THE JOURNAL OF CHEMICAL PHYSICS 139, 174904 (2013)

® CrossMark
¢

An atomistic description of the high-field degradation

of dielectric polyethylene
Clive R. Bealing and R. Ramprasad

Department of Materials Science and Engineering, Institute of Materials Science, University of Connecticut,
97 North Eagleville Road, Storrs, Connecticut 06269-3136, USA

(Received 3 July 2013; accepted 23 September 2013; published online 6 November 2013)

A microscopic mechanism governing the initiating step in the high-field aging of crystalline
polyethylene is proposed, based on density functional calculations and ab initio molecular dynam-
ics simulations. It is assumed that electrons, holes, and excitons are present in the system. While
the additional individual electrons or holes are not expected to lead to significant degradation, the
presence of triplet excitons are concluded to be rather damaging. The electron and hole states of the
exciton localize on a distorted region of polyethylene, significantly weakening nearby C—H bonds
and facilitating C—H bond scission. The barrier to cleavage of the weakened C-H bonds is esti-
mated and is comparable to the thermal energy, suggesting that this mechanism may be responsible
for the degradation of polyethylene when placed under electrical stress, e.g., in high-voltage cables.
© 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824386]

. INTRODUCTION

Degradation of bulk polymeric dielectrics, such as
polyethylene (PE), at high electric fields is critical in the di-
electric failure of such materials.! The detailed chemistry by
which such degradation takes place is not well understood,
although in general polymer degradation relies on an initiat-
ing step in which primary bonds are broken and labile radi-
cal groups are created.> Data from electroluminescence (EL)
and guarded needle experiments'-*~® indicate that rapid degra-
dation is associated with positive and negative charge distri-
butions passing through each other on a cyclic basis, i.e., on
carrier recombination. Interestingly, Laurent e al.* have es-
timated a quantum efficiency for EL from carrier recombina-
tion in the range of just 1076, which suggests that the vast ma-
jority of the electron-hole pairs (excitons) generated by carrier
recombination decay via nonradiative paths. The photons gen-
erated by EL are in the UV range (>3 eV) and can certainly
cause bond cleavage; however, with such a low quantum ef-
ficiency for radiative relaxation, EL is unlikely to dominate
polymer degradation. Bond cleavage may result from the cre-
ation of charge carriers sufficiently energetic to break bonds.>
An alternative explanation is that bond scission results from
nonradiative exciton recombination, which is consistent with
the evidence from the EL and guarded needle measurements.

An understanding of the microscopic mechanism govern-
ing the creation of the chemical impurities associated with
electrically stressed polymers is of fundamental as well as
practical importance. The impurity groups formed as a re-
sult of the degradation generally lead to enhanced charge
transport, which takes place between the associated localized
“trap” states"->’~% which can cause a significant decline in
dielectric properties.>'? This is problematic in applications
that make use of polymeric insulation, such as high-voltage
cables.

A number of reaction paths have been suggested'"!? by
which functional groups such as ketonic carbonyls — which
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are the groups most commonly observed after high field ag-
ing in PE — might be created. In general, these paths involve
the reaction of the radicals produced during the initiating step
with O,. High field experiments carried out on degassed PE,
PE saturated with N, or SFg, and PE in air indicate that a lack
of oxygen impedes degradation,'3 which suggests that oxygen
plays an important role in the degradation process.

Previous first-principles studies have elucidated the inter-
chain nature of the conduction states and intra-chain nature
of the valence states in PE.!*!> A density functional theory
(DFT) investigation by Ceresoli et al. into self-trapping of ex-
citons in bulk PE found that the exciton can self-trap on a dis-
tortion of a single chain, three C;H, units in length.'® A non-
radiative exciton recombination path was not identified, and
Ceresoli et al. concluded that excitons within the crystalline
regions of PE were unlikely to damage the material. Ceresoli
et al. also explored the possibility of damage to PE result-
ing from the nonradiative recombination of excitons trapped
at various types of common impurities.!” The behavior of the
exciton was predicted to vary considerably depending on the
nature of the impurity. While simple trapping of excitons was
predicted at carbonyl defects, nonradiative exciton recombi-
nation was a possibility for excitons at vinyl groups and car-
boxyl groups within PE.

In this paper we use spin-polarized DFT calculations and
ab initio molecular dynamics (MD) simulations to demon-
strate that a nonradiative exciton recombination path does ex-
ist for pure PE. This recombination path, which proceeds by
the breaking of a C—H bond, provides a microscopic mech-
anism governing the initiating step associated with aging in
high field regions of PE.

