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SUMMARY

Advanced polymer dielectrics are desired for high-temperature,
high-density, and high-efficiency energy storage. The paradox of
mutually exclusive constraints between high field endurance, dielec-
tric polarization, and thermal stability amounts to a huge obstacle in
the design of all-organic polymer dielectrics for safe operation un-
der harsh conditions. Although there are a plethora of functional
group class polymers that have been investigated and reported,
there remains a large unexplored design space. A perspective of
the magnitude of the grand challenge, accelerated and targeted
exploration of polymer dielectrics with the rational molecular
design assisted by informatics-based approaches, is presented
here for the generative design and further development of poly-
mers with superior thermal stability, high electric field endurance,
and strong dielectric polarization.

INTRODUCTION

Dielectrics are a unique class of materials that can rapidly store and release electric
energy based on polarization and depolarization processes that occur via charge
and discharge cycles with ultra-high power densities of gigawatts (GW) per cubic
meter. Dielectrics can assist regulating the electric power to arbitrary desired forms,
with widespread applications in, e.g., all-electric aircraft, ship and vehicle propul-
sion, pulsed-electromagnetic-energy-propelled accelerators in nuclear power, radi-
ation medicine, radiochemistry, radiobiology and lasers, etc.' In comparison to
inorganic dielectric materials, polymer dielectrics are known to exhibit graceful fail-
ure mode at higher breakdown fields. With inherent benefits of flexibility, ease of
processing, and low density, polymers exhibit enormous potential for a broad range
of applications.”*”® An ever-increasing demand of device miniaturization and
payload efficiency in nearly all electrical and electronic systems calls for dielectrics
with higher energy density and ability to withstand higher electric fields.” The rapid
maturing of cutting-edge wide-bandgap (WBG) semiconductors allows for full sys-
tem functionality of electrical and electronic systems at temperatures well above
150°C. With outer space exploration and downhole oil and gas drilling and lifting,
electrical and electronic device operating temperatures can exceed 150°C, thereby
pushing demand limits on future high-temperature, processable polymers capable
of withstanding high electric fields.

The current state-of-the-art polymer for capacitive energy storage is biaxially ori-
ented polypropylene (BOPP), having continuous operating temperatures of up to
85°C. Varieties of polymers have been demonstrated for high-temperature applica-
tions, e.g., poly(ether ketone) (PEEK), polyetherimide (PEIl), and polyimide (Pl), but
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PROGRESS AND POTENTIAL
Polymer dielectrics that can
withstand electric field and
temperature extremes are of
considerable significance for
electrical and electronic
applications in harsh
environments. Polymers represent
a class of organic materials with
intriguing inter-correlated
properties. The constraints
among key parameters coupled
with the demands of flexibility and
processability give rise to grand
challenges for the design and
development of polymers. This
perspective article presents an
overview of a sophisticated
systematic approach for the
exploration of desired polymer
dielectrics.
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only at moderate electric fields, far less than those for BOPP; this is due to the
soaring conduction loss at high electric fields for these aromatic dielectric polymers,
leading to poor energy storage performance, especially at elevated

tem|oeratures.3‘4‘7

One of the strategies reported is to improve the thermal stability of polymers that could
essentially endure high electric fields.”'” Crosslinking has been demonstrated as an
effective way to improve the thermal stability of polymers."' Another alternative is to sup-
press the high field conduction in commodity high-temperature polymers by incorpo-
rating large-bandgap inorganic or organic components.”'??° Although encouraging,
the design space of crosslinking and composites is limited by the intrinsic properties of
these commodiity all-organic polymers. Flexible all-organic polymer dielectrics are
desired for concurrent electric field and temperature extremes.

For linear dielectrics, the energy density U, can be expressed by U, = 1/2¢,60E?,
where ¢, is the relative permittivity, i.e., dielectric constant; &g is the vacuum permit-
tivity; and E is the applied electric field.?’ Energy density of capacitive energy stor-
age is quadratically dependent on the applied electric field, making it the most
important variable for optimization. The dielectric constant plays an important
role as well with a linear dependency on its effect with energy density. Discharge ef-
ficiency is another key parameter for capacitive energy storage,”” and therefore,
increasing the energy density should not be at the cost of discharge efficiency.
This perspective article provides an overview of the strategies and approaches to
break the mutual constraints between thermal stability, high field endurance, and
dielectric polarization of polymer dielectrics for high-temperature and high-density
energy storage. Viewpoints of utilizing high-throughput computation and data-
driven, machine-learning-assisted screening of polymer candidates are also pro-
vided, considering the complicated interactions between these parameters and
the vast design space of polymers.

