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Flexible polymers that can withstand temperature and electric field extremes are critical to advanced
electrical and electronic systems. High thermal stability of polymers is generally achieved through the
introduction of highly conjugated aromatic structures, that lower the bandgap and thus diminish the
electric field endurance. Here, we demonstrate a class of flexible all-organic polyolefins by a strategic
modular structure design to eliminate the impact of conjugation on bandgap. The one such designed
polymer exhibits superior operational temperature and T4 of 244 °C without compromising the bandgap
(~5 eV), exhibiting significantly suppressed electrical conductivity when subjected to a high electric
field. It reveals the highest ever recorded energy density of 6.5 J cc™* at 200 °C, a 2x improvement over
the best reported flexible dielectric polymers or polymer composites. The uncovered polymer design
strategy introduces a platform for high performance dielectric development for extreme thermal and
electric field conditions.

Continuous improvement in flexible polymer dielectrics is indispensable for constantly advancing and miniaturizing electrical devices. For capacitive energy

storage devices, polymer dielectrics withstanding extreme thermal and electrical conditions are necessary to achieve high energy density and payload efficiency

for harsh condition electrifications. However, traditional high-temperature polymer dielectrics all have inherent limitations in that their aromatic backbones

lead to diminishing bandgap and hence high loss and low breakdown strength, especially at high temperatures. In this work, we use the molecular engineering

approach to eliminate the design constrain and report an all-organic polymer that exhibits a large bandgap of ~5 eV while with also high thermal stability (T,
~ 244 °C), resulting in a record high energy density of 6.5 J cc™* at an elevated temperature of 200 °C. This work uncovers a new approach in the design of

flexible and scalable dielectric materials with high energy density and, most importantly, high discharge efficiency at elevated temperatures, broadly applicable

for electric propulsions, avionics, renewable integration and high-density microelectronics.
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The role of polymers in electronic and electrical devices is
significant due to their tunable electrically insulating or con-

© Department of Chemistry, University of Connecticut, Storrs, CT 06269, USA ducting properties, flexibility and ease of processing."™! In
“ Collaboratory for Advanced Computing and Simulations, Department of Chemical particular, dielectric polymers resistant to high electric fields

Engineering and Materials Science, Department of Physics & Astronomy, and
Department of Computer Science, University of Southern California, Los Angeles,

CA 90089, USA

¢ School of Materials Science and Engineering, Georgia Institute of Technology, etc.

Atlanta, GA 30332, USA

are widely used for capacitive energy storage devices, power
cables and as gate dielectrics for organic field-effect transistors,
4712714 polyolefins such as polyethylene (PE) and polypro-
pylene (PP) are generally used for high electric field applica-
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having a large bandgap.” For applications such as space
exploration, oil and gas lodging instruments, high performance
motors, electric vehicles, and for future passenger aircrafts,
hybrid electrification systems are exposed to elevated
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temperatures in excess of 200 °C during operation.
ventional polymers with high electric field endurance have a
low glass transition temperature (7,) or melting temperature
(T resulting in low operating temperatures due to changes in
electrical characteristics when the temperature is above these
second order or first order phase change thermal transitions.
For example, PE and biaxially oriented PP (BOPP) must be used
below 100 °C. On the other hand, present high-temperature
polymers show noticeable electrical conduction at ambient and
elevated temperatures, giving rise to deteriorated electric field
endurance and increased energy loss.®'® Therefore, there is an
immense gap between molecular engineering of polymers that
have high thermal stability and polymers that have high electric
field stability.

