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Abstract: Temperature and chain length play significant
roles in determining the physical properties of polymer
melts. In the current computational research, a molecular
dynamics (MD) approach was implemented to describe the
static and dynamic properties of (1) high-density polyethy-
lene-1-butene with 120 beads in backbone (PE120) and (2)
entangled high-density polyethylene-1-butene with 600 beads
in the backbone (PE600). The transferable potentials for
phase equilibria force fields were used for CH2 beads in a
defined initial condition. First, the equilibrium phase of the
designed systems was reported with total energy and density
convergency at various initial temperatures (T0 = 450, 470,
and 490 K). Also, gyration radius (Rg) and end-to-end distance
(R) were calculated for the static behavior description of the
two PEs. Zero-shear viscosity (η0), mean square displacement,
and diffusion coefficient (D) were estimated to define the
dynamic behavior of PE120 and PE600 systems. MD outputs
predicted that 10 ns is sufficient for equilibrium phase detec-
tion inside polymeric samples. After equilibrium phase detec-
tion, Rg converged to 14.97 and 17.35 Å in PE120 and PE600,
respectively (T0 = 450 K). Furthermore, MD outputs show that
temperature variation can considerably affect the time evolu-
tion of the system. Numerically, the η0 of PE120 and PE600
converged to 49 and 168 cp at 450 K. These results of η0
parameter as a function of temperature are an important

output of MD simulations. The results predicted that η0
decreases to 24 and 44 cp for PE120 and PE600 samples
with an increase in temperature from 450 to 490 K. With
the creation of the entanglements network, D reached the
highest value of 2 × 10−9 m2·s−1 among the designed polymeric
systems. The results are in good consistency with experi-
mental reports. It is expected that the result of this study
can be used in designing improved polymeric systems for
real applications.
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1 Introduction

Ethylene-alpha olefin copolymers exhibit excellent proper-
ties and find a wide range of applications due to the flex-
ibility of chain design and tailoring during polymerization.
The addition of 1-butene comonomer to ethylenemonomer in
the polymerization reactor results in short-chain branches
(SCBs) of ethyl on the polyethylene (PE) backbone (1). The
number, density, and distribution of these SCBs can strongly
influence the physical and dynamic melt properties of PE (2).
Chain entanglements significantly influence the melt proper-
ties, particularly zero-shear viscosity (η0) of PE. This para-
meter in PE melt-based systems is crucial for understanding
their flow behavior under processing conditions. η0 influ-
ences the material’s processing efficiency, product quality,
and performance in applications. η0 calculations provide
insights into molecular interactions and entanglements,
affecting how PE behaves during extrusion and molding.
By analyzing these viscosity results, manufacturers can opti-
mize processing parameters, enhance material properties,
and predict performance in end-use applications, ultimately
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leading to better product design and reduced production
costs (3). When the backbone length is sufficient to form
entanglements, segmental motions, and consequently, the
dynamic properties of the chains will differ before and after
entanglement (4). Therefore, it is important to study the
dynamic behavior of PE chains above entanglement mole-
cular weight (Me). η0 experiences a large increase at Me.
Investigating the physical and dynamic behavior of the
chains beyond this weight is of paramount importance (5).
In thermodynamic equilibrium, temperature plays a crucial
role in the melt behavior of PE, and temperature variations
induce changes in the dynamics of the PE chains. Additionally,
the dependence of the dynamic diffusion coefficient (D) on
temperature is considered one of the most important variables
in the equilibrium of PE melt. At equilibrium, the activation
energy of PE signifies the temperature dependence of D (6,7).

Simulating the melt flow of PE provides useful and
applied information for its processing. The melt processa-
bility of PE is strongly influenced by its structure, mole-
cular weight and physical properties (8). As a result, recent
investigations into the melt behavior of PE have garnered
attention, particularly for entangled chains and branchedmole-
cular architectures (9,10). Molecular dynamics (MD) approach is
an interesting and adequate method for studying the physical
behavior of PE due to its ease of application and its ability to
provide direct and effective information on the evolution of
physical and dynamic properties over time (11,12). Therefore,
given that simultaneous oscillatory movements of atoms and
segmental motions occur in the PE chain, selecting a very short
time step and a high number of steps in MD simulation is
essential. To address this limitation, the use of coarse-grained
models, including bead-spring models, is common to achieve
satisfactory simulation times (13). Many coarse-grained models
consider CH, CH2, and CH3 groups as unified carbon atoms
when describing the melt behavior of PE (14,15). η0 can be
directly calculated in equilibrium MD simulations using the
time integral of the stress tensor components (16).

