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ABSTRACT

Dielectric polymers such as polyethylene (PE) have a wide range of energy and electronic applications. While recent studies have shown
significant effects of chemical defects on the electronic structure of PE, those on the dielectric properties remain elusive. Here, first-principles
quantum-mechanical calculations show anisotropic dielectric constants of PE, which are sensitive to the type of defects. Specifically, addition
of iodine defects increases the high-frequency dielectric constant. Addition of hydroxyl or carboxyl group, on the other hand, causes noticeable
anisotropic changes in the static dielectric constant, which is well elucidated through the rotation and concerted motions of chemical groups.
The sensitivity of these defects may be exploited to rationally alter the behavior of PE.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5093566

Dielectric materials have a wide range of applications rang-
ing from capacitors, field-transistors and high-voltage cables to
transistors. Both inorganic and organic materials have been
used as dielectric materials. Inorganic materials show exceptionally
large dielectric constants but suffer from low breakdown strength.
Organic polymers, on the other hand, have low dielectric con-
stants but extremely high breakdown potential. For high-voltage
applications, organic polymers are thus generally preferred over
inorganic dielectrics.” An archetypal dielectric polymer is polyethy-
lene (PE),” which is primarily used due to cost effectiveness, low
weight, ease of processing and high restively and high breakdown
strength.”*"

PE has unusual electronic structures such as negative elec-
tron affinity in its crystalline form."" Also, various processing meth-
ods for PE introduce defects such as amorphous region, polymer
chain bending, chain end and chemical defects.’ Recent studies have
shown important effects of chemical’ and morphological'* defects
on the electronic structures (e.g., energy levels of electron and hole
trap states) of PE."” These defects may also play crucial roles in
determining dielectric properties of PE crystal. Thus, understanding

the change in local geometries due to chemical defects and effects
of these changes on dielectric properties under high electric field is
extremely important.

Despite their importance, effects of chemical defects on the
dielectric response of PE remains elusive. In this paper, we use
first-principles quantum-mechanical calculations to show that PE
exhibits highly anisotropic dielectric response that depends sensi-
tively on the type of chemical defects.

Quantum-mechanical calculations in the framework of density
functional theory (DFT) have successfully been used for determin-
ing various material properties."”” To study dielectric properties
of solids, in particular, several methods have been proposed, which
introduce finite electric field in the presence of periodic boundary
conditions.'”*" Here, we follow the work of Umari et al. for the
treatment of homogeneous electric field within first principles cal-
culations.'® This method has been implemented in our own software
package.”' Energy of a metastable state induced by finite electric field
within periodic boundary condition is given by

E'[{yi}] = E'[{yi}] - QE-P[{y:}], (1
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where E°[{y;}] is the ground-state energy functional, P[{y;}] is
the polarization along the direction of electric field E and Q is the
volume of the adopted cell. Polarization is defined by Resta.””

P[{yi}] = —%Im(ln det[(x//,- w)]) @)

The high-frequency dielectric constant eo within the linear-
response regime is estimated as

2mix

er

APF
oo = 1+ 47'[?, (3)

where APE is the change in polarization due to finite electric field for
fixed atomic positions and E is the applied electric field. Next, change
in polarization due to atomic relaxation is obtained by perform-
ing damped molecular dynamics. Static dielectric constant is then
computed from the high-frequency dielectric constant and change
in polarization constant due to atomic relaxation as

€0 = €00 + Ae. (4)

Detailed description of simulation methods is provided in
supplementary material.

The initial system (Fig. la) is composed of 2x3x4 PE crys-
talline unit cells in an orthorhombic simulation box of size
14.8x14.8x10.136 A®.” To introduce chemical defects, we replace
hydrogen atom with either iodine (I), hydroxyl group (OH) or car-
boxyl group (COOH). We refer the systems with iodine, hydroxyl
and carboxyl defects as PE-I, PE-OH and PE-COOH, respectively.
These defects are specifically chosen since they frequently occur
in polymer systems and are representative of physical and chemi-
cal effects arising from defects. Namely, iodine captures the effect
of chemical point defects, whereas OH and COOH groups cap-
ture the essence of defect generated by chemical species with vary-
ing levels of steric effect. Figure 1, b-d, shows the studied defected
systems. Defects introduced in the system are indicated by dashed
ellipses in Fig. 1, b-d. Figure le shows a schematic of the simulation,
where we applied electric field on PE along the [001] crystallographic
direction.

