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Echtermeyerl 1Department of Mechanical and Industrial Engineering,
Norwegian University of Science and Technology (NTNU), Trondheim,,
Norway 2Industrial Engineering Department, Petra Christian University,
Surabaya, Indonesia *Corresponding author: iwanh@petra.ac.id Abstract
Molecular dynamics simulation were employed to investigate the effect of
changing the potential energies describing primary and secondary bonds
on the Young’s modulus of a polymer. The energies were changed by
arbitrarily modifying the parameters of the potential energy model
function. The parameters influence the structure of the polymer and its
global energy, eventually causing changes to the Young’s modulus. The
van der Waals energy describing secondary bonds gives the most
significant contribution to the changes. Increasing the energy increases
the density and Young’s modulus. The trends are in agreement with
experimental data. Keywords: van der Waals energy, Young’s modulus,
polymer, molecular dynamics simulation 1. Introduction Stiffness is one
of the interesting mechanical properties of polymers in many
applications. In most engineering applications, materials should not
deform beyond the required tolerances. It is generally accepted that a
material exposed to a certain load, has a stiffness related to the second
derivative of the material” s potential energy and the potential energy of
a material is related to the interactions between atoms. Some research
showed that the stiffness of polymers is related to the intermolecular
forces of the polymer chains. For instance, Rackley et al. [1] presented
that the Young™s modulus of a densified polystyrene was higher than for
the original material due to effects of intermolecular forces. The original
polystyrene had a density of 1.049 g.ml-1 and a Young’s modulus of 3.55
GN.m-2 (average of 3 experiments) while the densified polystyrene had
a density of 1.055 g.ml-1 and a Young’s modulus of 3.82 GN.m-2
(average of 4 experiments). The densification was done by heating the
polystyrene under high pressure to above the glass transition
temperature (high-temperature high-pressure, HT/HP polymerization),
and cooling down slowly to room temperature before the pressure was
released. The densification process did not lead to forming a new
network of the polymer chains. Thus, the authors concluded that this is
an indication that the intermolecular forces largely determine the elastic
properties. Moreover, HT/HP polymerization has been reported to
produce urethane dimethacrylate (UDMA) [2] and polymer-based
composites [3] with improved flexural strength and density. Holliday and
White [4] reported a relationship between the elastic modulus
perpendicular to the chain axis direction and the cohesive energy
density for various polymers. The elastic moduli were measured using an
X-ray approach that can measure the modulus of the crystalline region
on a molecular scale. As shown in Figure 1, the elastic modulus
increases with cohesive energy density. In addition, Seitz [5] developed
a semi-empirical relationship between bulk modulus and cohesive energy
of a polymer showing that the modulus increases with the cohesive
energy. Figure 1. Young’s modulus vs. cohesive energy density. Data
from reference [4] Cohesive energy density is the energy required to
break all intermolecular physical links in a unit volume of the material.
Practically, cohesive energy density is defined as the ratio of the energy.
of vaporization to the molar volume both at the same temperature.
However, the experimental determination of cohesive energy for
polymers is not straightforward, since polymers do not evaporate. The
cohesive energy data of polymers are usually calculated indirectly from
dissolution or swelling measurements of polymers in a variety of solvents
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[6]. Unfortunately, the experimental data of cohesive energy for some
polymers show large variations. Molecular dynamics (MD) simulations
can predict material properties based on the atomistic forces between
atoms. Mechanical properties of polymers, such as Young’s modulus and
Poisson’s ratio, obtained from the MD simulations, have been found to
be similar to experimental measurements [7-15]. This means that MD
simulations are a potential tool to simulate and study properties of new
imaginary polymeric materials by modifying the interactions between
atoms. Such simulations can give a better understanding on how the
physics of polymers and work and they can potentially guide the
development of new polymers. Generally, interactions between atoms in
the polymer system are represented in MD simulations by their potential
energies, as follows: E = Ebond + Eangle + Edihedral + Evan der Waals
(1) The interactions include bonded interactions between atoms
connected by chemical bonds and non-bonded interactions between
atoms belonging to different chains or the same chain but not chemically
bonded. The potential energies of bonded interactions are associated
with the deviation of bond lengths, angles and rotations away from their
equilibrium values (Ebond, Eangle and Edihedral). They are much
stronger than the non-bonded interaction. The van der Waals (vdW)
interactions are used to represent non-bonded interactions between
atoms. The interactions include attractive and repulsive forces, due to
dispersive forces during the fluctuations in the electronic clouds and due
to electrons with the same spin respectively. The vdW energy calculated