The study by Harmandaris et al. (17) stands out as one
of the earliest research endeavors exploring the dynamic
properties of PE melt through MD simulation. They simu-
lated linear PE melt under equilibrium conditions using
the MD method. Additionally, they employed the Rouse
model to calculate friction and diffusion coefficients and
η0 for various chain lengths of PE, both below and above
the entanglement molecular weight. They compared these
calculations with the results of experimental studies. They
showed that η0 and D are strongly correlated with backbone
length. In a MD simulation by Padding and Briels (5) in
coarse-grain mode, linear PE melt with backbone lengths
ranging from 80 to 1,000 carbon atoms was examined under
equilibrium conditions for structural and dynamic analysis.

Each set of 20 carbon atoms was considered as one bead in
this simulation. The results indicated an expected increase
in the average mean square gyration radius (Rg

2) and mean
square end-to-end distances (R) of the chains. Another sig-
nificant outcome of this research was reporting η0 values
within the range of entanglement molecular weight and
critical molecular weight (Mc). In another study, Ramos
et al. (18) investigated the effect of short branches on the
equilibrium melt dynamics of linear PE with 1,000 united
atoms in the main chain using MD simulation. They calcu-
lated the melt density of PE with varying percentages of
SCBs, 1.9–11.5%, in the range of 0.770–0.775 g·cm−³. Addition-
ally, an increase in the average square of Rwith an increase
in the number of bonds in the main chain was confirmed. In
their subsequent research, Ramos et al. (19) examined the
structure and dynamics of linear PE above the entanglement
molecular weight using MD simulation. Considering the
simulation results, they discussed mesoscopic properties
such as density, physical parameters like the characteristic
ratio (C∞), static chain features such as Rg, and dynamic
properties such as D.

In the present study, PE chains with 120 and 600 num-
bers of CH2 beads in the backbone containing varying
amounts and distributions of SCBs of ethyl are modeled.
The temporal transformations of the system are investi-
gated at molecular weights above the entanglement mole-
cular weight and above the critical molecular weight at
different temperatures. Most MD simulation studies con-
ducted on the structure and dynamics of molten PE so far
have either modeled its linear structure, examined the mod-
eled system’s transformations below the critical molecular
weight, or been limited to a constant temperature. The pre-
sent improved MD simulations investigate the dynamic
behavior of PE melt in the presence of chain entanglements
as a function of temperature, which shows good compat-
ibility with experimental results. So, the current research
introduced the effect of molecular weight and temperature
parameters on valuable physical properties of the molten PE
samples (such as Rg, D, and η0) with particle-based simula-
tions for the first time. A united atomic structure suitable for
the studied branched copolymer was developed then an
appropriate force field was used to create thermodynamic
equilibrium. Themelt density, static and dynamic parameters of
PEs at two MWs, and varying content and distribution of SCBs
and three temperature levels were calculated. Subsequently,
structural and static transformations of the modeled copolymer
chains were evaluated by calculating Rg, interaction/total ener-
gies, and R parameters. Furthermore, the melt dynamics of PE
was studied by calculating properties such as η0, mean square
displacement (MSD), and D for the produced structures at three
temperature levels.
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2 MD details and molecular
samples

Me at which chains start to entangle is defined in the lit-
erature as 1,680 g·mol−1 or 120 beads (CH2) (20).Mc at which
the slope of zero shear viscosity vs MW increases from 1 to
3.4 is defined in the literature as 5,000 g·mol−1 or 357 beads
(CH2) (5). In current computational research, the time evo-
lution of branched PE above Me and Mc was described
using the MD approach. Polymer chains were modeled as
CH2 and CH3 units or united beads. Two various types of
chains including 120 and 600 beads were modeled inside the
computational box as depicted in Figure 1. Polymeric chains
were randomly modeled inside computational boxes using
PACKMOL software (21). A minimum distance of 2 Å was set
to prevent unactual bonds between polymer chains. Also, a
branching degree was set to 1.7% and 1% (22) for the ethyl
branch was assigned. The initial temperature was set to 450,
470, and 490 for 15 ns. The large-scale atomic/molecular mas-
sively parallel simulator (23) package, released by Sandia
National Laboratory, was used in the simulations.

2.1 MD method

MD simulation is a powerful computational method to
study the behavior of molecules and atoms over time. In
the context of polymeric structure studies, MD simulations
are particularly valuable for investigating the dynamic
properties and structural characteristics at the molecular
level.

