated densities are lower than the
experiments and that the EOS parameters are practically functions of temperature.

Introduction

In recent years, molecular simulation methods such
as molecular mechanics (MM), molecular dynamics
(MD), and Monte Carlo simulation (MC) have been
applied to several polymer systems.’™ The method
becomes a powerful tool in polymer science, comple-
menting both analytical theory and experiment, but at
the same time it has a serious limitation in the space
and time scale it can cover. Many phenomena of
polymers have a much larger scale in space and a longer
scale in time than those the molecular simulation can
directly deal with. In spite of the magnificent progress
of computing power, it has not yet been feasible to treat
polymers with more than ten thousand atoms in a
system for longer than 1 ns in full atomistic MD.

Some alternatives have been developed to overcome
the problems. Many physical properties of polymeric
materials such as viscoelasticity, phase separation
behavior, tensile strength, and self-diffusion are less
sensitive to the exact chemical structure of monomers.
Instead, the physical geometry or the molecular weight
of polymers is more closely related with the properties.
Thus, a polymer molecule can be simplified to have only
a few interaction sites and/or to follow an ideal motion
on a lattice space according to the reptation, the pivot
algorithm, or the bond fluctuation method, when re-
search interests are confined to the physical properties.
The coarse-grained lattice model® has been successful
in extending the scope. The model, however, does not
include detailed information on the structure of materi-
als and thus will be fictitious. Hence, some efforts were
made to assign molecular parameters to the effective
subunits in the coarse-grained lattice model.6 The force
field of another coarse-grained off-lattice model” has
been developed by first simplifying the structure intu-
itively and then imposing several potential functions
related to the bond stretching and nonbonded van der
Waals interactions. The polymer reference interaction
site model (PRISM) theory has been also employed to
study the miscibility of polymer blends on the basis of
the coarse-grained model.? In addition, phase diagrams
have been predicted by the Flory—Huggins theory
combined with molecular simulations by which the
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interaction parameters and coordination numbers were
evaluated.®19 In short, a simplified coarse-grained
modeling or a molecular simulation combined with a
theory based on statistical mechanics is essential to
investigate large-scale dependent properties of poly-
mers.

The equation-of-state (EOS) theory for polymers has
been developed as a useful tool to give information on
equation-of-state properties,!! and it enables us to
predict the surface tensions, phase stability of polymer
blends, etc. A pure polymer is characterized by three
characteristic parameters, p*, v* and T*, from which
the thermodynamic properties can be deduced using the
EOS theory. In case of polymer mixtures, the EOS
theory includes the free volume term unlike the Flory—
Huggins theory and describes the LCST as well as the
UCST. The theory, however, requires tedious experi-
ments to determine the characteristic parameters when
dealing with a new polymer. Thus, it will be helpful if
molecular simulation methods can provide the charac-
teristic parameters without experimental efforts.

As an exploratory work to combine the EOS theory
for surface tension and the molecular simulation meth-
ods, the characteristic parameters were first determined
by molecular simulations, and then the surface tensions
and the density profiles at surface for linear polyethyl-
ene (PE) were predicted according to Poser and Sanchez’s
approach!?13 and compared with experimental results.

Theory

For polymer liquids, the gradient approximation in
conjunction with the lattice fluid (LF) model has been
used to calculate surface tensions.'?714 For the LF
model the chemical potential is given by

ﬁ=_5+p\7+f(1_p)'ﬁ”(1_p)+@ (1)

where p is density, p is pressure, v is volume, T is
temperature, and r is molecular size parameter. The
chemical potential, density, pressure, and temperature
are reduced by their respective characteristic param-
eters as follows:

ro M - p_ 1oy P ox_ T
A=k P =g P T @
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Table 1. Model Description

calculation of long-range
interaction

inclusion of
spline Ewald Coulomb force
model A X
model B X
model C X X

Assuming high molecular weight (r — o) and near
atmospheric pressure (p — 0), the chemical potential is
simplified as

5+ 'T'(l —p) In(1 —p)
p

= ®3)
The density profile can be determined by integrating
the Euler—Lagrange equation

X — %, = f;;'(/?/Aé)l/z dp 4)

where the subscripts 0 and | denote an arbitrary
reference point and liquid state, respectively, x is a
position along the line vertical to the surface, and « is
a dimensionless constant. The k can be expressed as i
= k1 + k2(T/p) where a priori theoretical values of i;
and &, are 1/, and /3, respectively.’? The Cahn-—
Hilliard relation for surface tension o, in terms of
reduced variables, can be expressed as

5=2 j’;f;'(,zAa)l’z dp (5)

where
Aa = pla(p, T) — i@, T)] (6)
o= (k-l-*)lg(p*)zls’ X= (V:()lls )

In eq 5, the subscript g denotes gas state. By
substituting eq 3 into eq 6 and then integrating eq 4
and eq 5, the density profile and the surface tension can
be obtained, respectively.