in MD simulations, thus, corresponds to cohesive energy measured
experimentally. The Lennard-Jones 12-6 function is typically used to
describe the vdW interactions, which takes the following form: Vii = 4¢
[(orii 12 6 ) — (¢ (2) rii ) ] Where o is the collision diameter, € is the
well depth constant, and r is the distance between two atoms. By
increasing the € parameter of a polymer, a new imaginary simulated type
of the polymer with higher vdW energy will be created. Theoretically,
one can keep increasing or decreasing the € parameter and study its
effect on the mechanical properties. Previous MD simulations have been
performed to investigate the effect of € parameter on thermodynamics
properties of polymers melts [16] and changes in the collective
molecular motion that accompany the observed changes in the
properties [17]. A short time simulation of a united atom model of
Polyethylene under cyclic loading using a standard € parameter and an
arbitrary higher € parameter was performed by the authors of this study
[14]. The simulations were done for cycling in load control with a
constant maximum load for each cycle. The simulated cyclic mean strain
was lower for the polymer with a higher € parameter compared to the
polymer with standard € parameter. Further, the mean strain did not
seem to increase with the number of cycles, indicating_that creep was
reduced. This study extends the work to the Young’s modulus of
Polycarbonate (PC) using the previously developed model for PC [18]. PC
is an amorphous polymer, which is widely used in many engineering
applications. Various values of the € parameter were chosen to
investigate their effect on the vdW energy and the Young’s modulus was
calculated at low strain deformation using MD simulations. In order to
see how changing the primary bond characteristics would influence the
results, the case of stronger bonded potentials (Ebond, Eangle and
Edihedral) was also investigated. 2. Methods 2.1 System preparation The
initial structure of polycarbonate PC (C16H1403) was built in the MD
model using the Polymer and Amorphous Builder function of MAPS
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software [19], containing 9902 atoms. The Dreiding potential energy
parameters [20] were used as standard values of bonded and nonbonded
interactions. The accuracy of the Dreiding force field has been tested by
comparing measured and determined crystal structures of organic
compounds, rotational barriers of a number of molecules and relative
conformational energies and barriers of a number of molecules [20]. In
the force field, charges are ignored except for peptides and nucleic acids
systems. MAPS creates the initial structure based on the Monte Carlo
method combined with the recoil growth technique. Table 1 shows how
equilibrium was approached in this work. An MD program designed for
parallel computers, LAMMPS [21], was employed to perform MD
simulations. All simulations were performed on the supercomputer at
NTNU. Table 1. Methods employed to reach equilibrium of the polymer
configuration Stage Method/technique 1 Energy minimization, using
Polak—Ribiere Conjugate Gradient algorithm Energy stopping tolerance:
10-8 2 NVT ensemble, using Langevin thermostat Temperature: 500 K 3
NPT ensemble, using Noose-Hoover thermostat and barostat
Temperature: 500K Pressure: 0 atm 4 NPT ensemble, using Noose-
Hoover thermostat and barostat Temperature: 500K to 300K Pressure: 0
atm 5 NVT ensemble, using Langevin thermostat Temperature: 300 K 6
NPT ensembles, using Noose-Hoover thermostat and barostat
Temperature: 300 K Pressure: O atm Stage 1 was done to speed up the
relaxation of high potential energy created during the generation of the
initial structure. Stage 2 and 3 used a temperature of 500 K, close to the
melting temperature of PC [22]. In stage 4, the temperature was cooled
down to room temperature (300 K). In stage 2-6, the time-reversible
measure-preserving_Verlet and rESPA integrators were used to integrate
the equation of motion. Periodic boundary conditions were applied to all
directions of the simulation box, simulating a bulk system. The quality of
the equilibrium was checked by monitoring the fluctuations of energy,
pressure and dimension of the simulation box. 2.2 Tensile testing
simulations Deformation was simulated by changing the simulation box
in one longitudinal direction during a dynamic run. The other two
transverse directions of the box were set to zero pressures, allowing the
box to contract sideways. The change in longitudinal dimension was set
at a constant engineering_strain rate (108 s-1). The tensile strain is
unitless and is defined as the length change divided by the original
simulation box length. Various values of the vdW potential” s energy
parameter € (see equation 2) were applied to investigate their effect on
the Young’s modulus, as shown in table 2 - simulation A. The Dreiding €
parameters of the vdW potential for C, O, and H atoms were 0.0951,
0.0957, and 0.0152 kcal.mol-1 respectively. Therefore, for instance, in
the case of the normalized € parameters of 2, the Dreiding € parameters
for C, O, and H atoms will be 0.1902, 0.1914, and 0.0304 kcal.mol-1
respectively. Each value was set up at the beginning of the system
preparation, i.e. stage 1. The Young’s modulus was obtained from the
slope of the stress-strain curve at low strain (2%). Three simulations
were performed to calculate the Young’s modulus. In each simulation,
the simulation box was elongated in the X, Y or Z direction respectively