In a polymeric system, MD simulations involve repre-
senting a polymer chain as a series of connected beads (repre-
senting repeating atomic units) interacting with each other
through an interatomic force field (potential function).

Newton’s law is computationally implemented between
beads (24),

( ) ( ) ( )= −∇ =F X E X MV ṫ (1)

( ) ( )=V t X ṫ (2)

where F is the interparticle force, which is described by
potential function (E), X and V are the position and velocity
of each particle, respectively, with M being mass. These
computational functions describe the forces between beads
and are used to calculate the motion of the beads over time.
In the current research, the Transferable Potentials for
Phase Equilibria (TraPPE) force field (25,26) was used to
define inter-beads interaction. According to previous inves-
tigations, this force field has a better numerical decision
rather than other types for PE physical performance descrip-
tion (19). In this force field, the non-bond interaction (27) is
described with Lennard–Jones (LJ) potential (28) according to
the following equation:
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Here, ε and σ represent the energy and distance para-
meters, respectively. rc defines the cutoff radius in the LJ
equation. The energy of simple and angular bonds are
described according to the following equations:

( )= −E K r rb b 0
2 (4)

( )= −E K θ θa a 0
2 (5)

where Kb and Ka are harmonic constants and r0 and ϴ0

represent equilibrium distance and angle, respectively.
Finally, the dihedral interactions are defined with “n-har-
monic” relation according to the following equation (29):
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Figure 1: Structural evolution of PE120 and PE600 chains in the modeling phase of current computational research. These graphical outputs were
created using OVITO (35) software.
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where A and ∅ are the amplitude and angle of the angular
oscillator, respectively. In the selected force field, m para-
meter is set to 9. After force field definition, Newton’s
equation is solved, and new positions/velocities of each
bead are estimated. Technically, this process has a high
computational cost. Various algorithms have been pro-
posed to solve this problem. Among them, the velocity-
Verlet algorithm as an effective method was selected (30)
using the following equations:

= + + ∆ = + ∆ ⎛
⎝ + ∆ ⎞

⎠+X X V t a t X t V a tΔ
1

2

1

2
i i i i i i i1

2 (7)

( )= + ++ +V V a a t
1

2
Δi i i i1 1

(8)

where Xi and Vi parameters define the position and velocity
of the ith particle. Δt and a represent timestep and accelera-
tion, respectively. ThroughMD simulations, it can be observed
how polymer chains move, interact, and arrange themselves
in different initial conditions, here, in various temperatures.
This provides insights into properties such as chain configura-
tion, dynamic behavior, and thermodynamic properties of
modeled PE-based systems.

2.2 Details of MD simulations

The MD simulations in this work are done in equilibrium
conditions. The initial pressure was set to 1 atm, and the
initial temperature was set to 450, 470, and 490 K using the
Nose Hoover algorithm (31). A temperature/pressure damping
value of 1/100 fs was set to reach the equilibrium phase.

Structurally, the simulation box was set to 65 × 65 × 65 Å3

and 150 × 150 × 150 Å3 in the presence of polymeric backbones
with 120 and 600 beads, respectively. An initial Rg of 1.5 nm
was considered for the chains with 120 and 600 beads (32).
These polymeric chains were modeled by the time evolution
of linear pristine samples, as shown in Figure 1. The total
number of beads was in the range of 7,440–36,720 (Figure 2).
In these models, the timestep value was set to 1 fs, and
simulation was run for 15 ns (33) using the NPT ensemble
(including first 10 ns for equilibrium simulation and then
5 ns for the calculation of static/dynamics properties) (34).
All of our MD simulation settings are listed in Table 1. Also,
the TraPPE force field coefficients (16) are given in Table 2.

Several parameters, such as total energy and temperature
variation as a function of simulation time, are reported after
reaching the equilibrium phase (after 10 ns). Furthermore,
physical outputs such as interaction energy, density, MSD, D,
η0, Rg, and R are calculated to report static and dynamic beha-
vior of PE-based systems (5 ns later of equilibrium phase
detection).