Using DFT-based structural optimizations we studied the
thermodynamics of C-H bond-breaking in PE for different
electronic states. Electron occupations reflecting the pres-
ence of an additional electron in the conduction band, a hole
in the valence band, and a triplet exciton were considered;
bond-breaking was favored only for PE in the excitonic state.

© 2013 AIP Publishing LLC
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During the course of that structural optimization the dissoci-
ated H subsequently abstracted a second H from the PE to
form a H, dimer, leaving a pair of reactive —CH-— radicals
along the main chains. The final structure, whose energy was
2.4 eV lower than that of the intact PE, was strongly ther-
modynamically favored. Ab initio MD simulations, in which
a triplet exciton is injected into PE, reveal that the C-H
bond cleavage occurs rapidly at room temperature, without
an extended period of self-trapping. The exciton became self-
trapped on a structural distortion characterized by a twist in
the PE chains and a lengthening of the C—H bonds in the
region in which the exciton is localized. Climbing image
nudged elastic band (CINEB) DFT'® calculations were used
to estimate the energetic barrier for C—H bond cleavage and
subsequent H abstraction from the distorted structure; the bar-
rier to bond cleavage is comparable to the thermal energy at
300 K. H abstraction is barrierless when it takes place via a
chain adjacent to that from which the cleavage took place; for
cleavage and H abstraction from the same chain, barriers of
60 meV and 340 meV were estimated, where the final pair of
—CH-- radicals were separated by a single -CH,— group or
were directly adjacent, respectively. We considered the case
of an exciton trapped on a pair of adjacent CH- defects and
the possibility of radiative recombination leading to forma-
tion of a HC=CH vinyl defect in the PE. This path is hindered
by the existence of the nonradiative recombination path iden-
tified by Ceresoli et al., characterized by a ~90° distortion
in the H-C—C-H dihedral. A MD simulation reveals that the
system undergoes successive transitions between the distorted
and undistorted conformations, thereby spending a small but
significant amount of time in the excitonic state, which sug-
gests that radiative recombination will eventually occur.

This article is organized as follows: In Sec. II the compu-
tational techniques employed are summarized. Section IIT A
presents results on the thermodynamics of C—H bond cleavage
for PE in different electronic states. In Sec. III B the results
from an ab initio MD simulation in which a triplet exciton
was injected into intact PE are discussed. In Sec. III C we
explore the barriers to C—H bond cleavage and subsequent H
abstraction using the CINEB method, and in Sec. III D dis-
sociation and abstraction from the same chain are considered.
In Sec. III E the possibility of radiative recombination for a
pair of adjacent -CH-— radicals in PE is explored. Section IV
presents a summary of this work and its conclusions.

Il. COMPUTATIONAL METHODS

Unless stated otherwise, all DFT calculations were car-
ried out with the Vienna ab initio simulation package
(VASP), using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional,’® with dispersion interactions ac-
counted for using Grimme’s D2 method.? The combination
of the PBE functional and the empirical D2 parameters lead to
a PE unit cell of dimensions a = 6.66, b = 4.56, ¢ = 2.55 A 2!
in fairly good agreement with the experimentally measured
values.?”> The D2 dispersion correction results in a negligible
increase in computational cost.

A 1 x 2 x 9 supercell of PE was created for the DFT
calculations described in Secs. III A, III C, and III E, contain-
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ing 72 CH; units distributed along four chains. A plane wave
energy cut off of 520 eV was employed for these calculations,
along with a I'-centered Monkhorst-Pack k-point mesh ensur-
ing approximately 20 special k-points per inverse A along the
reciprocal lattice vectors. For the DFT calculations employ-
ing the HSE06 exchange correlation functional®*?* the plane
wave energy cutoff was reduced to 400 eV, while the same
set of k-points as for the PBE calculations were employed.
Furthermore, due to the additional expense associated with
the HSEO6 functional, the structures described were not op-
timized with the functional; the energies were calculated for
the structures arrived at from the optimizations carried out us-
ing the PBE-D2 functional. The dispersion interactions for the
HSEOQ6 calculations were described using the D2 approach, as
described previously.

