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ABSTRACT: Dielectric polymers that can withstand harsh conditions of
simultaneous high electric field and elevated temperature are widely used in
electrical and electronic systems. However, traditionally, the thermal stability of
polymers is engineered based on highly conjugated aromatic molecular structures,
giving rise to soring charge transport and thus poor charge—discharge efficiency
under concurrent high electric field and elevated temperature. Here, we locally
improved the rotational flexibility of the phenylenediamine linkage structure in
polyetherimide (PEI) to decouple the conjugation of the organic molecule. p-
Phenylenediamine (S mol %) as a low-energy rotation repeat unit within PEI
significantly optimized its dielectric properties, exhibiting substantially suppressed
electrical conduction (more than 1 order of magnitude lower) and polarization loss
(<1%). The new PEI has a largely improved charge—discharge efficiency of 91% at
400 MV/m 200 °C, outperforming the best-reported polymer-based dielectrics
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without any modification of the cost of goods. The high-throughput facile processing of the new PEI provides a potential candidate
for energy storage applications under elevated temperatures. This work unveils a scalable approach to exploring polymer dielectrics

by introducing a small amount of local structural modifications.

apacitive energy storage with high power density is the

block the charge injection.'*

Although encouraging, further

key to electrification, pulsed power, and electronic
systems.'~* The flexibility and scalability of polymer dielectrics
coupled with their graceful failure characteristics impart them
with 1rreplaceable advantages compared to ceramic dielec-
trics.”> When applied under harsh conditions, electronic
systems with large band gap semiconductors and high power
density systems all need dielectric materials with superior
thermal stability that could withstand elevated temperatures of
>150 °C.“” However, biaxially oriented polypropylene
(BOPP), the best commercially available capacitor material,
cannot operate continuously when the temperature is above
100 °C.° Established polymers including polyimide (PI),
polyetherimide (PEI), and poly(ether ether ketone) (PEEK)
with better thermal stability suffered high conduction loss
under high electric fields.” Polymers that could function well
simultaneously at high electric fields and elevated temperatures
are urgently needed for a wide range of applications.
Although inorganic or organic additives with a large band

gap could suppress the high field conduction,’ '* the Received:  May 12, 2022 s
unscalable processing of polymer composite films brought Revised:  June 28, 2022 .-
huge challenges for industrial manufacturing.'”"” To improve Published: July 12, 2022 .\‘
the throughput and defect tolerance of inorganic coatings, ’! ‘*,':f
facile flow-induced self-assembly of two-dimensional (2D) -

montmorillonite (MMT) nanosheets coating was proposed to
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improvements in the electrical properties under extremely high
electric fields for the composite dielectrics are still limited by
the polymer substrate. A new polymer poly-(oxa)-
fluoronorbornene (POFNB) was strategically designed
through decoupling of the backbone conjugation, exhibiting
a large band gap and excellent thermal stability.” A large band
gap of polymers led to higher breakdown strength and
suppressed electrical conduction. Although polymers have a
large design space due to the widely variable chemical space,
modifying well-established polymers provides an efficient way
for rapid development of polymer dielectrics for industrial
applications considering the issues in scaling up. Here, we
modified the polyetherimide (PEI), a well-established high-
temperature polymer, by introducing small amounts of
structural modification to lower the energy for rotation. The

improved flexibility is expected to prohibit the localized defect
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Figure 1. Material design. Schematics of (a) m-phenylenediamine and (b) p-phenylenediamine in the polymer chain. (c) Rotational energy barrier

of the polymer chain.

states, the secondary factor compared to the band gap, by
enhancing the interchain interactions. A low polarization loss is
also beneficial for improved flexibility.