Model and Simulation

The commercial software Cerius? from Molecular
Simulations Inc. is used and the force field UFF15 is
adopted in this work. The monomeric units of a fully
atomistic PE are modeled to have a total charge of zero,
and the distribution of the partial charge in the mono-
mer is determined by the charge equilibration method
(QEQ).1® They are polymerized to have a linear archi-
tecture, and then a single PE chain (Cyy) with 100
monomeric units is packed into a simulation box which
has 3-dimensional periodicity. The reason why a single
chain, instead of multiple shorter chains, is introduced
into our system is to eliminate the unusual distribution
of free volumes due to many chain ends. The interaction
sites in a chain interact with their images as if another
chain was there. The intramolecular interactions may
be described by terms such as bond, bending, and
torsion energy; the intermolecular interactions by terms
such as van der Waals and electrostatic energy. Three
types of model systems are built depending upon the
calculation methods of long-range interactions (Table
1). For example, model B does not include the electro-
static energy, and the remaining nonbonded interaction,
i.e. van der Waals energy, is calculated using the Ewald
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method.! The exclusion of the electrostatic energy may
be justified because PE is a nonpolar molecule. For the
spline method, a spline function is multiplied to correct
the discontinuity in the forces and potentials at a cutoff
distance. This is a simple and fast method to calculate
van der Waals and electrostatic terms, but may cause
significant errors when the long-range energy—the
attractive part of the van der Waals energy and the
electrostatic energy—becomes important at above the
cutoff distance. Hence, a long-range correction is es-
sential in this method.

Six different structures are initially generated by the
rotational isomeric state (RIS) algorithm and relaxed
to avoid the overlaps between atoms. Then the struc-
tures are annealed to a higher temperature (1000 K)
and cooled to 300 K repeatedly to overcome the local
minimum energy barriers using an NVT-MD algorithm.
At the end of each cycle the structures are relaxed by
MM, allowing the length parameters of the cell to vary.

From the fully relaxed model polymers an isothermal—
isobaric MD (NpT-MD)7 starts, the temperature is
lowered from 300 to 50 K at intervals of 50 K, and then
the information at 0 K is collected by extrapolating the
volumetric and energy data to 0 K. The MD run at each
temperature is performed for 50 000 steps, where a time
stepisset to 1 fs. The equilibration at each temperature
is monitored by the total energy and the volume of the
simulation box.

The MM is also used to obtain equilibrium structures
at 0 K. Starting from the fully relaxed structures by
MD, both the coordinates of atoms and the cell param-
eters are energy-minimized to obtain the close-packed
state.’®19 Six initial models for MM runs are extracted
from the six MD results performed at 300 K.

In summary, the volume-temperature and the energy-
temperature data are collected from the results of the
NpT-MD, and the energy-minimized state at 0 K is
directly obtained from the MM. The characteristic
parameters are then obtained by a simple analysis of
the simulation results.

Results and Discussion

The model polymers produced by both MD and MM
are in an amorphous state as can be confirmed by the
radial distribution function (RDF) and the bond orienta-
tion function. There are no remarkable peaks above 5
A in the RDF, and the bond orientation function
vanishes as the MD runs develop, implying that there
are no long-range orders in our model systems. It is
well-known that PE is easily crystallizable. However,
an amorphous state is rather usual for full atomistic
molecular simulations because the available run time
is too short to observe the significant diffusions and
rearrangements of polymer chains. If one wishes to
prepare a PE crystal from an amorphous state, another
algorithm, whether it is dynamic or not, is needed to
guarantee the fast relaxation of polymer chains, or
nonperiodic conditions should be given to allow more
free motion.