For the ab initio MD simulation described in Sec. 111 B,
which was also carried out using the VASP package, a 1 x 2
X 9 PE supercell was again used. The supercell employed was
disproportionately extended along the (chain) ¢ direction, in
order to allow the individual chains to explore such extended
conformational twists and distortions as may be associated
with localized electron and hole states.'®?> The plane wave
energy cutoff for the MD simulation was reduced to 300 eV
to allow access to relevant time scales within the available
computer time. The k-point mesh employed was identical to
that used for the structural optimizations. A MD time step of
0.5 fs was employed.

In the MD simulation, the PE was first equilibrated for
0.5 ps in the canonical ensemble, at 7= 10 K, where a Nose-
Hoover thermostat®®?’ was used to enforce the constant tem-
perature. Using the same approach, T was increased to 300 K
over a period of 2.5 ps, and then held for 2.5 ps at 300 K. At
this point in the simulation, the electron occupations were re-
set to reflect the § = 1 triplet exciton state (see Sec. III A), the
electronic degrees of freedom quenched, and the simulation
restarted in the microcanonical ensemble, with the electron
occupations fixed, for a simulation time of 3 ps.

lll. RESULTS AND DISCUSSION
A. Thermodynamics of C—H bond cleavage

To probe for the possibility and effect of C—H bond cleav-
age for PE in various electronic states, a single broken C—
H bond was introduced into the PE supercell, by increasing
the distance between a single pair of bonded C-H atoms to
2.5 A—well beyond the typical C-H bond length of 1.1 A.
Structural optimizations were then carried out for the super-
cell, with fixed cell dimensions. The electron occupations
were set at the beginning of each optimization, and held con-
stant for its duration, for four distinct cases described below:

(i) All valence bands were doubly occupied; all included
conduction bands were empty,

(i) All valence bands were doubly occupied; of the included
conduction bands, only the lowest contained a single
electron (i.e., an additional electron is placed in the low-
est conduction band),

(iii) All valence bands were doubly occupied except the high-
est, which was singly occupied; all included conduction
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bands were empty (i.e., a hole is placed in the highest
valence band),

(iv) A triplet exciton, i.e., the lowest energy exciton state, was
introduced to the supercell; a spin-down electron was re-
moved from the highest occupied band, while a spin-up
electron was simultaneously introduced into the lowest
unoccupied band, ensuring a total spin § = 1.

A triplet (singlet) exciton may be formed if an electron
and a hole of like (unlike) spin become bound. AC-type high
fields are expected to provide ample opportunity for the for-
mation of excitons of both types. Guarded needle measure-
ments indicate that for a 5 um tip, at fields well below twice
the space charge limited field, the charge density near the tip
is of the order 10° C/m? and drops as r~!' away from the tip.!
Such measurements for PE also indicate that the charge injec-
tion is symmetric with respect to polarity.! An AC waveform
will therefore result in charge densities of order 103 C/m?
passing through each other every half cycle, as the charge at

(a)
E srzsanenee
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the needle tip reverses. In PE under high AC-type fields the
frequent meeting of opposite-polarity charge densities will
cause electrons and holes of like and unlike spin to form
triplet and singlet excitons, respectively.

Figure 1(a) shows schematically the energy levels asso-
ciated with PE in the four electronic states. For cases (ii)—
(iv) spin-polarized calculations were carried out. Using the
approach described for case (iv), the system in the excitonic
state can be legitimately modeled,? although a detailed de-
scription of the interactions between the electron and hole is
lacking; such a description in general requires more sophisti-
cated many-body techniques based on the GW-Bethe-Salpeter
formalism.*® The success of constrained semi-local DFT in
reproducing the relaxations in the low-energy excited states
of a conjugated polymer system, however,?! suggests that this
approach is sufficient for our purposes.

The results of the structural optimizations are summa-
rized in Fig. 1(b). Cases (i)—(iii) yielded similar results: a
re-formation of the broken C-H bond, and a final structure

(b)

1 1

FIG. 1. (a) The energy levels at and between the valence band (VB) and conduction band (CB) edges are shown schematically for PE where the electron
occupations correspond to optimizations (i), (ii), (iii), and (iv) described in the main text. Spin up (down) states correspond to the energy levels plotted on
the left (right) in each case. Spin up (down) occupied states are indicated by full black (green) lines, while spin up (down) unoccupied states are indicated by
dotted red (blue) lines. (b) Illustration of the results of the structural optimizations carried out with different electron occupations. For optimizations (i)—(iii)
the broken C—H bond reformed, while for optimization (iv) the H atom abstracted a second H from the neighboring chain, forming H;, and leaving one -CH—
defect in each of the two adjacent main chains. Only two chains of the four in the unit cell are shown in each case. (c) The PE** + H, structure obtained from
optimization (iv), viewed along the (chain) ¢ direction. The magnetization density is plotted, with regions of positive magnetization density shown in green, and
is tightly localized on the —-CH- defects, confirming that these groups contain unpaired electrons, and should be considered as free radicals. The energy levels
corresponding to the PE** 4 Hj structure are shown. Illustrations created in part using the VESTA package.?