KEY REQUIREMENTS FOR POLYMER EXPLORATION AND DESIGN

Thermal stability

Pertaining to constraints in design, polymer dielectrics for high-temperature energy
storage must have superior thermal stability. The thermal stability of polymers can
be characterized by the glass transition temperature (Tg) for amorphous polymers
or the combination of Tg and melting temperature (T,) for semi-crystalline polymers.
Some semi-crystalline polymers, such as BOPP, have a very low T, and the melting
of the crystalline regions will define the temperature limit for its operation as a
dielectric film. However, if a semi-crystalline polymer were to go through a T, during
capacitor operation, the large-scale segmental movement of polymer chains leads
to a reduction of mechanical strength and the polymer dielectric can experience a
decrease of the breakdown strength. Further, above Tg, the orientation of dipoles
with increased polymer chain movement results in o relaxation and gives rise to
the increased polarization loss.”” Therefore, high T is a significant property for
high-temperature capacitive energy storage for polymer dielectrics, whether it be
an amorphous polymer or semi-crystalline, as shown in Figure 1. The thermal prop-
erties of polymers can be improved by increasing the rigidity of polymer chains,
whether it be in the backbone with rigid aromatics or alicyclics or whether it be larger

pendant groups derivatized from the same polymer main chain.?*

High-electric-field endurance

As the foremost property of polymer dielectrics, the high field endurance represents
two aspects: (1) high breakdown strength and (2) low conduction loss at high electric
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Figure 1. Key parameters of polymer dielectrics for high-density and high-temperature capacitive energy storage

fields. Under extremely high electric fields, carrier transport becomes inevitable in
polymer dielectrics, with the presence of defects due to the topological disorder.
Such topological disorders are inherent properties of long-chain polymers. Carrier
with high mobility could then gain sufficiently high kinetic energies to cause impact
ionization, cumulating to aging, further defects generation, and breakdown. The
breakdown strength represents the upper limit of the electric field a dielectric mate-
rial can withstand. Therefore, the conduction-related loss shall be kept extremely
low in dielectrics, because a large amount of energy loss can produce joule heat,
leading to accelerated degradation and premature breakdown. At high electric
fields, electrical conduction dominates the energy loss of polymer dielectrics due
to the soaring injection of charges from electrodes and transport in the bulk of poly-
mers, especially at elevated temperatures.”’*® Hence, high breakdown strength
and suppressed electrical conduction are desired for polymer dielectrics.

While the complexity of interplays among electronic, thermal, mechanical, and
chemical processes in polymer under high electric fields makes the study of engi-

neering breakdown mechanism far from fully understood,”’*”

past studies revealed
the dominant role of the bandgap in determining the electrical conduction and
intrinsic breakdown strength of dielectric materials.’®~*? The bandgap is the energy
gap between the valence band and conduction band, which, along with the optical
phonon cutoff frequency, intrinsically determines the breakdown strength of dielec-
tric materials.” The relationship between the breakdown strength and bandgap of
inorganic dielectric materials has been statistically studied,?>" and large bandgaps
give rise to higher inter-band ionization energy and higher breakdown strength. In
addition, the study of the temperature-dependent breakdown strength of a dozen

dielectric polymers®***

suggests that the breakdown strength exhibits a high Pear-
son correlation coefficient with the bandgap. While the actual breakdown in polymer
remains a complex phenomenon in the presence of complicated chemical and phys-
ical disorders, a large bandgap is considered crucial for polymers to withstand high

electric fields, as shown in Figure 1.
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Figure 2. The inverse relationship
between Ty and large bandgap for
conventional high-temperature
polymers with conjugated
aromatic backbones and a
strategically designed flexible
polymer with concurrent high T,
and large bandgap breaking such
constraint

Reproduced from Deshmukh

et al.” with permission from the
Royal Society of Chemistry.

Matter

Tg ()

Dielectric polarization

The energy density is proportional to the dielectric constant for linear dielectric materials.
In addition to high field endurance, dielectric constant is another key factor for further
improving the energy density of dielectric materials, as shown in Figure 1. Dielectric con-
stantis an indicator of the polarizability of dielectric materials, arising from different types
of relaxation processes. Three types of polarization can be utilized in capacitive energy
storage. Electronic polarization and atomic polarization are caused by the relative shift
of electrons and ions, which happen at very high frequencies (>10"" Hz). Dipolar relaxa-
tion is attributed to the orientation of dipoles, which occurs in relatively lower frequency
ranges compared with electronic and atomic polarization. Therefore, the relaxation of
electronic polarization and atomic polarization would not give rise to a significant polar-
ization loss in the operational frequency range of the capacitive energy storage, while
dipolar relaxation might introduce high polarization loss if interactions of adjacent di-
poles cannot be effectively decoupled. Close attention should be paid to the molecular
design of a new polymer to ensure a low loss when utilizing the dipolar relaxation for
capacitive energy storage.