Bandgap is the foremost parameter for determining high
electric field endurance. It is a measure of the energy required
for an electron to travel from the valence band to the conduc-
tion band, which determines the electrical conduction of
polymers.”® The T, is an established gauge parameter for
polymer thermal stability. High T, is necessary for polymers
to operate at an elevated temperature, as polymers with T, close
to the operating temperature lose their mechanical integrity,
leading to increased electrical conduction. The high T, and
thermal stability of conventional high temperature polymers is
improved by incorporating a large number of conjugated aro-
matic groups in the polymer backbone. These aromatic groups
lower the bandgap, giving rise to prominent electrical conduc-
tion at high electric fields (Fig. 1a). Polymers that have a
superior high-electric-field endurance are composed of an
aliphatic polymer backbone. The absence of any aromatic
moieties in the polymer backbone results in a large bandgap,
as there is no conjugation or pi-pi stacking available. Poor
thermal stability for conventional dielectric polyolefins can be
attributed to less substantial molecular forces between polymer
chains as well as the lack of rigidness in the backbone limiting
their usage at elevated temperatures (Fig. 1a). As a result, an
inverse correlation between T, and bandgap for conventional
high temperature polymers has been reported.® To break the
constraint of the aforementioned T, and bandgap, great efforts
have been made to suppress the electrical conduction of high
temperature polymers by using external components, usually
by making composites or coating established high-temperature
polymers with large bandgap inorganic materials. Though
there is appreciable suppression in the electrical conduction,
this approach of extrinsically improving the bandgap faces
issues in flexibility, processability, cost and performance at
high electric fields.>'** Compromising flexibility and proces-
sability are not desirable, as these parameters are important for
real-life applications.** Therefore, there is an urgent need for
flexible, processable all-organic polymers that have intrinsically
high electric field and high temperature stability
simultaneously.

We have developed a modular polymer design strategy
through which high temperature stability and large bandgaps
are achieved simultaneously. Rigid bicyclic aliphatics are pre-
sent in the polymer backbone to reduce the conjugation length
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as well as to minimize the pi-pi stacking to achieve a large
bandgap while maintaining the high temperature stability. To
improve thermal stability, aromatic groups are incorporated as
side groups rather than into the backbone of the polymer. The
presence of rigid bicyclics in the backbone along with an
aromatic side group elevates T, without compromising band-
gap. The schematics of the polymer structures developed using
this strategy are shown in Fig. 1a and b. A class of polymers,
Polyoxafluorinatednorbornene (POFNB) prepared by the versa-
tile ring opening metathesis polymerization (ROMP), is
designed by changing the —CF; substitution position on the
benzene ring to optimize the electrical and thermal properties
(Fig. S1-S9, ESIY).

The resulting set of polymers do not follow the inverse T, vs
bandgap trend, unlike other high temperature polymers (Fig. 1c
and Fig. S11-S18, S21-S23, ESIt). Furthermore, the large band-
gap of these polymers was confirmed by the electronic density
of states (DOS) computed using density functional theory
(Fig. 1d). The bandgap derived from the DOS for several
polymers reveals the advantages of the polymer design strategy
in this work. In particular, ortho-Polyoxafluorinatednorbornene
(0-POFNB) shows the largest bandgap (~ 5 €V) and highest T, of
244 °C among all POFNBs.

When subjected to a high electric field, polymers exhibit a
nonlinear increase in electrical conduction due to the carrier
injection, excitation, and transport, an effect which is exacer-
bated at elevated temperatures.®>>?® This increase in high field
conduction is observed even at temperatures well below T,. The
dramatically increased electrical conduction gives rise to sub-
stantial enhancement of the energy loss for energy storage
devices, significant promotion of the leakage current for gate
dielectrics of organic field effect transistors and strong distor-
tion of electric field for high voltage power cable insulation.
The high field conduction of 0-POFNB, which has the largest
bandgap among polymers with a T, > 100 °C, along with other
established commercially available dielectric polymers were
investigated using a test system which can dynamically cancel
the capacitive component and probe the resistive conduction
current down to 10 ppm during the voltage ramp all the way to
breakdown (Fig. 2). From the integral conduction current (ICC)
it can be seen that at room temperature (RT) the ICC of PI is the
highest among all high temperature polymers investigated
owing to the lowest bandgap. Although BOPP has the lowest
ICC at room temperature due to its largest bandgap, at 100 °C
the ICC of BOPP is slightly higher than POFNB and 0-POFNB
due to the low T, of BOPP. At 100 °C, the upper limit of the
operational temperature for density polyethylene (HDPE),
HDPE exhibits the highest ICC due to the degraded thermal
stability. At 150 °C, 0-POFNB shows the lowest ICC relative to
other high temperature polymers. The high T, of o-POFNB
(244 °C) compared to POFNB (186 °C) plays an important role
in the electrical conduction at such a high temperature
(150 °C). At 150 °C, approaching the T, of POFNB (186 °C),
the segmental movement of polymer chains under extremely
high electric field possibly contributes to the higher conduction
of POFNB than that of 0-POFNB. With smaller bandgaps, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Design of High Temperature Polymer Dielectrics. (a) Conceptual schematic for design of high temperature dielectric polymers. (b) Molecular
structures of polymers investigated in this work. (c) The bandgap vs. T4 for polymers synthesized in this study and for established polymers with high

electric field and/or high temperature stability.