174904-4 C. R. Bealing and R. Ramprasad

resembling PE. For case (iv), on the other hand, the lone H
atom, during the course of the optimization, abstracted a sec-
ond H atom from one of the —CH,— units in a chain adjacent
to that containing the first -CH- defect, forming an H, dimer.
In the optimized structure, two neighboring chains each con-
tained exactly one —CH- defect, and the H, dimer was present
in the space in-between the two defect-containing chains
(Fig. 1(c)). The energy of the resulting system, henceforth re-
ferred to as PE** 4+ H,, was compared to that of PE in the
triplet state, hereafter referred to as PE (triplet),32 and found to
be lower by 2.4 eV, indicating that dissociation of PE (triplet)
is thermodynamically strongly favored.

We note that a dissociative exciton recombination mecha-
nism for PE was not identified in the non-spin-polarized DFT
calculations described in Ref. 16, in which only the I'-point
was sampled. In an attempt to understand why dissociation
was found to be a favorable mechanism in these calculations
but was not identified as such in those described in Ref. 16,
we repeated calculation (iv) with sampling of only the I"-point
and without spin-polarization (i.e., with the highest valence
band and lowest conduction band both half-filled'®!7). We
did not find the result of this repeated calculation to be qual-
itatively different to that of the original calculation (iv), de-
scribed above, so the origin of the differences with respect to
the results of Ref. 16 remain unclear, although we note that
there are several other differences (i.e., exchange-correlation
functional employed, method of description of the electron-
ion interactions, parameters used to describe the dispersion
interactions, etc.) between the computational approach used
for the calculations described here and for those of that
paper.

A structural optimization was carried out for the PE**
system alone (i.e., PE containing two —CH- defects). The
ground state of this system was in the S = 1 state, with one
unpaired electron on each of two —CH- defects, indicating
that these are radicals. A plot of the magnetization density
for PE** + H, (Fig. 1(c)) reveals that the unpaired electrons
are tightly localized on the -CH- radicals, as expected. The
interaction energy between the PE** and the H; in the PE**
+ H, system was 0.2 eV, where the energy of the H, dimer
was taken as that of a vapor phase H, molecule, confirming
an absence of chemical bonding between the two constituent
parts. In dissociating from PE (triplet) (schematic energy lev-
els shown in Fig. 1(a), case (iv)) to PE** 4 H; (energy levels
shown in Fig. 1(c)) an occupied state and an unoccupied state
(of opposite spin) would cross one another. This suggests a
path for nonradiative exciton recombination in PE, via C-H
bond scission, which provides a mechanism for the initiating
step in high-field aging.

The difference in energy between the PE (triplet) and
PE** + H, systems was also evaluated using the HSE06 func-
tional, which includes 25% of the exact Hartree Fock ex-
change, and generally results in band gaps which are sig-
nificantly closer to experimentally measured values. In that
case the dissociated system was found to be 3.5 eV lower
in energy than PE (triplet). The disparity of approximately
1.1 eV between the PBE and HSE(Q6 energy differences
mainly reflects the wider PE band gap associated with the
HSEQ6 functional, which is larger than that associated with
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PBE by approximately 1.4 eV. In any case, the HSE06 calcu-
lations support the result that the dissociation of PE (triplet)
is thermodynamically favorable.

B. Ab Initio MD simulation of exciton injection

Although the calculations just described indicate that dis-
sociative recombination of excitons within PE is a possibil-
ity, other recombination mechanisms may present more likely
alternatives. The exciton might become stabilized on a con-
formational distortion for long enough to recombine via ra-
diative or other nondissociative routes. Chemical impurities,
abundant in real PE (but not considered here), also offer a po-
tential source of sites at which excitons can become trapped
and recombine nondissociatively.!” To investigate further the
fate of excitons in pure PE, an ab initio MD simulation was
performed, during which an exciton was injected into PE at
temperature 7 = 300 K. We note that the MD results described
here refer to a single representative simulation; other similar
simulations were carried out and produced qualitatively simi-
lar results.

