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Abstract

Using molecular dynamics simulations, we have compared the low-energy β radiation effects in high density polyethy-
lene and cellulose. We determined the threshold energy for creating defects as a function of the incident angle, for a
carbon atom in polyethylene chain, and for one of the carbon atoms in cellulose chain. Our analysis shows that the
damage threshold energy is in the both cases strongly dependent on the initial recoil direction and on average slightly
higher for the carbon atoms in the polyethylene chain than for the target carbon atom in cellulose chain.
Keywords: molecular dynamics, polyethylene, cellulose, irradiation, damage threshold energy

1. Introduction

Polymeric materials such as plastics and rubber are
subject to irradiation in nature due to ultra-violet light
from the sun, and this is in fact a common reason for
degradation of their properties. Irradiation has also been
deliberately used to process and modify polymeric ma-
terials since the 1960s [1]. The practical applications
include cross-linking plastic materials, sterilizing med-
ical equipment, preserving food products and making
hydrogels for medical applications [2, 3].

In this article we examine irradiation-induced defects
in two polymeric materials, high density polyethylene
(HDPE) and cellulose Iβ, using molecular dynamics
(MD) simulations. Polyethylene (PE) is structurally and
conceptually the simplest of the organic polymers and
cellulose is one of the basic biopolymers and structural
components of wood and plant fibers [4].

A considerable number of experimental studies re-
lating to radiation chemistry and physics of polyethy-
lene [5, 6, 7, 8, 9] has been published but only few com-
putational studies are available [10]. Some recent exper-
imental studies on the irradiation of cellulose are avail-
able [11, 12, 13, 14] but none where MD-simulations
would have been utilized. In a recent article by us [15]
the formation of radiation defects in HDPE and cellu-
lose was studied using MD simulations. In this work
we expand and improve the previous analysis and study
the threshold energy for damage production in more de-
tail.
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2. Methods

Irradiation effects in HDPE and cellulose were stud-
ied using molecular dynamics simulations [16]. The
HDPE simulations were carried out with the PARCAS
code [17]. The inter-atomic interactions were modeled
with the reactive hydrocarbon potential AIREBO [18,
19], which is based on the reactive potential model
REBO, developed by Brenner [20]. For cellulose sim-
ulations involving oxygen, we used the REBO poten-
tial for C, H and O interactions by Ni et al. [21] that
was recently improved and updated by Kemper and Sin-
nott [22]. These simulations were carried out using a
MD code written by Travis Kemper, the same code that
was used in [22].

The simulation method used to study the irradiation
process inside a bulk HDPE and cellulose is described
in the Methods section of Ref. [15].

Two types of simulations were carried in this work:
damage threshold simulations and recoil event simula-
tions.

First, to compare the threshold for damage produc-
tion in HDPE and cellulose, we gave the target carbon
atom, either in HDPE or cellulose, a recoil energy in
a random direction. Using a binary search algorithm,
we tuned the energy until we had pinpointed the thresh-
old energy for creating damage in the sample by 0.5 eV
precision. This process was then repeated 500 times for
both targets to get a good coverage of all incident an-
gles.

The definition for ’damage’, used in our damage
threshold simulations, is that at least one bond in the
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target sample is broken as a consequence of the recoil
event. This means that the target atom and its bonds
may be unaffected if the broken bond is a secondary ef-
fect. The simulation time used in these simulations was
3 ps.

In the recoil event simulations, 100 simulations were
carried out per recoil energies 50 and 100 eV. Each
HDPE simulation was run for 10 ps to give the system
some time to relax after the initial recoil. Because of
the more complex structure of the cellulose molecule,
we used longer simulation time of 20 ps for cellulose
simulations. In 50 HDPE simulations a random hydro-
gen atom was chosen as a recoil atom, and in another
50 simulations, a random carbon atom. The single im-
pact simulation process identical to the one used in in
Ref. [15]. For cellulose, we use the data from single
impact simulations done in Ref. [15].

3. Results and discussion

In the damage threshold simulations, the size of the
HDPE simulation box was x=2.9 nm, y=2.5 nm and
z=2.6 nm, containing 2400 atoms. For the cellulose,
a simulation box of size x=2.3 nm, y=2.5 nm and
z=3.1 nm, was used, containing 2268 atoms. In both
materials the polymer chains were oriented along the z-
axis.

In the recoil event simulations, the size of the HDPE
simulation box was x=2.9 nm, y=3.6 nm and z=4.1 nm
with 5376 atoms, and the size of cellulose simulation
box was x=3.3 nm, y=3.5 nm and z=3.1 nm with 4032
atoms. Irradiation of the HDPE system with 10 eV of
energy corresponds to a 38 kGy dose of ionizing radi-
ation and for the cellulose system the same irradiation
energy corresponds to a dose of 31 kGy.

3.1. Damage threshold simulations
In the the damage threshold simulations we we mod-

elled the threshold energy for damage production for a
single C atom in PE and cellulose, highlighted green in
Fig. 1. From the D-glucose unit of cellulose we chose
the target carbon as shown in the RHS of Fig. 1 since it
has on the other hand most similar surroundings com-
pared to the C target in PE, and on the other hand it
differs by having an asymmetrical C and O bonds. Both
polymer chains are oriented along the z-axis, and in the
following energy maps, the ’up’ or ’north’ direction is
same as ’up’ in the Fig. 1.

Based on our simulations the average energy needed
to create damage in the PE sample 19.9 eV for C recoils.
This is in good agreement with TEM experiments, ac-
cording to which the electron energy needed to induce

Figure 1: A visualization of the recoil atoms for damage threshold
simulations. On the left is shown the recoiling carbon atom (green) in
polyethylene chain and on the right the recoiling carbon atom (green)
on cellulose chain. The numbers drawn on the atoms correspond to
the numbers on energy landscape images.

defects in polyethylene is about 100 keV [23]. This cor-
responds to a maximal energy transfer of 20 eV to a
carbon atom.

