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nity: a guiding criterion for
voltage stabilizer design†

Markus Jarvid,a Anette Johansson,b Villgot Englund,c Angelica Lundin,a

Stanislaw Gubanski,b Christian Müller*a and Mats R. Andersson*ad

Voltage stabilizers are an emerging class of additives that enhance the dielectric strength of an insulating

polymer such as polyethylene. Several partially conflicting reports ascribe the stabilizing effect to either a

high electron affinity or low ionization potential of the additive. Here, we report a clear correlation of the

electron affinity and to a lesser extent the EHOMO–ELUMO difference of various voltage stabilizers with

electrical tree initiation in cross-linked polyethylene. To facilitate a fair evaluation, the voltage-stabilizing

efficiency of a set of 13 previously reported voltage stabilizers, which strongly differ in their chemical

composition, is compared at equal stabilizer concentration and equivalent test methodology. These

results are correlated with the electron affinity and EHOMO–ELUMO difference, as obtained from density

functional theory (DFT) modeling, which agreed well with available literature values. Moreover, based on

the here established strong correlation between dielectric strength and electron affinity, a new molecule

with exceptionally high electron affinity is selected from the extended literature on organic

photovoltaics. This malononitrile–benzothiadiazole–triarylamine based molecule with a high electron

affinity of 3.4 eV gives rise to a 148% increase in tree initiation field compared to 40% obtained using

anthracene, one of the most efficient previously reported voltage-stabilizers, under equivalent test

conditions. Thus, we here propose to use the electron affinity as a guiding criterion for identifying novel

high-efficiency voltage stabilizers, which opens up the vast library of organic semiconductors as

potential candidates, as well as associated synthesis routines for the design of yet unexplored materials.
Introduction

The pre-breakdown degradation phenomenon known as
electrical treeing initiates at points of high and divergent
electric eld and is associated with insulation failure in
power cables. Improvement of insulation materials becomes
increasingly important with the introduction of green energy
sources at remote locations, such as wind farms, where the
requirement for efficient means of electrical power transport
puts high demand on the high voltage cables used for this
purpose. The design electric eld of high voltage insulation
materials is steadily increasing thanks to advances in phys-
ical cleanliness of the insulation material, which is usually
cross-linked polyethylene (XLPE).1 Suitable additive systems
using so-called voltage stabilizers have been known to
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tion (ESI) available. See DOI:

hemistry 2015
provide additional benet by increasing the electric eld for
the onset of electrical treeing.2,3 The molal efficiency of these
stabilizers has previously been correlated with a low ioni-
zation potential (IP) for certain groups of molecules
including fused aromatics and benzophenones.4,5 It has
been argued that this does not hold outside of these groups
of molecules6 and it is seen from the work of Yamano et al.3

and Person et al.6 that a strongly non-linear concentration
dependence can make this type of analysis difficult. Addi-
tionally, it has been proposed that a low excitation energy
and high electron affinity (EA) are relevant parameters,
especially for aromatic ketones.7,8

The modeling of molecular orbital energy levels is becoming
increasingly relevant and is now an important tool in several
elds of research. Phenomenological observations can help to
select promising materials as well as provide foundation for
deeper physico-chemical understanding. An example from the
recent literature is the work of Nonoguchi et al.9 where DFT
modeled EHOMO levels of molecular dopants could be correlated
with the Seebeck coefficient for single walled carbon nanotubes.
Similarly, the EHOMO–ELUMO gap has been correlated with the
open-circuit voltage of organic solar cells10 and the ELUMO level
of organic semiconductors can be used to estimate oxidation
stability.11 This theoretical approach allows tailoring of
J. Mater. Chem. A, 2015, 3, 7273–7286 | 7273
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Table 1 Electronic properties for molecules relevant for voltage stabilization calculated using DFT B3LYP/6-311+G(d,p). Adiabatic and vertical
ionization potentials, IPa and IPv, adiabatic and vertical electron affinities, EAa and EAv, and frontier molecular orbitals, EHOMO and ELUMO are given
in eV. F reference indicates the literature reference for the electrical tree initiation data on which the calculation of F has been based