Figure 2(a) shows snapshots of the system taken during
the simulation, after exciton injection (¢t = 0). Very soon af-
ter the injection (¢ ~ 45 fs), an H atom dissociated from the
main chain, leaving a —CH- defect behind. Approximately
60 fs later, the dissociated H atom abstracted a second H atom
from a neighboring chain, as was observed in structural opti-
mization (iv) described above. After H abstraction and forma-
tion of the H, dimer, the resulting PE** + H; system did not
undergo any qualitative structural changes for the remainder
of the 3 ps simulation. Figure 2(c) shows a plot of the mag-
netization density of the system 121 fs after exciton injection,
which indicates that the magnetization in the dissociated sys-
tem is strongly localized on the CH- radicals, as expected.

The evolution of the Kohn-Sham eigenvalues corre-
sponding to the conduction and valence band edges is plotted
in Fig. 2(b), for —250 fs < t < 250 fs. The energy is refer-
enced to that of the highest occupied eigenvalue for PE at T
= 0. Prior to exciton injection, the occupied state fluctuates
around a value approximately 0.2 eV above this value. Very
soon after injection (after approximately 30 fs), the filled con-
duction level begins to drop in energy rapidly, while the empty
valence level simultaneously increases. The levels meet and
cross 48 fs after injection, just as the C—H bond is break-
ing. For the next 90 fs the eigenvalues fluctuate somewhat
violently, as the unbonded H atom moves around among the
chains. Approximately 120 fs after injection, the fluctuations
become smaller, just as the first H atom abstracts the second
H atom. For the rest of the 3 ps simulation, the levels fluctuate
around values close to those shown for the PE** + H, system
in Fig. 1(c), as the PE has fully dissociated into PE** and H,.

The rapid dissociation of PE (occurring after only a few
tens of fs) after exciton injection in the MD simulation sug-
gests that exciton recombination could be responsible for
C-H bond scission and radical formation in pure PE at room
temperature, and suggests a low energetic barrier to the disso-
ciation. In order to make a quantitative estimate of the barrier
to radical formation, we employed CINEB calculations, de-
scribed in Sec. III C.
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FIG. 2. (a) Snapshots taken at time ¢ during the ab initio MD simulation of PE, where t = 0 refers to the point at which the exciton was injected. Atoms
are shaded according to coordination number N¢c. The snapshots illustrate C—H bond scission and the subsequent H abstraction. (b) Evolution of the highest
occupied and lowest unoccupied energy eigenvalues of the system for 250 fs prior to (t < 0) and after (+ > 0) exciton injection. The zero of energy is the value
of the highest occupied PE eigenvalue at 7 = 0. The colors of the energy levels correspond to those in Fig. 1(a). Prior to exciton injection, each of the two
levels shown is doubly occupied (the colors shown correspond to spin up states). Upon triplet exciton injection, both hitherto spin-degenerate states split into
an occupied spin up (full black lines) and an unoccupied spin down (dotted blue lines) state. (c) Magnetization density plot of the system at t = 121 fs. The
magnetization is tightly localized on the -CH- groups along the main chains, indicating that these groups have unpaired electrons. The Hp dimer is shown in

deep red for clarity. Tllustrations created in part using the AtomEye package.??

C. Energetic barriers to radical formation

The height of the energetic barrier to bond scission was
estimated using CINEB DFT calculations, which provides a
method to identify saddle points and minimum energy paths
between known metastable endpoints.'® The initial end-points
used for the calculations were the intact PE (triplet) struc-
ture, and the PE** 4 H, structure. The electron occupations
were set as in structural optimization (iv), such that the first
image represents PE in the triplet exciton state, and the last
image represents the PE** 4+ H, system in the S = 1 state.

It was found that the PE (triplet) system can lower its en-
ergy through a distortion of the PE chains, the exciton states
becoming localized on the distorted region. The transition
from PE (triplet) to the distorted structure (henceforth referred

to as PE (localized)) is barrierless (Fig. 3(b)), and leads to an
overall reduction in energy of the system of approximately
30 meV. The PE (localized) system was hence used as an
intermediate image in the CINEB calculations, which pro-
ceeded as PE (triplet) — PE (localized) — PE** 4+ Hp;
the corresponding CINEB estimated minimum energy path is
shown by the blue circles and black circles in Fig. 3(b).