3 MD simulation results

3.1 Equilibrium phase and validation of
modeled polymeric samples

In the first step of current computational research, the
equilibrium phase of the designed polymeric systems is
reported. The atomic arrangements of the equilibrated

Figure 2: Graphical representation of (a) simulation box in the presence of 60 chains of PE120 and (b) simulation box in the presence of 60 chains of
PE600.
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matrix with 60 chains of polyethylene-1-butene with 120
(PE120) at varying temperatures are shown in Figure 3.
The MD outputs showed that the temperature of the sys-
tems converged to 453.958, 476.921, and 493.154 K after 10 ns.
Physically, these convergencies show that the amplitude of
atomic fluctuations decreases by simulation time. The total
energy parameter is appropriate to analyze this atomic evo-
lution. The numerical results for the total energy parameter
are reported in Figure 4. The total energy normalized to the
bead numbers for the PE120matrix was converged to 29.860,
29.994, and 30.053 kcal·mol−1 at 450, 470, and 490 K, respec-
tively. The total energy convergency in this computational
step indicates that the attraction forces between various
particles are developed for the applied initial condition.
So, it is expected that structural stability occurs after 10 ns
inside the MD box.

The polymeric matrix, which was designed by 60
chains of PE600, shows similar equilibrium behavior as

reported before for PE120. As shown in Figure 5, the appro-
priate structural unity can be seen in the PE600 matrix at
various temperatures. These structural unities arise from
atomic interactions in various initial conditions. Numeri-
cally, the total energy/bead of PE600 matrix converged to
32.862, 33.013, and 33.152 kcal·mol−1 at 450, 470, and 490 K,
respectively (Figure 5d). These energy outputs predicted that
the PE600 matrix can be stabilized in actual applications.

The detection of the equilibrium phase was a qualita-
tive validation for the computational method. To quantita-
tively validate the simulation method, the variation of melt
density with simulation time at three temperatures is
shown in Figure 6a for the PE120 matrix. In this figure,

Table 1: MD simulations settings in current computational research

Computational
parameter

Value/setting

Box size 65 × 65 × 65 Å3 (for PE120 sample) 150
× 150 × 150 Å3 (for PE600 sample)

Number of total beads 7,440 (for PE120 sample) 36,720 (for
PE600 sample)

Temperature 450, 470, and 490 K
Pressure 1 atm
Damping of temperature 1 fs
Damping of pressure 100 fs
Timestep 1 fs
Total simulation time 15 ns

Table 2: TraPPE force field coefficients in current research

Parameter Value

ε 0.0914 kcal·mol−1

σ 3.95 Å
rc 9.085 Å
Kb 95.88 kcal·mol−1

r0 1.54 Å
Ka 62.1 kcal·mol−1

ϴ0 114°
A0 1.9892 kcal·mol−1

A1 4.2328 kcal·mol−1

A2 −0.6021 kcal·mol−1

A3 −7.1778 kcal·mol−1

A4 4.4255 kcal·mol−1

A5 3.9068 kcal·mol−1

A6 −8.9206 kcal·mol−1

A7 −3.4498 kcal·mol−1

A8 5.5980 kcal·mol−1

m 9

Figure 3: Structure of the PE120 matrix arrangement after equilibrium phase detection at (a) 450, (b) 470, and (c) 490 K.
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the melt density of the system converges to 0.732, 0.716, and
0.700 g·ml−1 at 450, 470, and 490 K, respectively, which are
in agreement with previous reports (18). The reported den-
sity convergencies arise from the change of volume from
274,625 to 230,688.52 Å3 as listed in Table 3. Physically, an
increase in thermal energy increases the mean distance

between the beads and, therefore between the chains,
which increases the volume and decreases the density of
the system.

Furthermore, Figure 6b presents the melt density of
the PE600 matrix at the mentioned temperatures. Numeri-
cally, the density of PE600 converged to 0.855, 0.823, and
0.812 g·ml−1 for the initial temperatures of 450, 470, and
490 K. The decrease in density with temperature is in
agreement with the experimental results (5,18,33). Alnaimi
et al. (36) reported that the density of the PE-based system
changed with 0.01 g·ml−1 by 20 K enlarging in temperature
value. This numeric output is consistent with our work.
For the PE600 system in which chain MW is well above
Mc, the entanglement network is established, attraction
forces between various chains are intensified, and the
packing ratio increases. Therefore, it is seen that density
values are considerably higher than those values of PE120.
As reported in Table 3, the volume changes in the PE600
matrix vary from 3,375,000 to 2,371,906.82 Å3, which is
much wider than that for PE120.
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The described density convergency can be analyzed by
the radial distribution function (RDF) parameter (Figure 7).
This parameter in polymeric systems describes the prob-
ability of finding a bead at a certain distance from a refer-
ence one within the polymer chain (37). It provides insights
into the spatial arrangement and organization of monomers
within the polymer structure, reflecting the polymer’s local
ordering and packing characteristics. By analyzing the peaks
of various designed structures, it is concluded that these
peaks occur in the vicinity of r = 1.5 Å. Furthermore, MD
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Table 3: Density and volume changes (ΔV) in various modeled polymeric
matrices