commercial high temperature polymers all reveal a dramati-
cally increased ICC even at a much lower electric field, indicat-
ing a nonlinearly increasing electrical conduction as electric

6,14,35 (

This journal is © The Royal Society of Chemistry 2022

Energy Environ. Sci., 2022,15,1307-1314

d) Electronic density of states for POFNBs and well-established dielectric polymers.

field magnitude increases. Polyether ether ketone (PEEK) has
the largest bandgap among commercial high temperature
polymers, while at 150 °C the ICC is still much higher than
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Fig. 2 High electric field conduction. Integral conduction current of 0o-POFNB and established dielectric polymers at (a) 25 °C (b) 100 °C (c) 150 °C.

that of polyetherimide (PEI) due to the lower T, of PEEK
(149 °C). At a concurrently high electric field and an elevated
temperature, charge carriers move by hopping between adja-
cent localized sites with increased kinetic energy assisted by
thermal and field effects. A larger bandgap gives rise to higher
energy barriers to charge carriers to overcome for the hopping
transport process and the charge carriers move by means of
tunneling rather than hopping, leading to suppressed electrical
conduction. The largest bandgap coupled with a higher T,
imparts 0-POFNB with the lowest high-field electrical conduc-
tion and best insulating properties at elevated temperatures.
Dielectric capacitors are key components in electrical and
electronic systems, acting as energy storage and power con-
verter input/output filtering due to their ultra-fast charge-
discharge rate.”*?” Advanced polymer dielectrics operable
under not only electrical but also thermal extremes are highly
desired for systems demanding high power density and payload
efficiency. In energy storage capacitors, polymer dielectric films
are placed between two metalized electrodes where energy is
stored electrostatically upon application of the electric field.
The energy density (U,) for dielectric energy storage depends on
the dielectric constant ¢ and applied electric field E according
to the equation,”®3° U, = 1/2e¢,E>, where ¢, is the vacuum
permittivity. The capacitor efficiency illustrates the difference
between total energy stored and total recoverable energy

1310 | Energy Environ. Sci., 2022, 15, 1307-1314

released during the operation. It is clear that polymer’s electric
field endurance plays a crucial role in capacitors total energy
density and efficiency.'*?**>>*1?? Large bandgaps of POFNBs
essentially gave rise to superior high electric field endurance.
The capacitive energy storage fundamentally stems from dielec-
tric polarization, with the energy density proportional to the dielec-
tric constant ¢. Apart from the electrical conduction losses arising
from the transport of charges, polarization is another key factor in
determining the capacitor efficiency representing the energy loss
originating from the re-orientation of dipoles. To provide evidence
of the role that each functional group plays in the set of polymer
structures, we performed Graph Neural Networks (GNN) based
analysis to give more insight into the fundamental dielectric
property-structure correlation. The contribution of different groups
in the polymer structure is presented using the color coding of the
local features learned using GNN (Fig. 3a). The dielectric constant
and dissipation factor of POFNBs are shown in Fig. 3b and Fig. S25
(ESIt) following the rank of meta-Polyoxafluorinatednorbornene
(m-POFNB) > 0-POFNB > para-Polyoxafluorinatednorbornene (p-
POFNB). As illustrated in Fig. 3a, the positions of the pendant —-CF;
group as well as the extent of rotation of the pedant benzene ring
are integral in controlling the dielectric constant. The aromatic
benzene ring in the polymer structure is attached to ‘N’ of the imide
group in such a way that the lone pair of ‘N’ are in conjugation with
imide oxygens, which does not allow cross conjugation between ‘N’