The PE (localized) structure (Fig. 3(a)) is characterized
by a deviation of the C—C—C—C torsional angles with respect
to the all-frans PE value of 180°, by up to ££5°, as well as a
lengthening of the C—H bond lengths of up to 20 mA. This
twisting of the PE chains is restricted to a region approxi-
mately seven C,Hy units in length, with the maximal devia-
tion in torsional angle occurring at the center (i.e., with re-
spect to the chain direction) of the distortion; the 180° trans
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FIG. 3. (a) The partial charge density associated with the HOMO and LUMO states, which are both half-filled, are plotted for the PE (localized) system. C—-H
bond lengths and C—C—C—C torsional angles are plotted for the four chains for the PE (localized) system, revealing a twist in the chains as well as a lengthening
of the C—H bonds in the region on which the exciton states are localized. (b) Minimum energy paths between the PE (triplet) system and the dissociated PE**

+ H; (black circles), PE**(Intra) + Hj (red diamonds), and PE**(Adj) + H,

(green squares) systems, calculated using the CINEB method, are plotted versus

the reaction coordinate w. All paths take place through the PE (localized) system, whose energy is approximately 30 meV lower than that of PE (triplet). The
PE (triplet) — PE (localized) path is indicated by the blue circles; the vertical black line indicates the shallow energy minimum associated with the distorted
structure. The inset shows a close-up of this region. (c) The PE**(Intra) + H, and the PE**(Adj) + H structures. The position of the -CH- groups along the

chains are indicated by the asterisks in each case. Only two of the four chains

value is recovered for regions of the chains furthest away
from the distortion. Likewise, the C—H bond lengthening is
restricted to a region approximately four C,H, units in length
and is most pronounced at the center of the distorted region.
The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) are both
strongly localized on the four C—H bonds for which the bond
lengthening is greatest, which suggests a weakening of these

in the cell are shown for clarity.

bonds; the half-filled LUMO and HOMO states represent the
filling of an anti-bonding orbital and the emptying of a bond-
ing orbital, respectively. However, the PE (localized) system
remains stable with respect to C—H bond breaking; the CINEB
calculations suggest that despite the bond-weakening, a bar-
rier remains to the breaking of the C—H bonds on which the
exciton is localized, albeit much smaller than the >4 eV nor-
mally associated with C—H bonds. The barrier to C—H bond
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scission from the PE (localized) structure is indeed very small,
estimated at 25 meV, a result which is consistent with the ob-
servation of bond breaking in the MD simulation a few tens
of fs after exciton injection.

After the initial C—H bond scission, no barrier was asso-
ciated with the abstraction of the second H from a neighboring
chain and the formation of the PE** 4+ Hj structure (Fig. 3(b),
black circles), which is consistent with structural optimiza-
tion (iv). In order to explore the importance of the proximity
of the —-CH - —radicals in the dissociated structure, CINEB cal-
culations were carried out with alternative endpoints, in which
the radicals were positioned along the same PE chain, as de-
scribed in Sec. III D.

D. Proximity of the CH- radicals

In the structural optimization, as well as in the ab initio
MD simulation and the CINEB calculation described in
Sec. Il C, the C-H bond scission and subsequent H ab-
straction took place via neighboring chains, meaning that the
—CH-radicals produced were separated by a distance approx-
imately equal to the inter-chain separation. Here we are in-
terested in the possibility of the creation of radicals which
lie on the same PE chain, which is likely to involve an ener-
getic barrier to abstraction. This was investigated by two fur-
ther CINEB calculations, in which the PE** + H, end point
was replaced by a similar system in which the second CH-
radical is on the same chain as the first. Two such possibili-
ties were considered, which are illustrated in Fig. 3(c): in the
first case (referred to as PE(Intra)** + H;) a single —CH,—
unit separates the radicals, and in the second case (PE(Adj)**
+ H,), the radicals are directly adjacent. For the latter case,
the torsional H-C—C—H angle associated with the two CH-
radicals was 86° (i.e., distorted by ~90° with respect to the
trans H-C=C-H conformation associated with the ground
state vinyl defect in PE), and the C—C bond length was 1.46 A.
Such a conformation is reminiscent of the equilibrium geom-
etry of the lowest excited 3A; triplet state of the ethylene
molecule,**3> and agrees well with the (spin-unpolarized)
DFT optimized values for an exciton trapped at a vinyl defect
reported by Ceresoli and co-workers, of 84° and 1.45 A."7