Matrix-temperature Density (g·ml−1) ΔV (Å3)

PE120-450 K 0.732 −38,404.96
PE120-470 K 0.716 −33,425.67
PE120-490 K 0.700 −43,936.48
PE600-450 K 0.855 −2,371,906.82
PE600-470 K 0.823 −2,336,978.04
PE600-490 K 0.812 −2,325,898.16
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Figure 7: RDF in the initial and final time step of designed polymeric matrices at various temperatures.
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outputs show that the RDF peak values, g(r), decrease for the
PE120 matrix with MD runtime. This structural evolution
predicted the polymeric chains' mean distance converge to
a larger value. Similarly, in PE600, g(r) values decreased in
the final time step (10 ns) in comparison to the value at the
initial timestep with higher intensity than the value for the
PE120 system. It is most likely that the network formation of
entanglements aboveMc has caused this considerable struc-
tural behavior for PE600 as compared to PE120.

In MD simulation of polymer-based systems, the total
energy and density convergencies over simulation time are
necessary but insufficient. Therefore, to ensure the suffi-
ciency of simulation time to detect the equilibrium phase,
the convergence of R n/n

2 against n is evaluated (33). Rn is

the distance between bead number 1 and bead number n.
The convergencies of this parameter ( )R n/n

2 as a function of
n at 450 K are shown in Figure 8. The curves had a similar
pattern at 470 and 490 K as well.

3.2 Structural properties of modeled
polymeric matrices

MD simulation results showed that 15 ns is the sufficient
time to detect the final arrangement of beads in designed
polymeric systems. In Figure 9, the RDF of various samples
was depicted. This structural output indicated their
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stability. Furthermore, the potential energy of each PE-
based system converged to a constant value in the final
time step, as listed in Table 4. This energy convergency
arises from the mean attraction force between chains in
various regions of the MD box. Rg in polymeric systems is a
measure that describes the average size of a polymer
chain. It represents the average distance between the
center of mass of the chain and its individual constituents.
Rg is an important property for understanding the confor-
mation and physical properties of polymer melts. Compu-

tationally, this parameter is calculated with Rg =
⎛
⎝

⎞
⎠

∑
∑

=

=

m δ

m

i

n

i i

i

n

i

1
2

1

(38). Here, δ is particle distance for the center of mass. In
polymeric systems, Rg is influenced by various factors such
as chain length, chain structure, intermolecular interac-
tions, and melt conditions. Figure 10 shows Rg values for
PE120 and PE600 matrices against initial temperature. A
larger Rg indicates a more elongated chain, while a smaller
Rg suggests a more compact conformation (39). Numeri-
cally, Rg changes from 14.973 to 15.004 Å in the PE120
matrix in the temperature range of the study. Compara-
tively, it changes from 17.346 to 17.935 Å in PE600. The rate
of change in Rg with chain length in this work is also in
agreement with experimental results (40).

The distance between the ends of a polymer chain, R or
end to end distance, is an important property of a polymer
chain to understand the physical properties and behavior
of polymer chains in defined condition. To calculate this
parameter, several chains were selected from various
regions of the box and their average end-to-end distance
was assigned as R. The change of R with temperature is
shown in Figure 11. A monotonic change is not observed for
R against temperature for PE120 but it is decreasing for
PE600. R was used to calculate C∞ parameter, which is an
indication of chain rigidity. C∞ values of 10.833 and 4.336
were obtained for PE120 and PE600, respectively (Figure
11), which are in agreement (5,000 g·mol−1 (5)) with pre-
vious simulation and experimental data (19,41,42). Numeri-
cally, this parameter changed by temperature enlarging
and converged to 38.242 from 37.910 Å in the PE120 matrix.
This behavior arises from atomic fluctuation intensity
enlarging in higher temperatures. This atomic evolution
can be described by 1

2
mv2 = 3

2
KT relation (43). MD outputs

in this section of computational research are consistent
with =R R62

g

2 experimental relation. In current simula-

tions, the R R/2
g

2 parameter was converged to about 6 values
after 15 ns. The result of this computational step is consis-
tent with previous studies (18). Furthermore, the number
of the beads increasing inside chains caused the R para-
meter to enlarge to 54.1 Å in the PE600 matrix. In large
polymeric chains, the volume of beads distribution gets
to a higher volume. So, this structural property caused
the R parameter to increase in this modeled sample. Note
that intensifying of entanglement network creation in
larger temperatures is crucial. In the PE600 sample, tem-
perature convergency to 490 K caused the limitation in
beads evolution by time passing which arises from entan-
glement network creation with more intensity. So, this
behavior caused to decrease of the R parameter with tem-
perature enlarging (converse to PE120 sample structural
behavior).