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Dielectric polarization. (a) Influence of each molecular fragment on the dielectric constant. (b) Dielectric constant and dielectric loss for o-
POFNB, p-POFNB and m-POFNB. (c) Dielectric constants as a function of the bandgap for POFNBs and established dielectric polymers.

and benzene ring, avoiding possibility of having system with partial
double bonds. This makes the flexible rotation of the -CF; attached
benzene ring possible, and results in a stable dielectric constant
with low loss. In the case of o-POFNB, the rotation of pendant
benzene rings is restricted in comparison to p-POFNB and m-
POFNB, which also contributes to the higher T, of 0-POFNB. These
restrictions on dipole rotation cause relatively low dielectric constant
compared to m-POFNB. The asymmetric position of —-CF; in m-
POFNB leads to enhanced dipolar polarization which results in
increase in dielectric constant.** Although, in the case of p-POFNB,
free rotation of the pedant group is available but the symmetric
position of ~CF; results in a lower dipole moment in total, leading
to lower dielectric constant relative to m-POFNB and 0-POFNB.>* It
has been demonstrated that the electronic part of the dielectric
constant reveals an inverse relationship with the bandgap.'* Close
attention should be paid to bandgaps in the design of dielectric
polymers. Dielectric constants at 100 Hz and RT as a function of the
bandgap are shown in Fig. 3c. An evident inverse relationship can
be observed between dielectric constants and bandgaps for most
commercial and previously reported polymers, but the data points
of POFNBs in this work appear to be outliers. The high operational
electric fields and high dielectric constants of POFNBs can con-
tribute to a higher energy density.

To reveal the high field energy storage performance, the
dielectric displacement-electric field (DE) loop of 0o-POFNB was
performed under ambient and elevated temperatures (Fig. 4a
and Fig. S26-S33, ESIt). The narrow region between charging
and discharging cycle of the DE loop indicates low energy loss.

This journal is © The Royal Society of Chemistry 2022

Discharged energy density and efficiency were calculated using
the DE loops (Fig. S26S33, ESIf). For 0-POFNB at RT, the
maximum discharged energy density is 10.4 J cc ' with an
efficiency of >92%, the highest among the whole set of
polymers, due to the highest electric field endurance. At 150
and 200 °C the maximum discharged energy density values for
0-POFNB are 8.3 J cc ' and 6.5 ] cc™*, respectively (Fig. 4a and
b). The temperature dependence of the discharged energy
density of POFNBs and established commercial dielectric poly-
mers is illustrated in Fig. 4c. POFNBs exhibit a stably high
discharged energy density from RT to elevated temperatures in
comparison to established dielectric polymers. Fig. 4d and e
illustrated the discharged energy density and electric field
endurance at 150 °C and 200 °C for POFNBs, established
commercial dielectric polymers, and best reported polymers
or polymer composites. At 150 °C, the discharged energy
density of commercially available polymers is <1.5 J cm™*
(Fig. 4d). Efforts based on polymer composites with large
bandgap fillers/coatings, or crosslinking modification of poly-
mers elevate the energy density to the range of 2-5 J cm >
(Fig. 4d). The POFNBs, with an intrinsically large bandgap and
high T,, exhibited significantly higher energy density and
electric field endurance. 0o-POFNB possesses almost twice the
upper limit of reported energy density. At 200 °C, most (~70%)
of the polymers and polymer composites in Fig. 4d could not
withstand high electric fields and/or high temperatures. At
such harsh conditions, the energy density of 0-POFNB is still
twice the upper limit of the reported energy density values

Energy Environ. Sci., 2022,15,1307-1314 | 1311
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performance of 0-POFNB at 200 °C and 200 MV m™2.

(Fig. 4e). o-POFNB exhibits stable discharged energy density
and high efficiency of >91% under 200 MV m~" (the operation
electric field of BOPP) and 200 °C after 100 thousand of cyclic
charging and discharging (Fig. 4f).

In summary, a novel polymer design strategy is developed
where both high electric field and high temperature stability
are achieved simultaneously. Wide bandgap, freely rotatable
structural groups along with a combination of flexible and rigid
moieties, achieved through a molecular engineering approach
and verified using computational methods resulted in a class of
polymer dielectrics with the highest ever discharged energy
density up to 200 °C. All-organic polymers here exhibit flex-
ibility and ease of processing, which makes them adaptable to a

1312 | Energy Environ. Sci., 2022, 15, 1307-1314

large number of electrical and electronic applications that
operate in electrical and thermal extremes. The design strategy
to develop all organic materials will pave the way for the
development of future materials where stability at electrical
and thermal extremes is needed.