Mol. nr. F ref. Mol. structure IPa IPv EAa EAv EHOMO ELUMO

1 2 7.71 7.83 1.40 0.92 �6.46 �2.24

2 2 8.02 8.25 1.75 1.41 �6.82 �2.61

3 2 6.82 6.83 1.13 0.62 �5.63 �1.77

4 8 7.34 7.45 0.96 0.82 �5.91 �2.22

5 8 7.49 7.59 1.00 0.86 �6.01 �2.28

6 8 7.56 7.61 0.95 0.85 �6.11 �2.21

7 — 7.61 7.66 0.94 0.84 �6.16 �2.19

8 8 7.21 7.81 1.33 1.26 �6.31 �2.50

9 8 7.42 7.95 1.31 1.18 �6.46 �2.58

7274 | J. Mater. Chem. A, 2015, 3, 7273–7286 This journal is © The Royal Society of Chemistry 2015
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Table 1 (Contd. )

Mol. nr. F ref. Mol. structure IPa IPv EAa EAv EHOMO ELUMO

10 8 7.18 7.19 �0.69 �0.70 �5.85 �0.05

11 8 6.49 — �0.21 — �5.52 �0.57

12 8 6.66 6.94 �0.37 �0.46 �5.35 �0.76

13 — 6.42 6.62 3.44 2.94 �5.61 �4.08

14 18 7.05 7.14 0.52 0.36 �5.63 �1.61

15 4, 20 7.11 7.18 0.72 0.62 �5.55 �2.01

16 4 8.91 9.04 0.43 0.24 �7.10 �1.90

17 21 8.49 — 0.83 — �6.99 �2.10

18 21 7.74 — 0.97 — �6.34 �2.01

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, 3, 7273–7286 | 7275
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Table 1 (Contd. )

Mol. nr. F ref. Mol. structure IPa IPv EAa EAv EHOMO ELUMO

19 18, 21 7.22 — 0.68 — �5.99 �1.66

20 — 7.40 7.68 0.52 0.34 �6.12 �1.69

21 21 7.79 — 0.68 — �6.45 �1.85

22 18 6.56 6.57 0.25 0.10 �5.36 �1.22

23 21 8.02 — 0.77 — �6.75 �1.88

24 4 7.87 7.97 �0.05 �0.18 �6.94 �1.39

25 4 7.72 7.87 0.87 0.71 �6.15 �2.29

26 4 7.59 7.68 0.15 0.08 �6.07 �1.39

27 4 7.25 7.32 0.50 0.42 �5.85 �1.63

28 4 7.15 7.22 0.60 0.47 �5.66 �1.85

7276 | J. Mater. Chem. A, 2015, 3, 7273–7286 This journal is © The Royal Society of Chemistry 2015
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Table 1 (Contd. )

Mol. nr. F ref. Mol. structure IPa IPv EAa EAv EHOMO ELUMO

29 4 7.56 7.58 0.89 0.75 �6.10 �2.15

30 4 7.52 7.67 0.19 �0.02 �6.26 �1.12

31 18 6.60 6.76 0.79 0.68 �5.31 �1.99

32 18 6.40 6.73 0.06 �0.18 �5.28 �1.12

33 22 7.15 7.19 �0.12 �0.23 �5.63 �1.12

34 22 7.49 7.03 �0.20 �0.46 �5.39 �0.87

35 18 6.27 6.34 0.13 0.04 �5.22 �1.09

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, 3, 7273–7286 | 7277
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Table 1 (Contd. )

Mol. nr. F ref. Mol. structure IPa IPv EAa EAv EHOMO ELUMO

36 19 — — — — �6.18 �1.74

37 19 — — — — �5.96 �0.22

38 23 6.32 6.41 1.02 0.92 �5.03 �2.12

39 23 6.67 6.95 1.27 1.08 �5.61 �2.29

40 23 6.98 7.19 2.13 1.99 �6.04 �3.05

41 23 6.73 6.93 2.08 1.92 �5.82 �2.94

7278 | J. Mater. Chem. A, 2015, 3, 7273–7286 This journal is © The Royal Society of Chemistry 2015
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Table 1 (Contd. )