Table 4: Structural details and potential energy of the designed poly-
meric matrix with modeled PE600 in current research after 15 ns

Matrix-
temperature

Initial
box
length
(Å)

Rg (Å) R (Å) C∞

( R

nr

2

0
2
)

(42,48)

Potential
energy/
beads
(kcal·mol−1)

PE120-450 K 65 14.973 37.910 10.646 28.508
PE120-470 K 65 15.004 37.364 10.341 28.551
PE120-490 K 65 14.991 38.242 10.833 28.624
PE600-450 K 150 17.167 54.100 4.336 31.526
PE600-470 K 150 17.000 47.990 3.411 31.602
PE600-490 K 150 17.343 43.970 2.860 31.667
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Figure 10: Rg parameter changes as a function of the MD simulation time for (a) PE120 and (b) PE600 matrices in various initial temperatures.
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The stability of structural performance and R para-
meters can be analyzed with total energy inside designed
polymeric samples. This parameter plays a crucial role in
describing the interactions between polymer chains. Total
energy defines the energy associated with stretching, bending,
and torsional movements within the polymer chains, as well
as the interactions between different chains (41). MD outputs
for total energy changes as a function of simulation time for
the PE600 sample depicted in Figure 12a. From this figure, the
energy/bead parameter converged to 32.855, 33.012, and
33.138 kcal·mol−1 at 450, 470, and 490 K, respectively. These
convergencies arise from polymeric chain mobility restric-
tion in defined conditions. Also, interaction energy value
shows similar behavior as depicted in Figure 12b. This
energy/bead parameter reached negative values after 15 ns
(−0.778, −0.752, and −0.741 kcal·mol−1 at 450, 470, and 490 K,
respectively). These negative values predicted the mean
attractive force between beads in modeled systems (44,45).
These calculated energies predicted themean distance between
polymeric chains in various regions of polymeric samples to get
a lesser ratio byMD time passing. The C∞ of a polymeric system
after entanglement network creation has a lesser value due to
the mobility of each beads increased, and this structural
evolution caused the flexibility of each chain to be enlarged
in defined conditions (46). On the other hand, when polymer

chains become entangled with higher intensity (in the pre-
sence of a large number of monomers),they experience high
attraction force. This behavior caused the conformational
flexibility (47). In the current case study, the effect of the
first phenomenon has more effect on the structural evolu-
tion of the PE600 system, which should be supposed in
actual application. All structural properties of modeled sys-
tems are reported in Table 4.

3.3 Dynamical properties of modeled
polymeric matrices

In polymeric systems, MSD is a measure of the average
squared distance that individual polymer segments or
molecules move over time. It provides insight into the
self-diffusion and mobility of polymeric chains within the
modeled matrices. By analyzing how the MSD changes with
time, researchers can characterize the dynamics of poly-
mers, including their flexibility, entanglement, and overall
motion. Computationally, this parameter is calculated by the
average of (r(t) – r(0))2, where r(t) is the position of the par-
ticle at time t and r(0) is its initial position (49). Figure 13
shows the MSD outputs for PE120 and PE600 at various
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temperatures. It is seen that MSD increases with temperature
due to the increase in thermal energy and further movement
and fluctuations of the segments (50). Also, MSD of PE600 is
more than twice higher than PE120 since it is well known that
MSD increases with chain length (47). This atomic evolution
predicted theMSD of PE120 to reach 1.459 Å2 at 490 K. Further-
more, the D parameter can be calculated with the equation

D =
( )

∞→lim
t

t

t

MSD

6
(48). Table 5 gives the values of D calculated

from MSD changes in the first linear region of the curve. The
values of D are in a range from 0.833 to 1.333 (×10−9 m2·s−1) at
varying temperatures for PE120, which are consistent with
the previous reports (51,52). In their report, theD parameter is

of order 10−9 m2·s−1. MD simulation time for MSD calculations
was continued to 5 ns to obtain MSD in infinite time. The
maximum value in Figure 14 shows that MSD of PE600
extends beyond 50 Å2 (47). Computationally, results for MSD
as a function of temperature and polymeric system types
were shown in the PE120 sample affected by temperature
increasing with lesser intensity. This structural performance
arises from a low number of beads in this type of designed
sample. Instead, the temperature enlarging was affected
appreciably by the mobility in PE600-based systems. The
high number of beads in PE600 caused this mobility to
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Figure 12: (a) Total and (b) interaction energies change as a function of
MD simulation time in modeled PE600 matrices.
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Figure 13: Linear section of MSD parameter vs MD time for (a) PE120 and
(b) PE600 at varying temperatures.