Methods

1. Materials

Exo-3,6-epoxy-1,2,3,6-tetrahydrophthalic anhydride (>98%) was
purchased from TCI chemicals. Aniline (ACS reagent, >99.5%),
2-(trifluoromethyl)aniline (99%), 3-(trifluoromethyl)aniline (>99%),

This journal is © The Royal Society of Chemistry 2022
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4trifluoromethyl)aniline (99%), sodium acetate (CH;COONa, anhy-
drous, ReagentPlus®™, >99.0%), and acetic anhydride ((CH;CO),0,
ReagentPlus™, >99%) were purchased from Sigma Aldrich.
Toluene (99.85%, anhydrous) was purchased from ACROS Organics.
Hexane (Certified, H291-20); methylene chloride (Certified ACS,
D37-20); pentane (Certified, 04062-20), sodium bicarbonate (Certi-
fied ACS, S233-3), and Celite 545 filter aid (Not acid washed powder,
C212-25LB) were purchased from Fisher Scientific. Magnesium
sulfate, MgSO4 (anhydrous powder) was purchased from Oakwood
Chemical. Grubbs Catalyst® 2nd Generation was purchased from
Sigma Aldrich. Ethyl vinyl ether and methanol were purchased from
Fisher Scientific.

2. Material characterization

'H and '°F NMR characterization for polymers and monomers was
carried out using Bruker AVANCE 500 MHz spectrometer with TMS
as an internal standard. Differential scanning calorimetry for T,
measurement was carried out using TA Instruments DSC Q-100
differential scanning calorimeter with heating and cooling rate of
10 °C min~". TA instruments TGA Q-500 was used to perform
thermogravimetric analysis with heating rate of 20 °C min~". The
molecular weight of the synthesized polymers is determined using
Waters GPC system with dimethylacetamide (DMAc) as a mobile
system and polystyrene as a standard. For polymer bandgap
measurements, Agilent’s 5000 UV/Vis/NIR spectrometer was used.
Bruker D8 Quest Single Crystal Diffractometer with Cu micro source
(1.542 A) for wide angle X-Ray Diffraction analysis. It was equipped
with a Photon-II detector (10 cm X 14 c¢m) to acquire 2D WAXS
patterns.

3. Electrical characterization

Dielectric spectroscopy - the measurement was conducted using a
Solartron SI 1260 frequency response analyzer with a Solartron 1296
dielectric interface. Gold/Palladium electrodes are sputter coated on
both sides of the film with a diameter of 15 mm to ensure a good
contact between electrodes and the film. High electric field conduc-
tion - the conduction at the high field was measured with a specially
designed capacitive cancellation measurement system.*> The system
uses a dynamic negative feedback loop formed with a dual-phase
lock-in amplifier to cancel the capacitive current throughout the
measurement. The output signal represents the time-integrated
conduction current (with a unit of ‘pA s, the unit of the current
‘wA’ multiplying the unit of the time ‘s’) across the sample, with
accuracy for the small resistive current down to 10 ppm. High field
displacement-electric field loop (DE loop) measurement — DE loop
was employed using a modified Sawyer-Tower polarization loop
tester with a unipolar positive half sinusoidal wave of 100 Hz. The
measurement system consisted of a Trek Model 10/40 10 kv high
voltage amplifier. Gold/palladium electrodes are coated on both
sides of the film with a diameter of 3 mm using the sputter coating
method to ensure a good contact between electrodes and the film.

4. DFT calculation

All density functional theory (DFT) calculations have been
performed in VASP.*> In the calculations, PI, 0-POFNB, m-
POFNB and p-POFNB were modeled using oligomers with
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2 repeat units, given their complicated structures. For PP, the
single-chain structure was applied. The physical structures of
these polymers were relaxed using Perdew-Burke-Ernzerhof XC
functional** and a plane-wave energy cutoff of 400 eV. The
density of states was computed using the HSE06 functional.*®
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