and the obtained Young’s moduli were averaged. Similar to real
polymers, this approach investigates slightly different molecular
structures in each case, giving statistically representative values of the
polymer properties. According to the ASTM D638 (Standard Test Method
for Tensile Properties of Plastics), several test specimens are needed for
obtaining properties of isotropic polymers. The properties should not
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vary significantly from one orientation to the other. For anisotropic
polymers, several series of specimens are needed to be tested normal to
and parallel to the principle axis of anisotropy. For each series of tests,
the arithmetic mean of all measured values is calculated and reported as
the “average value” for the particular property in question. The effect of
the € parameter of the vdW potential on the Young’s modulus was
initially investigated for standard PC. The other bonding energies
describing the primary bonds along the chain”s backbone (Ebond, Eangle
and Edihedral) had the typical values for PC. In order to see how
changing the primary bond characteristics would influence the results,
the cases of stronger bonding potentials (Ebond, Eangle and Edihedral)
were also investigated, as shown in table 2 — simulations B and C. In
addition to room temperature (300K), the effect of the € parameters of
the vdW potential on the Young’s modulus was also investigated at very
low temperature. The previous system at 300 K was used and cooled
down to 0.1 K. The next stage was done within the NVT ensemble at 0.1
K. The final stage was carried out within the NPT ensemble. Table 2.
Factors applied to the parameters of standard bonds Parameter
Simulation AB C Bond 1 10 10 Angle 1 10 10 Dihedral 1 1 10 Van der
Waals (?) 0.5, 0.75, 1, 1.25,1.5,1.75, 2,5,100.5,1, 2,5,10 0.5, 1,
2,5, 10 3. Results and Discussion 3.1 Young~ s Modulus vs. local Van der
Waals Potential Energy This study set out investigating the effect of the
potential depth parameter (¢) of the van der Waals (vdW) potential on
the Young”™s modulus of an amorphous polymer resembling poly
carbonate PC. The € parameter controls the depth of the local vdW
potential energy acting between polymer chains. Figure 2 presents the
effect of the € parameter on the predicted Young’s modulus from
simulations at 300K and at 0.1K. The error bars refer to the standard
error of the Young’s modulus calculated by the following equation:
Standard error = ¢ Vn (3) where o is standard deviation and n is number
of measurement. Increasing the € parameter increases the calculated
Young’s modulus. It can be seen that there is a linear relationship
between the € parameter value and the calculated Young’s modulus. A
higher € parameter causes stronger vdW interactions and more energy is
needed to move the atoms from their initial positions, therefore, polymer
chains are getting more difficult to slide against each other. This
indicates that the ease of sliding chains against each other dominates
the stiffness characteristics of the polymer. Figure 2. Effect of the €
parameter on the predicted Young’s modulus, comparison between
simulations at 300K (simulation A) and 0.1K. The plot on the left is an
enlarged plot for ? parameters between 0.5 - 2. For a very low €
parameter, the polymer chains move like a liquid under tensile
deformation. With a normalized € parameter of 0.5 (normalized against
the standard values for PC), the calculated Young’s modulus is almost
zero. The Young’s modulus calculated with a normalized € parameter of
10 is about ten times higher than calculated with a normalized €
parameter of 1. For a very high € parameter, the chains may become
tightly attached to each other and form a kind of crystal structure. The
primary forces of bonds along the polymer chain may eventually become
negligible. This extreme case would be very unrealistic, though. The
temperature significantly affects the predicted Young’s modulus. Lower
temperature produces a higher Young’s modulus since the sections of
the polymer chain have less kinetic energy due to low temperature
reducing their ability to slide past each other. This is in agreement with
most experimental data and was also shown by molecular dynamics
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simulations [13, 15, 23]. Moreover, the linear increase of modulus with
the € parameter is observed for both temperatures analyzed here, as
presented in Figure 2. Figure 3. Effect of the € parameter on the
predicted Young’s modulus, comparison between simulations A, B, and C
(Table 2) at 300 K. The plot on the left side is an enlarged plot for ?
parameters between 0.5 - 2. Figure 3 presents the comparison between
simulations A, B, and C (see Table 2). The potentials of the primary
bonds were increased in simulations B and C. The bond stretch and bond
angle potential parameters were increased by a factor 10 in the
simulation B, compared to the standard case in simulation A. In addition
to that, in the simulation C, the dihedral angle potential parameter was
increased by a factor of 10. Increasing of bond stretch, bond angle, and
dihedral angle potential parameters does not give a significant increase
of the Young’s modulus. The main increase is still caused by the €
parameter. The increase also remains linear with € in all cases. The small
effect of changing the primary bonds (bond length, angle, dihedral)
parameters of the polymer chain on the modulus strengthens the
statement that the vdW depth parameter € is the most important one.