Mol. nr. F ref. Mol. structure IPa IPv EAa EAv EHOMO ELUMO

42 23 6.78 6.91 1.83 1.68 �5.55 �2.88

43 23 6.72 6.84 1.09 0.83 �5.42 �2.10

44 23 6.65 6.71 1.12 0.81 �5.36 �2.07

45 24 8.40 1.35 �6.97 �2.61

46 24 8.27 1.15 �6.48 �2.67

47 24 9.88 1.97 �8.44 �3.37

48 24 9.68 1.40 �7.89 �2.94

49 4 8.66 1.04 �6.97 2.48

50 24 9.83 1.92 �8.25 �3.24

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, 3, 7273–7286 | 7279
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Table 1 (Contd. )

Mol. nr. F ref. Mol. structure IPa IPv EAa EAv EHOMO ELUMO

51 24 10.37 2.55 �8.82 �3.89

52 4 7.52 1.47 �6.12 �6.12

53 24 9.55 3.07 �7.95 �4.52

54 25 7.13 �0.30 �5.47 �0.35

Journal of Materials Chemistry A Paper
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molecular electronic properties, allowing for more accurate
design of new materials. For electrical breakdown in gasses it is
well known that a high electron affinity of the gaseous medium
increases the breakdown eld by trapping of electrons, which
delays the formation of electron avalanches.12 High electron
affinity additives have also proven effective in increasing the
breakdown strength of LDPE lms.13

In this work, the electrical tree initiation in materials that
contain a broad selection of previously reported voltage stabi-
lizers has been correlated with DFTmodeled energy levels of the
frontier orbitals as well as the ionization potential and electron
affinity of the stabilizer molecules. Due to the data scattering
imposed by the use of different test methods, variations in
polymer matrix materials, and a non-linear stabilizer concen-
tration dependence, a more rened study was carried out where
only comparable treeing data was used. This data set was
expanded with an additional compound that was identied
from DFT modeling as having a signicantly higher electron
affinity and a small EHOMO–ELUMO difference. Additionally, two
reference compounds that previously have been reported as
efficient voltage stabilizers were investigated in the same
manner.
Results and discussion

IPs, EAs and frontier molecular orbitals were calculated using
DFT modeling (cf. Experimental section) for a wide range of
molecules for which data on electrical tree initiation is available
7280 | J. Mater. Chem. A, 2015, 3, 7273–7286
in the literature (Table 1). IP and EA can be given as vertical or
adiabatic depending on the geometry of the charged state, i.e. if
it is optimized to minimum energy (adiabatic) or if it is frozen in
the optimized neutral ground state conguration (vertical). The
IPs, and the EAs are dened by and obtained using the
following formulas:

IPv ¼ E+(M) � E(M) z �EHOMO

IPa ¼ E+(M+) � E(M)

EAv ¼ E(M) � E�(M) z �ELUMO

EAa ¼ E(M) � E�(M�)

where E+(M+), E�(M�), and E(M) represent the energies of the
cation, anion, and neutral species in their optimized geome-
tries, respectively, while E+(M) represents the energy of the
cation with the geometry of the neutral molecule and E�(M)
represents the energy of the anion with the geometry of the
neutral molecule. The vertical energy, v, is based on the
geometry of the neutral molecule while a represents instead
the adiabatic energy from the optimized structures for both
the neutral and charged molecule. IPv and EAv are according
to Koopman's theorem approximately equal to �EHOMO and
�ELUMO, respectively. We nd that both IPv and IPa roughly
correlate with EHOMO and a similar correlation is seen for both
EAv and EAa with ELUMO (cf. SI†). The relation between IPv, IPa,
EAv and EAa is further illustrated in Fig. 1.
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Adiabatic ionization potential IPa, vertical ionization potential
IPv, adiabatic electron affinity EAa, and vertical electron affinity EAv

visualized using molecular energies. E(M) represents the neutral
ground state while E+(M) and E�(M) represent the cation and anion
with neutral ground state geometry. E+(M+) and E�(M�) represent the
cation and the anion with optimized geometry.
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The increase in electrical tree initiation eld obtained when
incorporating voltage stabilizers in XLPE can be described by
the parameter F

F ¼
�
E63 � EXLPE

63

�

EXLPE
63

� 1

c
(1)

where E63 and EXLPE63 are the 63% probability percentiles from
the Weibull distribution tted to the electrical tree initiation
data sets of stabilized and reference XLPE, respectively, and c is
the molal concentration of the stabilizer.14 The E63 values are
analogous to the mean of a Gaussian distribution. F was
calculated for the compounds 1–56 presented in Tables 1 and 2.
In the cases where Weibull statistics had not been used, E63 and
EXLPE63 were replaced with average tree initiation voltage or
electric eld for the voltage stabilized material and the refer-
ence material, respectively. The reference material used in the
literature sources was either LDPE or XLPE.