To understand the effects of defects on anisotropic dielec-
tric response, we compare high-frequency and static dielectric con-
stants for all four systems (i.e., PE, PE-I, PE-COOH and PE-OH),
where the dielectric constants are computed for three crystallo-
graphic directions: [100], [010] and [001]. The dielectric constants
are computed in the linear-response regime, where the energy func-
tional is stable and Eq. (3) is applicable. Figure S1 in the supple-
mentary material shows the change in polarization as a function
of electric field. Polarization is a linear function of electric field
in the linear-response regime for all three crystallographic direc-
tions in each system. A typical range of electric field is between 10™*
and 107 a.u.

Figure 2, a-c, compares the high-frequency dielectric con-
stant (dashed lines) and static dielectric constant (solid lines) of all
four systems, respectively, along [100], [010] and [001] directions.
Direction-averaged static dielectric constant of PE is 2.418, which
is in good agreement with an experimental value.” Figure 2d shows
the difference between static and high-frequency dielectric constants
(Ae) for all three directions. Note that Ae originates from atomic
relaxation in the system.'® Crystalline PE shows atomic relaxation

scitation.org/journal/adv
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FIG. 1. Polyethylene (PE) and defected PE systems: (a) perfect PE crystal; (b)
PE with iodine defect (PE-I); (c) PE with COOH defect (PE-COOH); and (d) PE
with OH defect (PE-OH). The grey, white, red and purple spheres are C, H, O
and | atoms, respectively. Dashed ellipses indicate defect positions. (e) Schematic
of applied electric field on PE system. Color gradient and arrow represent the
direction of electric field.

in [100] and [010] directions under electric field, leading to positive
Ae. In [001] direction, we observe extremely small Ae, suggesting
negligible atomic relaxation. This observation can be understood
as a consequence of the anisotropic bonding in PE. In [100] and
[010] directions, PE is only bonded with weak van der Waals (vdW)
interaction. The weak vdW interaction can easily be overcome with
electric field, leading to massive atomic relaxation, hence large Ae. In
[001] direction, on the other hand, PE is bonded by extremely rigid
covalent bonds, which largely restricts atomic relaxations, hence
negligible Ae.

In Fig. 2, PE with iodine defects (PE-I) exhibits larger high-
frequency dielectric constant in comparison to pure crystalline PE
in all three crystallographic directions. The large eoo associated with
iodine defect can be attributed to the high polarizability of iodine.
On the other hand, Ae of PE-I is almost identical to that of crystalline
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PE as shown in Fig. 2d. Namely, iodine merely acts a chemical point
defect and does not offer any mean of atomic relaxation.
Introduction of carboxyl (COOH) or hydroxyl (OH) group as
a chemical defect increases high-frequency dielectric constant to
only some extent due to the introduction of slightly more polariz-
able chemical defect as shown in Fig. 2, a-c. In contrast, we observe
extremely anisotropic Ae due to their relaxations. For [001] direc-
tion, we observe an appreciable change in A¢ for PE-COOH and
PE-OH systems unlike PE and PE-I as shown in Fig. 2d (green
curve). This increase suggests the presence of atomic relaxation
mechanisms. In [001] direction, presence of rigid covalent bonds
hinders any atomic relaxation in case of PE and PE-I systems. Intro-
duction of COOH and OH defects introduces new atomic degrees
of freedom. Under electric field in [001] direction, atomic relax-
ation in PE backbone is not observed. However, we observe atomic
relaxation in defects introduced in system. Figures 3a and 3b show
relaxation of OH and COOH defects, respectively, under electric
field in [001] direction. We observe rotation of H atom around
C-O bond. video S3.mov shows the complete rotation after turn-
ing on the electric field of 10 a.u. In PE-COOH, we also observe
similar rotation of COOH group along C-C bond. video S4.mov
shows rotation of COOH defect under electric field. Since we do
not observe any noticeable change in the backbone structure, the
degree of rotation in defects species is proportional to the elec-
tric field applied. Figure S2 shows the energy required for rotating
defect species as a function of electric field. Rotation of OH from

0° to 90° has an energy barrier of 1.84 kcal/mol. This barrier is eas-
ily overcome by applied electric field. In contrast, COOH rotation
barrier is much higher (34.5 kcal/mol). Accordingly, degree of rota-
tion of COOH is much lower compared to OH defects, leading to a
lower Ae.