The optimized structures of the PE(Intra)** + H, and
PE(Adj)** + H, systems were higher in energy than the orig-
inal PE** 4+ H, system (i.e., in which the radicals are on
neighboring chains) by 0.13 eV and 0.30 eV, respectively.
The calculated minimum energy paths between PE (local-
ized) and these structures are shown in Fig. 3(a) by the red
diamonds and green squares, respectively. The barrier associ-
ated with the initial C—H scission is similar in all cases, al-
though the minimum energy paths to the PE(Intra)** + H,
and PE(Adj)*™ + H, structures include a second barrier, as-
sociated with the abstraction of the second H atom, esti-
mated at 60 meV and 340 meV, respectively. The increased
energy of the PE(Intra)** 4 H, and PE(Adj)** + H; sys-
tems with respect to the PE** + H, system, and the higher
barriers associated with their formation, can be understood
in terms of Pauli repulsion and the greater proximity of
the like-spin electrons associated with the radicals when ab-
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straction takes place from the same chain as C-H bond
scission.

The energetic barrier of 340 meV possibly precludes the
dissociation of PE (triplet) into the PE(Adj)** + H, system.
A system in which CH- radicals are directly adjacent on the
same chain may be attained, however, if an exciton localizes
on a pre-existing vinyl defect.!” In principle, a triplet exci-
ton trapped at such an adjacent pair of CH- radicals, with
a H-C—C-H torsional angle of 180° as for the ground state
vinyl defect (referred to here as PE(Adj);r, ), may relax back
to the S = 0 PE (vinyl) ground state via phosphorescence
and the formation of a HC=CH double bond. A nonradiative,
nondissociative, recombination pathway is also available, to
a § = 1 excited state (referred to here as PE(Ad));,) via
a structural distortion, characterized by a ~90° twist in the
H-C-C-H dihedral and a reduction in the distance between
the two C atoms, as the 7 bond between them is broken.!”
The final conformation resulting from this distortion resem-
bles the excited state of the ethylene molecule, as has been
noted previously.!” Schematic energy level diagrams shown
in Fig. 4(a) illustrate the nonradiative recombination pathway
between the triplet exciton PE(Adj);r,, system and the S = 1
PE(Adj)g;, distorted system, as well as the radiative pathway
between PE(Ad;));* = and the § = 0 PE (vinyl) ground state.

trans

E. The possibility of radiative recombination

In order to understand more fully the exciton recombi-
nation pathways for the PE(Adj)** system, an ab initio MD
simulation was carried out, in which a triplet exciton was in-
jected into a 216-atom cell containing four chains of PE in-
cluding one vinyl defect and an H, dimer (included in the
simulation to probe the possibility of H, dissociation and
C-H re-formation). The energy cutoff, equilibration proce-
dure, supercell size, etc., were the same as for the MD simu-
lation described earlier.

Figure 4 shows the evolution of the Kohn-Sham energy
eigenvalues and the H-C—C—H torsional angle for —500 fs < ¢
< 3000 fs, where t = 0 is the point at which the exciton was
injected. Immediately upon injection, the value about which
the torsional angle fluctuated changed from ~180° to ~270°,
and the occupied spin-up conduction and unoccupied spin-
down valence Kohn-Sham levels crossed each other, indicat-
ing (nonradiative and nondissociative) exciton recombination,
as the PE(Adj);» . system transitioned to PE(Ad));%,. Interest-
ingly, however, we see the Kohn-Sham levels re-cross at sev-
eral points during the simulation (indicated by the vertical red
lines), accompanied by simultaneous large deviations in the
torsional angle from 270°. For the periods during which the
levels have re-crossed, a radiative transition to the § = 0 PE
(vinyl) system is possible. We surmise that radiative recom-
bination will likely occur for an exciton trapped at adjacent
CH- radicals in PE, although after a relatively long time, since
the amount of time for which radiative recombination is possi-
ble (i.e., during those periods when the levels have re-crossed)
is small relative to the amount of time when it is not.