The equilibration of MD is monitored by the time
evolution of density and total energy. As shown in
Figures 1 and 2, the density reaches an equilibrium
value at about 30 ps and then fluctuates around an
average value, while the energy reaches an equilibrium
very fast without a significant fluctuation. It is note-
worthy that the difference between the 50 and 200 ps
run MD results for the density and energy is negligibly
small. Moreover, we have also observed that the
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Figure 1. Time evolution of densities when the MD is
performed for model A. The data for the other temperatures
are omitted for clarity.
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Figure 2. Time evolution of total energies when the MD is
performed for model A.

distribution of torsional angles is symmetric at 50 ps
run and that the symmetry is retained at lower tem-
peratures. Therefore, the MD simulations longer than
50 ps are not necessary to give more accurate data for
our system.

The NpT-MD performed here gives the information
on the temperature dependence of several properties.
All the simulated densities for the three model systems
are listed in Table 2. When the density of model A is
plotted against temperature as shown in Figure 3, the
density of the model polymer increases with decreasing
the temperature. The PE with 200 carbons in the chain
backbone, which behaves like a dense PE, is not
amorphous liquid at below room temperature.?° There-
fore, the experimental densities of amorphous PE at 50—
300 K are not readily available. The densities at those
temperatures can be only estimated from the melt
densities at high temperatures. The simulated densities
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Figure 3. Temperature dependence of the density for model
A. A discontinuity of the slope is observed at 150 K.

at 300 K are lower than the experimentally estimated
ones, whereas the linear thermal expansion coefficient
above 150 K agree well with experimental values, as
seen in Table 2. Such lower values of densities from
simulation have been reported for several other poly-
mers.2® There is a discontinuity in the thermal expan-
sion coefficient at 150 K as can be seen in Figure 3. The
temperature corresponds to the experimental y-transi-
tion temperature of PE. It may be immature to assign
the break point as the real glass transition because of
the unrealistic high cooling rate adopted here (—1 K/ps).
Nevertheless, the simulation results by other workers
also report the same observation for the break point.t®

Table 3 and Figure 4 show the total energies as
functions of temperature. The Kinetic energy extrapo-
lated to O K is about 0, which is reasonable because the
energy is defined by the velocities of atoms in a system.
The thermal motion ceases at 0 K. Therefore, the total
energy at 0 K becomes equal to the potential energy at
0 K. The charges distributed in this polymer, which has
only carbons and hydrogens, do not have the attractive
attribute, and thus the electrostatic energy is positive
at all temperatures. The model C polymer has a
nonzero positive value of electrostatic energy, although
the value is small compared to the van der Waals energy
in magnitude. Consequently, the total energy becomes
lower than that of model A and model B in its magni-
tude, which may result in lower cohesive energy density
if there is no corresponding volume contraction. The
solubility parameters are calculated at 300 K from the
cohesive energy density and listed in Table 4. The
cohesive energy density is calculated by subtracting the
total energy at bulk state from the total energy of a
single chain in vacuum and dividing the difference by
the volume,?* since the cohesive energy density is
defined as the energy difference when a material of unit
volume is vaporized. The simulated solubility param-

Table 2. Densities Obtained by MD

density (g/cm?3)
T (K) model A model B model C exptl

50 0.870 £ 0.004 0.872 £ 0.004 0.874 £ 0.003

100 0.863 + 0.004 0.865 + 0.004 0.866 + 0.004

150 0.855 + 0.007 0.856 + 0.005 0.860 + 0.007

200 0.843 £ 0.008 0.845 + 0.009 0.848 + 0.006

250 0.832 £ 0.011 0.832 + 0.006 0.833 + 0.006

300 0.821 £ 0.011 0.823 £ 0.010 0.828 + 0.008 0.857,20.855,° 0.847¢
linear thermal expansivity (1074 K1) 0.92d 0.90d 0.89d 1.0°

a Extrapolated from the experimental densities of C142%° above melting temperature to obtain the densities in amorphous state.  From

ref 21. ¢ From ref 22. 9 From data above 150 K.
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Figure 6. Temperature dependence of (a) the average poly-
hedra volume and (b) the coordination number calculated from

Voronoi tessellation. The volume contains the core volume of
an atom and free volume around it.

Table 5. List of Calculated EOS Parameters

p* (MPa) Vsp* (cm3/g) T (K)
MD  model A 341.32 1.1382 614.6
model B 371.1 1.135 613.9
model C 326.6 1.136 638.5
MM model A 3182 +46 1.1314+0.008 595.2
model B 335.4+48 1.130+0.008 599.8
model C 306.1+19 1.129+4+0.009 616.8
exptl range?  300—495 1.08—1.14 535—-725

a Extrapolated from the MD data at 50—150 K. ® From ref 21.

closer to the chosen atom than to any other atom in the
system. The polyhedron will contain both the atom and
surrounding free volumes. A coordination number is
defined as the number of faces of the polyhedra. In
Figure 6, a transition near 150 K may be observed for
both the polyhedra volume and the coordination num-
ber. These results also support that the transition at
150 K is closely related to the glass transition temper-
ature. The increase of the polyhedra volume and the
decrease of the coordination number with the temper-
ature can be easily understood. As the temperature is
lowered, the volume contracts, and thereby the number
of neighbors around atoms increases.

