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MD Simulations on a Flexible Chain Polyethylene:

the Effect of the Electrostatic Forces

in the Density-Temperature Behavior

Molecular Dynamics (MD) simulations have been performed on the parallel-vec-

tor and special-purposes MD machines to study the dynamical behaviors of a flexible

polyethylene (PE) chain subjected to various heating conditions. Both the effect of the

short-range and electrostatic interactions on the dynamics of the PE system were esti-

mated and compared. For this purpose three different simulations were performed re-

garding on the following regimes: fast, moderate and slow heating processes. The pe-

culiarities of the main thermodynamic quantities of the system were estimated in detail

and compared for all three processes. Molecular mechanical and MD calculations on

the PE system were performed using the optimized version of the DL_POLY code,

adapted for the vector- and special-purpose MDGRAPE-2 machines.

The investigation has been performed at the Division of Radiation and Radiobio-

logical Research, JINR.
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ÌÄ-ìîäåëèðîâàíèå ãèáêîé ïîëèýòèëåíîâîé öåïî÷êè:

âëèÿíèå ýëåêòðîñòàòè÷åñêèõ ñèë

íà òåìïåðàòóðíî-ïëîòíîñòíîå ïîâåäåíèå

Ìîëåêóëÿðíî-äèíàìè÷åñêîå (ÌÄ) ìîäåëèðîâàíèå ïðîâîäèëîñü íà îñíîâå

ïàðàëëåëüíî-âåêòîðíûõ âû÷èñëåíèé è ñ ïîìîùüþ ñïåöèàëèçèðîâàííîãî êîì-

ïüþòåðà MDGRAPE-2 ñ öåëüþ èçó÷åíèÿ äèíàìè÷åñêîãî ïîâåäåíèÿ ãèáêîé ïîëè-

ýòèëåíîâîé (ÏÝ) öåïî÷êè ïðè ðàçíûõ óñëîâèÿõ íàãðåâàíèÿ. Áûëî ïðîâåäåíî

ñðàâíåíèå âëèÿíèÿ êîðîòêîäåéñòâóþùèõ (âàí-äåð-âààëüñîâûõ) è ýëåêòðîñòàòè-

÷åñêèõ ñèë íà äèíàìèêó ÏÝ-ñèñòåìû. Ñ ýòîé öåëüþ ïðîâîäèëèñü òðè ðàçëè÷íûõ

ðàñ÷åòà äëÿ ìîäåëèðîâàíèÿ òåïëîâûõ ìîä: áûñòðîå, óìåðåííîå è ìåäëåííîå íà-

ãðåâàíèå. Èçó÷àëèñü îñîáåííîñòè ïîâåäåíèÿ îñíîâíûõ òåðìîäèíàìè÷åñêèõ âå-

ëè÷èí ñèñòåìû äëÿ ýòèõ ðåæèìîâ íàãðåâàíèÿ ïîëèìåðíîé öåïî÷êè. Ìîëåêóëÿð-

íî-ìåõàíè÷åñêèå è ÌÄ-ìîäåëèðîâàíèÿ ÏÝ-ñèñòåìû ïðîâîäèëèñü íà áàçå îïòè-

ìèçèðîâàííîé âåðñèè ïàêåòà ìíîãîöåëåâîãî íàçíà÷åíèÿ DL_POLY, àäàïòè-

ðîâàííîãî äëÿ ïàðàëëåëüíî-âåêòîðíûõ è ñïåöèàëèçèðîâàííûõ êîìïüþòåðîâ.

Ðàáîòà âûïîëíåíà â Îòäåëåíèè ðàäèàöèîííûõ è ðàäèîáèîëîãè÷åñêèõ èñ-

ñëåäîâàíèé ÎÈßÈ.

Ïðåïðèíò Îáúåäèíåííîãî èíñòèòóòà ÿäåðíûõ èññëåäîâàíèé. Äóáíà, 2004



INTRODUCTION

One of the most convenient techniques to study the polymer phase transi-
tions and other technologically interesting phenomena (structural conformations,
chain-folding processes, time and density-temperature behaviors, etc.) is molec-
ular dynamics (MD) method. Simulations on the detailed structural changes of
polymers, based on their microscopic transition behavior, provide the information
valuable for the industry of polymer materials, for the material modiˇcation and
technological innovations [1Ä6]. The MD simulation allows one to estimate the
density-temperature changes of polymer systems, to study their time-dependent
thermodynamic properties in solvents and to explore polymer-surface interactions
[1Ä5, 7]. In this work we have studied through computer MD simulations the
density-temperature distribution and dynamical properties of a chain PE, subjected
to various heating conditions. It is worth noting that for polymeric systems both
temperature and density play crucial roles in their dynamics and formation of
nontrivial phases. For example, it has long been appreciated that both tempera-
ture and density essentially determine the low-temperature behavior of polymeric
chains (the extremely super-Arrhenius phase), the viscosity of the fragile liquids,
etc. [8Ä10]. In several recent studies for a model polymeric material (see, for
example, [8Ä13]) the computer simulations were performed on the basis of the
MD to study the chain dynamics in bulk PE over a wide range of temperature
(including the volumetric glass transition), the isobaric and isochoric cooling and
other phenomena. It was found that simulation results, in general, are in excellent
agreement with the existing experimental trends [10Ä12]. In the present study we
have investigated the in�uence of the heating condition on a ˇnal state of the poly-
meric system and sensitivity of the thermodynamic quantities (density, energy,
etc.) on the heating processes in the presence of the electrostatic interactions.