An estimate of the energy of the photon released
upon the relaxation of the PE(Adj)’* = (S = 1) system to

trans
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FIG. 4. (a) Energy levels are shown schematically for PE containing two adjacent CH- radicals, in the frans H-C-C—H torsional conformation (PE(Adj){s o),

and in the ~90° distorted conformation (PE(Adj)j¥,), as well as for PE containing a vinyl defect (PE (vinyl)). (b) Evolution of the highest occupied and lowest
unoccupied Kohn-Sham energy levels (colors as for Fig. 2) and the H-C—C-H torsional angle for the PE (vinyl) + Hj system. The zero of energy is the value
of the highest occupied eigenvalue of the PE (vinyl) + Hj system at T = 0. A triplet exciton is injected into the system at = 0. Upon exciton injection, the
180° trans H-C—C-H torsional angle immediately increases by ~90°, while the occupied spin-up level in the conduction band and the unoccupied spin-down
level in the valence band cross, heralding a recombination and transition to the PE(Adj)j, system. Brief level re-crossings occur at several subsequent times
during the 3 ps simulation, concurrent with large fluctuations in the H-C—C—-H torsional angle (indicated by the vertical red lines), allowing for the possibility
of radiative recombination and transition to the PE (vinyl) structure.

the S = 0 PE (vinyl) system via phosphorescence was of CH- radical groups, through the dissociative recombina-
taken as E[PE(Adj) ] — E[PE (vinyl)] = 3.10 eV, where tion of excitons. Here we give a brief summation of each of

trans

E[PE(Adj){* ] denotes the energy of the PE(Adj);* system  the main conclusions arrived at from this work:

trans trans

(in the § = 1 state), and E[PE (vinyl)] denotes the energy

of the PE (vinyl) system (in the S = O state). This calcula- 1. C-H bond cleavage is thermodynamically favored in
tion constitutes only a rough estimate of the photon energy, pure PE upon injection of a triplet exciton; cleavage
given the level of theory used in the calculation (neglecting is not favored upon the injection of a conduction-band
a detailed description of the electron-hole interactions), and electron or a valence-band hole.

the fact that the photon emission in reality does not corre- 2. The resulting bond cleavage occurs very rapidly upon
spond to a transition between the vibrational ground states of exciton injection; the exciton does not become trapped
the relevant systems. Indeed, our MD simulation would sug- at a long-lived structural distortion of the PE. Consid-
gest that the eventual radiative recombination is likely to take ering the very small (10~%) quantum efficiency of PE,*
place from a PE(Adj); ., system which is relatively far from the small barrier to C—H dissociation (~25 meV) found
the vibrational ground state, as a consequence of the alter- in our CINEB calculations and the corresponding short
native nonradiative transition path to PE(Ad)),. Neverthe- time for dissociation to take place upon exciton injec-
less, our predicted photon energy corresponds to a wavelength tion (~50 fs) observed in our MD simulations, the dis-
of 400 nm, which is reasonably consistent with phosphores- sociative mechanism presented here represents a candi-
cence measurements for low density PE, which show three date for the dominant exciton recombination pathway
pronounced peaks at around 429, 445, and 459 nm.*° Repeat- in PE.

ing this calculation with the HSE06 functional a photon wave- 3. The damage caused to PE resulting from bond cleavage
length of 412 nm is estimated, in slightly closer agreement owing to exciton recombination is expected to scale with
with the experimental measurements. We surmise that radia- the number of exciton recombinations per unit time. This
tive recombination at adjacent CH- radicals to form ethylenic is consistent with the experimentally observed increase
vinyl defects may be responsible for a peak in the phosphores- in the degree of aging with the applied field strength,
cence spectra of polyethylene, although more detailed calcu- or with the amount of time exposed to the field, either
lations and possibly further experiments are needed to make of which can in general be expected to lead to a greater
this link conclusively. number of recombination events.

4. The exciton can create and localize on a metastable

structural distortion, characterized by a twist in the C—

IV. SUMMARY AND CONCLUSIONS C—C-C torsional angle and a lengthening of the C-H
In summary, our ab initio MD simulations and density bond lengths within the distorted region. However, the
functional calculations have suggested a microscopic route by energetic barrier to C-H bond cleavage from the dis-
which high-field aging may occur in pure PE, via the creation torted structure is comparable to the thermal energy at
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room temperature, so the distorted structure will be ex-
tremely short-lived and cleavage will occur rapidly.

5. Upon C-H bond cleavage, H abstraction is likely to take
place via a neighboring PE chain, as this process is ener-
getically barrierless. H abstraction from the same chain
in which the first cleavage event occurred is associated
with a significant energetic barrier, owing to the Pauli
repulsion.

6. An exciton trapped at a pair of adjacent —(CH)— radi-
cals may recombine radiatively to form a vinyl defect.
However, this path is hindered by the existence of the
nonradiative path identified by Ceresoli et al. Radiative
recombination is therefore predicted to take place on a
significantly protracted time scale.
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