DESIGN STRATEGY FOR POLYMERS WITH LARGE BAND GAP AND
HIGH Tq

Challenges of improving the bandgap

Bandgap should be kept in mind when improving the thermal stability of polymer dielec-
trics. Our recent study suggests, however, that commodity high-temperature polymers
generally have conjugated backbones, which will diminish the bandgap and give rise to
high conduction loss at high electric fields.*** A conjugated structure with delocalized
electrons shared by multiple nuclei lowers the energy of the system and thus enhances
the thermal stability in polymer chemistry, while the overlapped orbitals also allow delo-
calized electrons to transfer more easily with lower energy. The bandgap of conventional
aromatic polymers reveals an inverse relationship with the Ty, as shown in Figure 2. For
example, one of the best commodity high-temperature polymers, Kapton polyimide (PI),
has the lowest bandgap of 2.6 eV among the dielectric polymers investigated. There-
fore, care must be taken, as improving the thermal stability by simply increasing the ri-
gidity and restricting the chain movement may not apply to polymer dielectrics for
capacitive energy storage at high temperatures. Furthermore, these conjugations could
lead to compromised flexibility and hence limited processability, which are important for
capacitors as well as for most electronic applications. For instance, the reported aromatic
conjugated poly(arylene ether urea) (PEEU)***° and poly(2,6-dimethyl-1,4-phenylene
oxide) (SO,-PPO)***” cannot be made into flexible free-standing films because of the
rigidity of these polymer structures.
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Figure 3. Molecular engineering of flexible high-T4 and large band gap polymers

(A-D) Chemical structure of (A) POFNB, (B) m-POFNB, (C) p-POFNB, and (D) o-POFNB.

(E and F) Discharged energy density of POFNBs at 150°C (E) and 200°C (F) in comparison to established high-temperature and high-field polymers and
polymer composites.

Reproduced from Deshmukh et al.*® with permission from the Royal Society of Chemistry.

Molecular engineering of flexible all-organic high-T4 and large-bandgap
polymers

Aflexible all-organic polymer, polyoxafluoronorbornene (POFNB), was successfully devel-
oped based on the molecular engineering principle in which repeat units of fairly rigid
fused bicyclic structure and alkenes, separated by freely rotating single bonds, are de-
signed to break the aforementioned design constraints for concurrent high Ty and large
bandgap, as shown in Figures 2 and 3A.* The piston-like crankshaft structure endows
the system with a large bandgap of =5 eV, almost twice that of Kapton. Coupled with
the high T, of 186°C, POFNB exhibits a superior energy density of 5.1 J/cm?® at 170°C.

Moreover, the POFNB polymer is highly flexible while being temperature invariantly
stable. Its piston and pendant structure allows further engineering for dipolar polar-
ization for energy storage. By keeping the backbone structure and adjusting the
pendant group, a class of POFNBs was synthesized to optimize the thermal stability,
high field endurance, and energy density (Figures 3B-3D).****° Among these poly-
mers, ortho-POFNB has the highest Ty of 244°C, which can function well at 200°C
with the highest energy density of 6.5 J/cm® among flexible polymer dielectrics re-
ported, as presented in Figures 3E and 3F.

HIGH DIELECTRIC CONSTANTS FOR HIGHER ENERGY DENSITY

Challenge: Inverse relationship of dielectric constants and bandgap
To tailor the polarization processes for higher dielectric constants and higher energy
density, close attention should be paid to the impact on bandgap. Designs to

Matter 5, 2615-2623, September 7, 2022 2619




- ¢? CellPress

A B
= . £ 10 .
S b*3 i}
5 10t ’ S 1
o o o
Q % 3. ©Q
3 ¢ o B
2 R g 0.1
=) Electronic @]
. . 0.01 .
1 2 3 45678 2 3 45678
Band gap (eV) Band gap (eV)

Figure 4. Dielectric polarization and its interactions with band gap of dielectric polymers
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(D) Relationship of measured dielectric constant and band gap for conventional polymer dielectrics and POFNBs.