1. DETAILS OF SIMULATIONS

The computational details were the same as described in our previous study
for the polyethylene (PE) model [14]. Brie�y, the MD simulations were per-
formed on the basis of the optimized general-purposes DL POLY code [15, 16]
and generic DREIDING force ˇeld for the molecular simulations [17]. Within
the DREIDING potential a single �exible PE chain of about 500 CH2 units in
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length was simulated, where each CH2 group treated as a united atom and satis-
fying charge neutrality. A snapshot of the initial conˇguration of the PE chain is
shown in Fig. 1.

Fig. 1. Initial conˇguration of a polyethylene chain (black circles Å carbon atoms, white
circles Å hydrogen atoms)

The conˇguration energy of the PE model is represented as a sum of the
intramolecular valence (bonded) Eval and nonbonded Enb interaction energies;
the intramolecular energy Eval includes bond stretching, bond angle bending,
and torsion and inversion interactions; nonbonded interactions consist of Van der
Waals (VdW), electrostatic and hydrogen bonds. The VdW interactions were
calculated by the pairwise 6Ä12 LennardÄJones potential; the equation of motion
was solved by the leapfrog Verlet algorithm; a constant temperature was attained
using NPT ensemble and NoseÄHoover method.

2. RESULTS AND DISCUSSION

For the PE chain model, as in the previous work [14], we have simulated the
following three processes: regime 1 Å fast, regime 2 Å moderate and regime
3 Å slow heating modes. The temperature steps for those simulation regimes are
displayed in Table 1.

2



Table 1. The temperature increments for the three heating regimes

Heating regime Temperature increment ∆T , K

Fast 150

Moderate 50

Slow 10

In Table 2 the mass and charge numbers of the PE model, used in the
calculation of the Coulomb interactions are displayed.

Table 2. The hydrocarbon mass and charge numbers

Atomic index Mass Charge

C 12.011000 Ä0.053302

H 1.008000 0.026651

For each heating mode as described above the atomic interactions were esti-
mated through the following stages: 1) the valence and VdW forces were calcu-
lated (viz., the results of [14], where the electrostatic interactions were neglected);
2) the valence, VdW and the electrostatic forces were calculated. Thus, the ef-
fect of the electrostatic interactions on the dynamics of the density-temperature
behavior of PE system was compared to the valence and VdW interactions.

In Fig. 2 the temperature evolutions for three heating modes in the presence
of the electrostatic interactions are presented.

Fig. 2. The evolutions of the temperature of the system in the fast (left), middle (central)
and slow (right) heating regimes
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It is easy to see from Fig. 2 that the evolution of the temperature has a
different behavior between the heating regimes. During the fast and moderate
heating modes we observe large oscillations of the temperature T (t). For the same
system, the slow heating yields satisfactory small oscillations of temperature. In
other words, the slow heating mode ®smoothly¯ forms the equilibrium state, which
manifests itself as an important stage of the ˇnal dynamics. In comparison with
the results of [14], we observe the small changes in the temperature dynamics. The
peculiarities of the time evolutions of the temperature are easily distinguishable
for the fast and moderate heating; for the slow heating mode the results are closely
the same.

Fig. 3 displays the evolutions of the density of the PE chain in the presence
of the electrostatic (Coulomb) interactions.

Fig. 3. The evolutions of the atomic density in the fast (left), middle (central) and slow
(right) heating regimes

Fig. 4. Conˇguration energy due to the short-range (VdW) potential in the fast (left),
middle (central) and slow (right) heating regimes

Fig. 5. The electrostatic energy of the PE system for the fast (left), moderate (central) and
slow (right) heating regimes
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In comparison with the behaviors of the temperature (viz., Fig. 2) inclusion
of the electrostatic forces for the density leads to its nonlinear changes. From
Fig. 3 it is seen that in the moderate and slow heating (middle and right pictures)
the density reaches its maximum value very fast, from the start of the evolutions.
Besides of this, the density oscillations in the moderate heating pass the extremum
at later stages of the system dynamics. This result represents itself intriguing and
it might be interpreted as a PE intermediate phase or in terms of the nonlinear
dynamical transitions in the polymeric chain.

The MD calculation results of the VdW and Coulomb energies for the three
heating regimes are shown in Figs. 4 and 5, respectively. The electrostatic energy
of the PE chain, as it is seen from Fig. 5, possesses very small values. In
comparison with the VdW energy (Fig. 4) contribution of the electrostatics is
three orders smaller. Nevertheless, this small contribution changes the behavior
of the basic quantities (temperature, density, energy) essentially.

In Fig. 6, aÄc the peculiarities of the dynamical evolutions are presented for
the intramolecular interactions: a Å the bond EB , b Å the angular EA, and c Å
the dihedral ET energy.

Fig. 6. Conˇguration energy due to intramolecular potential in the fast (left), middle
(central) and slow (right) heating regimes: a Å chemical bond; b Å valence angle; c Å
dihedral
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Analysis of results shown in Fig. 6, aÄc indicates that the effects of the
electrostatic forces have been observed for all heating modes. The largest change
more obvious, however, for the moderate heating regime (the middle pictures
in Fig. 6, aÄc). It is easy to observe that the evolution curves of the moderate
heating mode possess a nonlinear region, where VdW or bonded energy goes
through a maximum value. In this temporal window (from 30 ps until 70 ps) all
interaction potentials weakly increased simultaneously with the decreasing of the
system density.
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