PE-OH

PE-COOH

Rotation Rotation
FIG. 3. Structural change in under electric field in PE with OH and COOH defects.
(a) Optimized PE-OH structure in the absence of electric field (top) and final
structure after optimization under an electric field of 102 a.u. in [001] direction
(bottom). (b) The same for PE-COOH. Color gradient from red to blue indicates
the electric-field direction.
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FIG. 4. Structural change in PE with OH and COOH defects under electric field.
(a) Optimized structure without electric field (top) and final structure of PE with OH
defect under an electric field of 102 a.u. in [100] direction. (b) The same for PE-
COOH. Motion of chemical groups due to electric field is shown by arrows. Color
gradient from red to blue indicates the electric field direction.

In [100] direction, A¢ has similar values for PE, PE-I and PE-
OH as shown in Fig. 2d. For PE-COOH system, in contrast, we
observe a larger Ae ~ 0.05 compared to all other systems. This can
be attributed to steric size and the presence of polar group in PE-
COOH. Figure 4, a and b, compares the atomic relaxation in PE-OH
and PE-COOH, respectively, under electric field. Extremely small
atomic relaxation is observed in case of OH defect. On the other
hand, we observe discernable atomic relaxation for COOH group.
PE-COOH system shows tilting of COOH group, along with the
whole chain with which the COOH defect is attached, as shown by
green arrows in Fig. 4b. This motion in turn triggers readjustment
of nearby polymer chains. video S5.mov shows atomic relaxation
of COOH and triggering of surrounding polymer-chain realign-
ment. Figure 4a shows the readjustment of polymer chain due to
OH group. For PE-OH system, we observe slight change in C-O-
H angle, triggering minimal realignment of nearby polymer chains.
Such readjustment in not observed in PE and PE-I

In [010] direction, we also observe similar behavior as [010]
direction. Figure 5, a and b, shows the relaxation mechanism for PE-
OH and PE-COOH systems, respectively. Atomic relaxation mech-
anism for PE, PE-T and PE-OH systems are almost similar as that
in [100] direction. Thus, Ae¢ is similar for [010] and [100] direc-
tions. However, the pronounced reordering for PE-COOH system
is observed in [010], as opposed to [100] direction, leading to the
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FIG. 5. Structural change in PE with OH and COOH defects under electric field.
(a) Optimized structure without electric field (top) and final structure of PE with OH
defect under electric field of 102 a.u. in [010] direction (bottom) in PE-OH system.
(b) The same for PE-COOH system. Motion of chemical groups due to electric
field is shown by arrows. Color gradient from red to blue shows the electric-field
direction.

large static dielectric constant for PE-COOH system in [010] direc-
tion. This may be due to the alignment of COOH group with [010]
direction.

In addition to the above-mentioned defects, we have also stud-
ied the effect of CH3 defect in PE. However, we have not observed
any noticeable difference in dielectric constant compared to per-
fect PE crystal, which may be due to the non-polar nature of CH;
defect. Earlier simulation and experiment have proved that addi-
tion of polar side chain show higher increase in dielectric constant
compared to non-polar side chain.”” > Also, it has been noted that
the introduction of large side chains causes larger increase in dielec-
tric constant due to higher atomic relaxation in presence of electric
field.

From the present study, it is clear that the addition of point-
type polar chemical defect increases high-frequency dielectric con-
stant. However, it does not provide additional atomic relaxation
mechanism under electric field. Thus, the trend for Ae remains
very similar to perfect PE crystal. Addition of polar chemical
species as defect shows same trend for high frequency. However,
Ae is highly anisotropic and depends critically on atomic relax-
ation mechanisms. Addition on small OH group increases static
dielectric constant only in [001] direction due to small energy bar-
rier for rotation. Addition of much bulkier COOH group increases
static dielectric constant predominantly in [010] direction, where
tilting of COOH group triggers realignment of its surrounding.
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Our study suggests that it is possible to design a material with
desired dielectric behavior by careful selection of defects in PE
chain.

See supplementary material for method description, polariza-
tion calculations and movie S3.mov, S4.mov and S5.mov.
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