Table 5: Diffusion coefficient D of PE120 and PE600 at varying temperatures matrices after 15 ns in comparison with D values from the Rose model

Temperature (K) D (×10−9 m2·s−1)

PE120 PE600
M

1.65

w
1.98 (PE120–PE600) Rose model (PE120–PE600)

450 0.83 1.5 0.06–0.003 0.03–0.06
470 0.92 1.83 NA 0.03–0.05
490 1.33 2.00 NA 0.03–0.04
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increase by low temperature enlarging inside the computa-
tional box.

The D parameter obtained fromMSD calculations devi-

ates from the Rouse model (D = R

tπ3

2

2
). Such difference has

already been addressed for molten PE matrices, attributing
it to factors such as the short length of modeled chains and the
neglect of intermolecular forces in the Rouse model (53). As
expected, the deviation from the Rouse model decreases with
increasing chain length. For PE600, the D parameter varies
from 1.5 to 2 (×10−9 m2·s−1) with temperature. These results
are consistent with the findings of previous reports (51,52) by
experimental and simulation techniques. Ramos et al. (51) intro-
duced 10−15–10−9 m2·s−1 interval value for D parameter of their
modeled PE-based samples. Furthermore, Huster et al. (52)
reported 2.3 (×10−9 m2·s−1) for the PE system from their experi-
mental method. Also, Pearson et al. (54) proposed that D =

M

1.65

w
1.98

(cm2·s−1) relation for D parameter using this approach.
In summary, higher temperatures facilitate more ener-

getic collisions of polymer chains, enabling them to over-
come barriers and move more freely within the polymeric
system. This increasedmobility at elevated temperatures leads
to a higher self-diffusion coefficient for the bead-base model.
From diffusion coefficient outputs and previous experimental
results, the Ea parameter can be calculated using Ea – Ea0 = ln
(D/D0) × R(T − T0) relation (6). Here, Ea and D parameters
define activation energy and diffusion coefficient (55), respec-
tively. Using the D values of Table 5, ΔE (Ea – Ea0) is estimated
as less than 1 kcal·mol−1 when initial temperature varies from
450 to 490 K (consistent with ref. (6)).

In the final step of the current research, η0 of various
modeled structures was calculated. For this purpose, the
“Green–Kubo” approach (56) as an equilibriumMDmethod
was implemented. Here, the ensemble average of the auto-
correlation of the stress/pressure tensor was used to cal-
culate the viscosity. Furthermore, the stress tensor for each
bead is given by the following formula,

= − −S mv v Wab a b ab (9)

where Sab is the stress tensor, mv va b is the kinetic energy
contribution for bead i, and Wab is the virial contribution
due to inter-beads interactions obtained from Eq. 9.
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where a and b take on values x, y, z to create the compo-
nents of the tensor. In Eq. 10, The first term is a pairwise
energy contribution where n loops over the Np neighbors
of bead i, r1, and r2 are the positions of the two beads in the
pairwise interaction, and F1 and F2 are the forces on the
two beads resulting from the pairwise interaction. The
second term is a bond contribution of similar form for
the Nb bonds which particle i is part of. There are similar
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Figure 14: Extended curve of MSD vs MD time for PE600 matrix.
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terms for the Na angle, Nd dihedral, and Ni improper inter-
actions particle i is part of. There is also a term for the
Kspace contribution from long-range Coulombic interac-
tions, if defined. Eventually, there is a term for the Nf fixes
that prepare internal constraint forces to bead i. The stress
tensor, a mathematical representation of the internal forces
within a material, is closely related to viscosity, a measure of
a polymer melts resistance to deformation (23). In melts, the
viscous stress tensor represents the shear stress arising from
the relative motion of the melt particles. The MD outputs for
η0 are shown in Figure 15 in which viscosity decreases with
temperature more considerably for PE600. Also, the visc-
osity of PE600 is several times higher than PE120 (53). In
the designed polymeric systems, the beads’meanmovement
is enlarged with temperature. This thermal behavior arises
from the increase in the energy of the particles with tem-
peratures. So, the internal friction coefficient decreases, and
bead–bead collisions occur with less intensity. The η0 values
are listed in Table 6 in comparison with previous simulation
studies and experimental results for samples with higher
weight than critical molecular weight (5,54). In experimental
reports, viscosity is a function of molecular weight with