The data of the close-packed state can be either
collected from the MD results, or obtained directly by
MM. The cohesive energy density at 0 K corresponds
to p*, and the specific volume at 0 K to vs,*. The
characteristic temperature T* is obtained by inserting
p*, vsp*, and simulated (T, v) data into the LF EOS
theory. The characteristic parameters are listed in
Table 5, which are comparable to the experimentally
determined values. The segmental core volume v* =
kT*/p* is equal to 22.8 A3 and the degree of polymeri-
zation, 100, corresponds to the molecular size parameter
(r) of 231.7 for the MD results of model B. Thus, the
fourth term in the rhs of eq 1 vanishes for this Cyg
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which is calculated numerically based on eq 5, using the
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system. Substituting the simulated characteristic pa-
rameters into eqs 4 and 5 leads to the density profiles
at surface and the surface tensions as functions of
temperature, respectively. Figure 7 and Figure 8 show
the density profiles at the surface and the temperature
dependence of the surface tensions, respectively. The
best prediction of surface tension is obtained when the
parameters from the MD simulation for model B are
used. The exact calculation method of the long-range
interaction is important, and the positive Coulomb
energy of model C may reduce the cohesive energy
density and the surface tension. The MD results show
better efficiency in building relaxed structures, although
much longer simulation time is consumed. The calcu-
lated surface tensions without adjustable parameters
are slightly underestimated as compared to the experi-
mental measurements, as shown in Figure 8. This
underestimation may come from two sources. One is
lower values of simulated densities due to the loose
packing of the model structure. The absence of crystal-
lization in our simulations may yield lower density at
the close-packed structure, resulting in lower cohesive
energy density, and thereby lower surface tension.
Another is the ambiguity of EOS parameters. According
to the concept of the original theory, the EOS charac-
teristic parameters must be determined only as material
properties, but the values become dependent upon
temperature when the theory is fitted to experimental
data to obtain the EOS parameters. In our simulations,
the EOS characteristic parameters determined from the
data below 300 K have been used for calculating the
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surface tension, although the parameters are, in reality,
functions of temperature. The use of such data may
cause the discrepancy between simulation and experi-
ment.

The surface of polypropylene was studied by Mans-
field and Theodorou.2°=31 They built the surface struc-
tures by adopting the united atom model and perform-
ing the MC, MM, and MD. They calculated the internal
energy contribution to the surface tension by subjecting
the model system to a small deformation dilating the
surface area, relaxing anew, and monitoring the change
in potential energy at the minimum. Cifra and Nies3233
have also calculated the surface tension and surface
density profile of several polymers as functions of
temperature by means of the lattice MC simulation.
However, they did not attempt to determine the EOS
parameters from their simulations. They used the
experimentally determined EOS parameters to calculate
the surface tension from the EOS theory and then
compared the simulation results with the EOS predic-
tion.

The principal merit of our method lies in that the
application can be simply extended to other research
areas such as the phase behavior of multiphase polymer
systems3* and the interfacial tensions between im-
miscible polymer blends, as long as such behaviors can
be properly described by the EOS theory, because our
method provides a way to determine the EOS param-
eters without any experimental effort.

Conclusions

The equation-of-state parameters p*, vsp*, and T* of
polyethylene have been calculated by molecular simula-
tions, without any experimental effort. The values were
in the range of the experimentally determined ones.
With the calculated parameters, the surface tensions
and surface density profiles were obtained by numeri-
cally integrating the Poser and Sanchez equation. The
calculated values of surface tension without adjustable
parameters are slightly underestimated compared with
the experimental ones, which may arise from two
sources: One is lower values of simulated densities as
compared to the experimental ones and another is
inaccuracy of the EOS theory itself. The simulations
have been performed in an amorphous state and show
a transition phenomenon corresponding to the y-transi-
tion of polyethylene from the change in the volume and
the torsional energy. Combining the EOS theory and
molecular simulations may provide a new way to predict
and to analyze the surface properties of polymers.
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