As shown in Fig. 2 (grey symbols), F was plotted against (a).
IPa, (b). EAa and (c). EHOMO–ELUMO. It becomes apparent that the
data scattering prevents us from drawing reliable conclusions.
Weak correlations can nevertheless be seen indicating that a
high electron affinity and a small EHOMO–ELUMO difference are
Table 2 Experimental ionization potential (IPexp), electron affinity (EAexp

Mol. nr. Mol. structure IPexp

55 7.6 (ref. 26

56 7.17 (ref. 2

This journal is © The Royal Society of Chemistry 2015
benecial attributes for the voltage stabilizing efficiency. Alkyl
chain substituents in the experimentally tested stabilizers are
replaced with ethyl groups in the DFT calculations, where
needed, to circumvent convergence issues. The error introduced
is exemplied by molecules 19 and 20 where 19 carries the full
length octyl chains while 20 only features ethyl chains. In this
case the error is within 0.2 eV for all reported energies.

A series of data points previously reported by Jarvid et al.2

and Wutzel et al.8 (cf. Table 1, 1–12) are highlighted with open
red circles in Fig. 2. For these compounds, the voltage stabi-
lizing efficiency in XLPE has been measured under comparable
conditions, i.e. the same sample preparation, molal stabilizer
concentration (10 mmol kg�1), base polymer matrix and elec-
trical test method has been applied. Further details on electrical
treeing experiments can be found in ref. 2, 8, 15 and 16 and the
3-parameter Weibull statistics are summarized in Table 3.

Additionally, three new compounds (cf. Table 1, 13–15) were
measured as part of this work using the same measurement
setup and a similar sample preparation except that a special
diffusion technique was employed for two of the compounds (cf.
Experimental section). The substance, known as DTDCPB (cf.
Table 1, 13), was originally synthesized for the purpose of small
molecule organic photovoltaics by Chen et al.17 and was here
used to expand our data set to a wider range of molecular
properties aer being identied as a suitable candidate by DFT
calculations. In a rst experiment this compound was shown to
degrade during cross-linking as indicated by a color change
from blue to yellow. To prevent this, the compound was added
aer cross-linking by means of diffusion at elevated tempera-
ture. Two additional substances, N,N-dioctylamino benzophe-
none18 and anthracene3,4 (Table 1, 14, 15), were chosen from
previous voltage stabilizer literature to act as references.
Anthracene was also not compatible with the cross-linking
process and was added by diffusion aer cross-linking similarly
to DTDCPB. 3-parameter Weibull statistics are presented in
Table 3. Details on the statistical data analysis can be found in
ref. 2 (cf. SI-1† for cumulative Weibull distributions).

This smaller set of data points including 1–15, indicated in
Fig. 2 with red circles, shows that EA has a good correlation with
F, with only one small exception in this series. The EHOMO–
) and EHOMO–ELUMO in eV for fullerenes

EAexp EHOMO–ELUMO (exp)

) 2.67 (ref. 27) �2.0 (ref. 28)

8) 2.63 (ref. 29) �2.1 (ref. 28)

J. Mater. Chem. A, 2015, 3, 7273–7286 | 7281
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Fig. 2 (a) Adiabatic ionization potential IPa, (b) adiabatic electron
affinity EAa and (c) EHOMO–ELUMO plotted against voltage stabilizing
efficiency F. Red symbols indicate that electrical treeing tests have
been performed using the same test object geometry, stabilizer
concentration (10 mmol kg�1) and electrical test method. Filled circles
are data reported for the first time in this publication. The red lines are
empirical fits to the red data points (2nd order polynomial in b and
linear in c). C60 fullerene and PCBM are included (filled diamonds)
using experimental values for IP, EA and EHOMO–ELUMO (cf. Table 2). F
was calculated using electrical tree initiation data as indicated in Table
1 and from ref. 14 in the case of fullerenes.