For the carbon recoil in cellulose the average damage
threshold energy was 16.9 eV. Higher threshold energy
for the C atom in PE is to be expected, since the target
atom is a part of the polymer chain and if a bond with
one it’s C neighbours is broken, the chain holds the dan-
gling bond in the close proximity of the recoil atom thus
making the reformation of the bond easy. If the carbon
atom in the cellulose target loses it’s carbon or oxygen
neighbours, a radical OH or CH2OH is created, and the
radical likely moves further away from the recoil site af-
ter the recoil event. This process is demonstrated in the
image sequence of Fig. 2.

Figure 2: Image sequence showing the creation of radical CH2OH as
a consequence of 30 eV carbon recoil in the cellulose sample. The
recoiling atom is highlighted with a green halo.

In Fig. 3 we have the energy landscapes of the dam-
age threshold energy for a carbon atom in PE and cel-
lulose chains. Both damage threshold energy maps are
based on 500 recoil events with a random initial recoil
direction. Note that as spherical maps stretched to pla-
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Figure 3: A 2D energy landscape showing the damage threshold energy of a carbon atom in PE chain (left) and in cellulose chain (right), as a
function of spherical coordinates, latitude on the y-axis and longitude on the x-axis.

nar maps, the polar regions in the images are strongly
elongated in the horizontal direction. Using these 500
data points as base values, the map grid is filled with in-
terpolated values, of which the final map is composed.
The white bands in the top and bottom of the maps are
caused by insufficient number of data points occurring
in the pole regions due their small area.

In the LHS of Fig. 3, the damage threshold map for
carbon atom in PE, we see threshold energy values rang-
ing from 8.8 eV to 40 eV. Creating damage requires
most energy (red regions in the map) when the recoil
pushes the target carbon atom between its carbon neigh-
bours, or perpendicular to that direction in equatorial
zone of the map. Damage is created with the lowest
recoil energies when the carbon atom is pushed along
the direction of its C-C bonds. In these cases, most
of the recoil energy is used for breaking a single C-C
bond, instead of dividing it more evenly between two
C-C bonds.

The damage threshold map for a carbon target in cel-
lulose chain is shown in the RHS of Fig. 3. The en-
ergy range in the map is almost identical to the PE case,
the lowest threshold energies are 8.2 eV and the high-
est 39 eV. Highest energy is needed for damage pro-
duction when the carbon atom is pushed towards its
C1 neighbour and the glucose ring. Damage is created
with lowest recoil energies when the recoiling carbon
is pushed towards its O1 neighbour. When the recoil
causes damage, it typically means that either OH rad-
ical or CH2OH radical is produced, those both occur
with equal 40% probability. Free hydrogens are then
produced after 20% of the cases.

3.2. Recoil event simulations

The distribution of free radicals and other molecules
from 50 and 100 eV single recoil event simulations of
HDPE and cellulose is shown in Fig. 4. On the LHS are
the results for PE and on the RHS the results for cel-
lulose. In the cellulose simulations we didn’t include
hydrogen recoils, since the simulation box was shorter
in z-direction (3.1 nm) than the HDPE box (4.1 nm),
and for that reason the recoiling hydrogens had a high
tendency to escape the periodic boundaries of the simu-
lation box.

The H recoil events on PE system produce domi-
nantly free H atoms and H2 molecules. With 50 eV
recoil energy, H recoils produce almost 3 times more
free molecules than C recoils (1.5 vs. 0.58 molecules
per recoil event). With 100 eV energy both recoil types
produce about the same amount of free molecules (∼2.4
molecules per recoil event).

When comparing the PE and cellulose results it is
useful to ignore the H recoils and concentrate on the
C recoils (red and blue bars in Fig. 4). With 50 eV
recoil energy, the number of free molecules produced
per recoil event is lower for PE (0.58) than for cellulose
(0.85), but with 100 eV recoil energy, the recoil events
on PE system produce more free molecules than recoils
on cellulose system, 2.4 and 1.4 free molecules per re-
coil event, respectively.

The most notable difference between the free
molecule distributions in Fig. 4 is in the number of H
atoms and H2 molecules, in the PE system we have more
H atoms than H2 molecules and in the cellulose system
almost all hydrogen is in the molecular form. The most
probable reason for this is the longer simulation time
used in the cellulose simulations — 20 ps vs. 10 ps in
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Figure 4: The distribution of free radicals and other molecules produced as a result of 50 and 100 eV recoil events. On the LHS we have the results
from HDPE simulations and on the RHS the results from cellulose simulations. Red and magenta bars correspond to 50 eV recoil energy, and blue
and cyan bars correspond to 100 eV recoil energy..

PE simulations — which gives single hydrogen atoms
more time to combine into H2 molecules.

4. Conclusions

The irradiation effects in HDPE and cellulose have
been examined using atomistic simulations to better un-
derstand the reactions that occur inside the bulk and to
compare the irradiation processes in these two widely
used materials.

The threshold displacement energy predicted by our
damage threshold simulations for carbon in PE, is well
in line with the TEM experimental threshold. Both PE
and cellulose results also show that the threshold energy
for C strongly depends on the direction of the initial re-
coil with respect to the covalent bonds to the neighbour-
ing carbon and oxygen atoms.

Here we have studied the damage threshold energy
for one carbon atom in the cellulose chain. In future
work we will continue to determine the threshold ener-
gies for all the atoms in the cellulose monomer.
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