= × −η M2.1 10 5
w

1.8 below critical molecular weight (here
PE120) and = × −η M3.76 10 12

w

3.64 (cp) above critical mole-
cular weight (here PE600) at 450 K (54). For the validation
process down for viscosity changes as a function of initial
temperature, the η/η0 parameter was calculated in the
PE600 system. Numerically, this parameter reached 0.39
after 15 ns by temperature changes from 450 to 470 K.
Laun et al. (57) reported between 0.3 and 0.4 for this para-
meter in the HDPE-based system, which has good consistency
with current work. The variation of η0 with temperature
provides data to fit over the Arrhenius equation to calculate
corresponding activation energy (Ea,vis = ln(η/η0) × R(T − T0))
(58). The obtained value of 0.06 and 0.1 kcal·mol−1 for PE120
and PE600, respectively. According to the molecular weight of
polymeric samples in our MD simulations, Ea,vis of them
varies between this parameter ratio for PE wax (59) and
HDPE with high molecular weight (6) in experimental cases.

4 Conclusions

The static and dynamic properties of polymers are crucial
in understanding the behavior of polymeric systems. Static
properties, such as Rg and R, provide insights into the
structural arrangement and stability of polymers at rest.
Dynamic properties, including MSD and η0, reveal how
polymers respond to external forces and temperature
changes over time. Here, the MD approach was used to
study two branched PE with 120 carbons, PE120, and 600
carbons, PE600, respectively. The former is below entangle-
mentmolecular weight, while the latter is above critical mole-
cular weight. The simulations were performed at three initial
temperatures of 450 to 490 K for 15 ns. To this purpose, Rg, R,
and C∞ parameters were calculated as static analysis of the
equilibrated polymeric samples. Furthermore, MSD, D, and η0
parameters were calculated to show the dynamic behavior of
them. The main outputs of the modeled structures can be
listed below:
• The equilibrium phase in PE120 and PE600 polymeric
matrices was detected after 10 ns. Numerically, the total
energy/bead of PE120 and PE600 reached to 29.860 and
32.862 kcal·mol−1 (at T0 = 450K). Temperature increase caused
the structure evolution of these sample to intensify and
the calculated energy reached 30.053 and 33.152 kcal·mol−1,
respectively.

• The interaction energy/bead changes inside PE120 and
PE600 matrices as a function of simulation time pre-
dicted structure stability of them. The MD results showed
this parameter increased to −0.778 kcal·mol−1 between
various beads of the PE600 system. Physically, this beha-
vior arises from the mean attraction force inside the
computational box.

• By Rg and R parameter analysis, the structure evolution
of PE120 and PE600 matrices was estimated. The simula-
tions indicated that the entanglements network is inten-
sified by molecular weight. The Rg and R parameters
reached 17.346 and 54.100 Å at T0 = 450 K in long poly-
meric chains.

Table 6: Viscosity outputs for PE120 and PE600 matrices from the current MD simulation and previous reports

Matrix Current simulation (cp) Experimental reports (54) (cp) Previous MD simulations (60) (cp)

PE120-450 K 49 14 5
PE120-470 K 30 NA NA
PE120-490 K 24 NA NA
PE600-450 K 168 191 18
PE600-470 K 65 NA NA
PE600-490 K 44 NA NA
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• The MSD parameter outputs predicted that the ampli-
tude of beads’ fluctuations increases with temperature.
Similarly, the molecular weight caused the beads’ evolu-
tion intensity to increase. MSD parameter in the PE600
matrix converged to 54.472 Å2 after 15 ns (at T0 = 490 K).
This MSD changes caused the D of PE600 polymeric sam-
ples varies from 1.5 to 2 (×10−9 m2·s−1).

• The viscosity of PE120 and PE600 matrices was affected
by the defined initial conditions. All simulations show
this dynamic parameter decreased/increased with tem-
perature/molecular weight. The η0 converged to 24 cp
and 44 cp in PE120 and PE600 matrices by temperature
setting to 490 K. The value of this parameter increases to
49 cp and 168 cp by decreasing the temperature to 450 K.

It is expected that these MD results can optimize the
static and dynamic behavior of PE-based systems in var-
ious industrial applications.
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