Table 3 Weibull fit parameters for electrical treeing measurements of
XLPE materials. Number of trees included in the analysis N, threshold
electrical field E0, electrical field, at which 63% of all samples have
failed, E63 (analogous to the mean of the Gaussian distribution), and
shape parameter b. Treeing data formol. nr. 1–3 and 4–12 are from ref.
2 and 8, respectively

XLPE + mol. nr. N (�) E0 (kV mm�1) E63 (kV mm�1) b (�)

- 56 248 296 1.6
1 32 232 425 5.3
2 20 263 509 4.0
3 28 0 513 7.3
4 28 39 362 7.4
5 24 283 410 2.6
6 (80%) + 7 (20%) 28 296 385 3.0
8 22 98 459 9.3
9 28 314 404 1.3
10 28 254 273 1.5
11 16 0 293 20.1
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ELUMO band gap has a weaker correlation with F while the IP is
largely unrelated to F for this data set. For large molecules e.g.
mol. nr. 36–37 it can be convenient to use�ELUMO as an indication
of relative EA, or �EHOMO for IP, as they are roughly linearly
correlated (cf. SI-2†). The fact that 36 has a voltage stabilizing effect
while 37 does not19 can be explained by the difference in ELUMO.
12 24 219 340 2.3
13 11 + 9a 289 734 2.5
14 32 271 341 2.7
15 24 336 414 1.3

a Right censored at 680 kV mm�1.
Calculation method verification

DFT has becomemore andmore widely used over the last 50 years
and is now the most popular computational electronic structure
7282 | J. Mater. Chem. A, 2015, 3, 7273–7286
method in computational physics and chemistry.30 B3LYP is a
hybrid functional, which was originally developed using experi-
mental correlations with, among other things, IP and EA and is a
commonly used, robust and cheap method for this purpose. This
method together with the basis set used, 6-311+G(d,p) has proven
reliable in the previous literature.31,32 To further conrm the val-
idity of the calculation method, the calculated data is compared
with corresponding previously reported experimental values for a
subset of the data (cf. Table 3). The data scales with experimental
data but a slight offset is observed. IPa is on average under-
estimated by�0.3 eV and EAa is on average overestimated by�0.3
eV (cf. Fig. 3a and b respectively).
Experimental section
DFT calculations

The equilibrium geometries of all the stationary points of the
neutral and ionic states of the studiedmolecules at their ground
states are fully optimized using the density functional theory
(DFT) method at the B3LYP/6-311+G(d,p) level of theory47–49

using the GAUSSIAN09 program package.50 Calculated
harmonic vibrational frequencies are conrmed by normal-
mode analysis to have real frequencies corresponding to all of
the vibrating modes. All calculated molecular energies are
enthalpy corrected for 298 K and 1 atm.
Materials

2-([7-(4-N,N-ditolylaminophenylen-1-yl)-2,1,3-benzothiadiazol-4-yl]
methylene)malononitrile (DTDCPB), 97% purity (HPLC), and
anthracene (99% purity) were used as purchased from Sigma
Aldrich. N,N-dioctylamino benzophenone (DOABP) was
synthesized in our lab according to procedure reported in ref.
This journal is © The Royal Society of Chemistry 2015
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Table 4 Experimental ionization potentials IPexp and electron affinities EAexp

Mol. nr. Mol. structure IPa IPexp EAa EAexp

12 6.66 6.73 (ref. 33) �0.37 —

15 7.11 7.439 (ref. 16) 0.72 0.53 (ref. 34)

17 8.49 9.08 (ref. 16) 0.83 0.655 (ref. 35)

24 7.87 8.144 (ref. 16) �0.05 �0.2 (ref. 36)

25 7.72 8.12 (ref. 16) 0.87 —

26 7.59 7.891 (ref. 16) 0.15 —

27 7.25 7.6 (ref. 16) 0.50 0.32 (ref. 37)

28 7.15 7.426 (ref. 16) 0.60 0.406 (ref. 38)

29 7.56 7.9 (ref. 16) 0.89 —

30
7.52 7.99 (ref. 16) 0.19 —

8.40 1.35

45 8.27 — 1.15 1.07 (ref. 39)

This journal is © The Royal Society of Chemistry 2015 J. Mater. Chem. A, 2015, 3, 7273–7286 | 7283
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Table 4 (Contd. )