3.2 Young~ s Modulus vs. global Van der Waals Potential Energy A
different vdW depth parameter (€) causes different molecular
arrangements when the polymer is brought to equilibrium. This means
the global vdW energy of the entire polymer body is not only affected by
the parameter, but also by how the molecules arrange themselves.
Figure 4 presents that not only the € parameter influences the global
vdW potential energy of the system, but also the bonded potential
parameters (Ebond, Eangle and Edihedral). All parameters of the
potentials influence the structure of polymer during the equilibration
processes and eventually, the polymer~s global vdW energy. However,
the € parameter gives the most significant contribution to the global vdw
energy of the polymer. The arrangements of chains are also affected by
the primary bonded potential parameters. Stronger primary potentials
create a structure having lower vdW energy. This can be seen from
simulation C having the lowest vdW energy, although its primary bonded
potential parameters are 10 times higher than in simulation A. However,
it was found that for each simulation, the global vdW energy, being the
integrated value of the entire polymer”s local vdW potentials, is linearly
correlated to the vdW depth parameter. Figure 5 shows that in each
simulation, increasing vdW energy increases the Young’s modulus.
However, it should be noted that considering the overall simulation
results, the relationship is not simply linear. This indicates that, in
addition to the vdW energy, there are contributions from bonded
potential energies to the stiffness property of the polymer. But, a fairly
linear relationship between vdW energy and Young’s modulus can still be
observed for each simulation. Figure 4. Effect of € parameter on the
absolute global vdW energy Figure 5. Effect of the global vdW energy on
the predicted Young’s modulus The vdW energy in the MD simulation is
represented by the Lennard-Jones 12-6 function, which includes the
attractive and repulsive interactions between two atoms. The attractive
contribution is due to dispersive forces because of the instantaneous
dipoles, which arise during the fluctuations in the electronic clouds. The
repulsive interaction is based on quantum mechanics principles, that two
electrons cannot have the same quantum numbers; they cannot occupy
the same region. The vdW energy calculated in MD simulations, thus,
corresponds to cohesive energy measured experimentally. The
relationship between the Young’s modulus and the vdW energy predicted
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by MD simulations agrees with the experimental relationship between
the elastic modulus perpendicular to the chain axis direction and
cohesive energy density measured experimentally by Holliday and White
[4]. Since they measured the experimental modulus using an X-ray
method for the crystalline region, the intermolecular forces (represented
by cohesive energy) should have a more significant role in governing the
modulus perpendicular to the chain axis direction than the modulus
parallel to the chain axis direction. In the later case, the contribution of
intramolecular forces (primary bonds) would be more significant and the
modulus should be higher. Experimental data also show a relation
between intermolecular forces, density and stiffness of a polymer [1].
Figure 6-left presents the relation between the density vs. global vdwW
energy (which represents the intermolecular forces) calculated from the
simulations. The density increases as the global vdW energy increases.
Increasing the global vdW energy makes closer molecular packing. The
increase in the primary bonded potentials (stretch, angle and dihedral)
also contributes to the change of density. However, the increased
primary bonded potentials make the density increase less than when
only the vdW energy increases. Figure 6-right presents the density vs.
Young’s modulus. For each simulation, increasing the density increases
the Young’s modulus, which is in agreement with the experimental data
[1]. However, it should be noted that not only the change in density
influences the Young’s modulus but the interplay between changes in
bonded and non-bonded potentials. Figure 6. Density vs vdW energy
(left) and density vs. Young’s modulus (right) calculated from the MD
simulations 4. Conclusions It was shown by using MD simulations that
there is a linear relationship between the van der Waals (vdW) depth
parameter and the Young’s modulus. Increasing the parameter increases
global vdW energy, density and Young’s modulus of the simulated
polymer. Primary bond and vdW potential energy parameters influence
the structure of the polymer and its global vdW energy, which eventually
changes the Young’s modulus. However, the vdW depth parameter gives
the most significant contribution to the changes. The MD simulations
have shown relationships between global vdW energy vs Young’s
modulus and global vdW energy vs density, in agreement with
experimental data. Young’s modulus and density increase along with
vdW energy. These findings provide enhanced insights into the
structure-property relationship of a polymer. Declarations Funding: Not
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