(D and E) The real part (D) and imaginary part (E) of the relative permittivity.39

(F) Relationship between the measured dielectric constant and band gap for POFNBs and other commercial polymer dielectrics. Reproduced from

Deshmukh et al.*® with permission from the Royal Society of Chemistry.

increase the dielectric constants of typical polymer dielectrics shall avoid the reduc-
tion of bandgap. For instance, detailed studies shown in Figures 4A and 4B suggest
that the electronic dielectric constants have a clear inverse relationship with bandg-
aps while ionic dielectric constants have little correlation with band gaps.”*’

Increasing the dielectric constants through enhancing the dipolar relaxation

Similar to ionic dielectric polarization, proper enhancement of dipolar polarization
also has no negative impact on bandgaps, which can be utilized to improve the
dielectric constants, while additional care should be taken to restrict the dipolar
relaxation loss. Dipolar relaxation loss stems from interactions of dipoles with adja-
cent groups. Forinstance, fluorine has strong polarity while the strong interactions of
dipoles give rise to high polarization loss for polyvinylidene fluoride (PVDF) and its
copolymers, higher even than 30%.%**> Copolymerization or multilayer compressed
structures are proposed to restrict the large scales of motion of dipolar groups, but
the loss at elevated temperatures remains high.*® To decouple the interactions of di-
poles, rigid segments are incorporated to create a larger free volume. Nevertheless,
rigid groups themselves cannot rotate flexibly. Accordingly, a strategy that com-
bines rigid and flexible segments is proposed to explore polymers with strong
dipolar relaxation and low loss.”’*® The rigid segments contribute to high glass
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Figure 5. Integrated and informatics-experimental philosophy for rational material exploration
and design

Reprinted with permission from Wu et al., ACS Appl. Mater. Interfaces. 13, 45 (2021) Copyright 2021
American Chemical Society.*”

transition temperature, and the flexible chains give rise to flexible rotation. The syn-
thesized polymers exhibit obvious sub-glass transition B and y relaxations and have
high dielectric constants of 4.8-6.6.7“% The low activation energy suggests that the
structure imparts polymers with a low-energy barrier for rotation of dipoles and thus
contributes to lower dielectric loss.

Based on the aforementioned concept of molecular engine, flexible segments and
rigid segments were combined strategically in POFNBs. Asymmetrically fluorinated
aromatic pendant groups with strong polarizability are bridged to the piston-like
backbone with flexible single bonds, endowing the system with strong dipolar relax-
ation (Figures 4D and 4E). For instance, m-POFNB exhibits high dielectric constants
(3.2) and a large bandgap of 4.84 eV simultaneously, relative to established high-
temperature polymers, e.g., 2.6 eV for Pl and 3.3 eV for PEIl. Coupled with the
high glass transition temperature of 178°C, data points of m-POFNB appeared as
outliers in the mutual inverse relationship of glass transition temperature, dielectric
constant, and bandgap (Figures 2 and AF).%7

BEYOND POFNBs: SCREENING POLYMER STRUCTURES USING THE
INFORMATICS-BASED APPROACH

The mutual inverse relationships among bandgap, Ty, and dielectric constant
indicated the complexity of polymer dielectrics design for high-temperature
and high-density energy storage. Purely based on empirical rules, it is challenging
to design a specific polymer with multiple paradoxically desired parameters. Be-
sides, the process of design, synthesis, and electrical characterization of a novel
dielectric polymer is tedious and inefficient. Such issues can be well addressed
with the integrated informatics-experimental approach for material explora-

tion’2,29,32,4W ,49-52

as illustrated in Figure 5.° Bandgaps, dielectric constants,
and glass transition temperatures of polymers can all be predicted through ma-
chine learning according to the repeat unit of polymers.*”>*** Based on appro-
priate screening criteria, polymers with large bandgap, high Ty, and relatively
high dielectric constants can be screened from a big design space of 13,000 poly-
mers with diversified chemical structures. The informatics-based approach can
greatly decrease the cost of following synthetic validation and electrical charac-

terization of polymer dielectrics.
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REMARKS AND OUTLOOK

In summary, restricted by the mutual constraints originating from the inverse relationship
of bandgap versus T and bandgap versus dielectric constant, a concerted molecular en-
gineering co-designs approach is elucidated for novel polymer dielectrics with balanced
key parameters. In commodity high-temperature polymers, aromatic structure contributes
to the superior thermal stability of polymers, while the conjugation can also reduce the
bandgap, leading to high conduction loss, low breakdown strength, and poor energy-
storage performance. Decoupling of the conjugation through molecular design unleashes
a new route to maintaining a large bandgap. Dipolar relaxation can be utilized to further
improve the dielectric constants without sacrificing the bandgap. Beyond POFNBs, to
accelerate the targeted exploration of polymer dielectrics, material informatics based
on first-principle computations and data-driven investigation shall be pursued to assist
and accelerate the novel polymer dielectrics design. Lastly, flexibility and ease of process-
ing should always be paid close attention for designing polymer dielectrics.
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