Mol. nr. Mol. structure IPa IPexp EAa EAexp

46 9.68 8.27 (ref. 40) 1.40 —

48 8.66 9.86 (ref. 41) 1.04 1.08 (ref. 42)

49 9.83 8.8 (ref. 43) 1.92 —

50 10.37 — 2.55 1.47 (ref. 44)

51 9.55 10.59 (ref. 40) 3.07 —

53 7.13 9.74 (ref. 45) �0.30 2.78 (ref. 46)

54 6.66 6.71 (ref. 16) �0.37 —
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18. Cross-linkable LDPE compound with the trade name
Borlink™ LS4201S, containing dicumyl peroxide and the anti-
oxidant 6,60-di-tert-butyl-4,40-thiodi-m-cresol, was obtained from
Borealis AB (typical melt-ow index �2 g/10 min at 190 �C and
2.16 kg, density �0.922 g cm�3). This compound has a low level
of contaminants that may inuence electrical measurements
and is recommended for use in high voltage applications up to
220 kV.1
Sample preparation

DOABP stabilized samples were prepared according to the
following procedure: peroxide containing LDPE pellets were
ground to a ne powder with a Retsch grinder equipped with a
500 micrometer sieve. Subsequently, the powder was
7284 | J. Mater. Chem. A, 2015, 3, 7273–7286
impregnated with a DOABP-dichloromethane solution (1 ml g�1

solvent with respect to LDPE). The solvent was removed by
rotary evaporation followed by drying in vacuum to give a nal
stabilizer concentration of 10 mmol kg�1. The impregnated
LDPE compound was melt-pressed at 130 �C to form two
separate parts, which were molded together to enclose a 10 mm
thin tungsten wire, followed by cross-linking of LDPE at 180 �C
to form the nal XLPE test object (cf. ref. 51 for detailed
description). Cross-linking by-products were removed by
degassing samples in vacuum (0.1 mbar) at 80 �C for 4 days. To
ensure a comparable thermal history cross-linked and degassed
samples were cooled from 130 �C at a rate of 0.2 to 0.5 �Cmin�1.

Samples stabilized with anthracene as well as samples
stabilized with DTDCPB were prepared by diffusion-loading.
This journal is © The Royal Society of Chemistry 2015
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Fig. 3 DFT calculated (a) IPa and (b) EAa plotted against corresponding
experimental data in Table 4. The line indicates 1 : 1 ratio.
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This was done by deposition of solid stabilizer powder on XLPE
test objects prepared as described above but without voltage
stabilizer and was followed by heat treatment allowing the
stabilizer to diffuse into the sample and homogenize. For
anthracene this was done at 130 �C in a sealed glass container
for 24 h. For DTDCPB this was done by incrementally increasing
the temperature from 140 �C to 180 �C during three days aer
which the temperature was held for six days until all the
deposited stabilizer had diffused into the samples. DTDCPB
diffusion was performed under nitrogen atmosphere. All
samples were subjected to the same nal heat treatment
(cooling from 130 �C at a rate of 0.2 to 0.5 �C min�1). The target
concentration was 10 mmol kg�1. Deviations from the target
concentration of up to �25% are estimated for the concentra-
tion of the diffusion loaded samples as controlled by weight
measurements on the individual samples before and aer
addition and diffusion of voltage stabilizer.
Conclusion

We propose DFT calculated electron affinity EAa as a guiding
criterion for the identication of new efficient voltage stabi-
lizers. The validity of this approach is conrmed through
correlations with previously published data as well as new
experimental data on electrical tree initiation. The results also
indicate that a small EHOMO–ELUMO difference is benecial for
achieving a high voltage stabilizer efficiency. Contrary to what
has been reported for groups of similar voltage stabilizers, we
This journal is © The Royal Society of Chemistry 2015
observe no general trend correlating IP to stabilizer efficiency.
The here proposed guiding criterion opens up the vast library of
organic semiconductors as potential high-efficiency voltage
stabilizers, as well as associated synthesis routines for the
preparation of new additives. Good correlation between DFT-
calculated IPs and EAs with existing experimental data was
obtained with the employed calculation method; DFT B3LYP/6-
311+G(d,p).
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