In this work, PEI with meta phenylenediamine (m-
phenylenediamine) linkage was synthesized using m-phenyl-
enediamine and 4,4’-bisphenol A dianhydride (BisDA). 4-fert-
Butylaniline was used as the end-capping (Figures S1—S7)."
Two, five, and ten percent of para-phenylenediamine (p-
phenylenediamine) marked as 2p-PEI, Sp-PEI, and 10p-PE],
respectively, were introduced to modify the polymer structure
of PEIL Figure la,b highlights the structure of m-phenylenedi-
amine and p-phenylenediamine linkage in the polymer chain.
All polymers are made into films with ~10 ym thickness by
solution cast for electrical characterizations. To reveal the
flexibility of the p-phenylenediamine linkage of the mod-
ification and the m-phenylenediamine linkage in the original
PEI, we compute the rotation energy barrier of the N
(imide)—C (aromatic) bond using molecular dynamics
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simulations, as shown in Figure lc. The rotation energy
barrier around the N (imide)—C (aromatic) bond for the
polymer chain with p-phenylenediamine linkage is lower than
that of the m-phenylenediamine linkage, e.g., the maximum
rotation energy barrier is decreased from 2.1 to 0.8 kcal/mol.
The computation confirmed the design strategy of improving
the local flexibility via the introduction of p-phenylenediamine
as a structural modification. Although the rotation energy
barrier of the linkage structure is significantly decreased, the
glass transition temperatures of modified PEI and PEI did not
show a significant change (~1%). From the DSC spectra in
Figure S6, PEI did not show any peaks relevant to the melting
process, indicating that PEI did not have any crystalline
structures. Therefore, the modification of the polymer
structure is considered a local change.

The energy storage properties under a high electric field
were investigated using the displacement—electric field loops
(DE loops) (Figures S8 and S9). It can be found that Sp-PEI
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Figure 2. Energy storage performance. (a) Efficiency of PEI in this work in comparison to those of commercial and best-reported polymer-based
dielectrics at 200 °C.°~'>'%"'® (b) Cyclic aging performance of 5p-PEI at 200 °C and 200 MV/m.

exhibits the highest discharge efficiency at room temperature
and 150 °C relative to 2p-PEIL, 10p-PEI, and original PEI
(Figure S10). As Sp-PEI has optimized energy storage
performance, systematic characterizations are performed
based on Sp-PEI in comparison to PEL The DE loops of 5p-
PEI and PEI under 200 °C were further investigated to obtain
energy storage performance at 200 °C (Figures 2a and S11 and
Table S2). With the increase in the electric field, the efficiency
decreases owing to the nonlinear increase in the electrical
conduction loss. At the working condition of BOPP capacitors,
200 MV/m, the discharged efficiency of PEI is 91%, while the
efficiency of Sp-PEI is 95%. Even at 400 MV/m, double the
working condition of BOPP, the discharged efficiency for Sp-
PEI is still as high as 91%. The discharge efficiencies of the
reported polymers or polymer composites at 200 °C are also
summarized in Figure 2a.”7'>'°""™ The maximum electric
fields under the DE loops measurement of Sp-PEI and PEI as a
function of the temperature are shown in Figure S12. The
maximum electric field of Sp-PEI is statistically much higher
than that of PEL At 200 MV/m and 200 °C (the working
condition of BOPP), Sp-PEI exhibits stable energy density and
high efficiency of >91% during 100 000 cycles of charging and
discharging (Figure 2b).

To better understand the energy storage mechanisms, the
dielectric constant and loss (dissipation factor) are presented
in Figure 3. With changes in frequency and temperature, the
dielectric constant is stable for both Sp-PEI and PEIL With the
increase in temperature from 40 to 150 °C, the dissipation
factor of Sp-PEI is nearly unchanged, while it is increased
slightly for PEI at lower frequencies. At 200 °C when the
frequency is <10 Hz, although the segmental relaxation of
polymer chains leads to higher polarization loss (dissipation
factor)," the dissipation factor for 5p-PEI still remains lower
than that of PEL. The better flexibility of p-phenylenediamine
relative to m-phenylenediamine imparts Sp-PEI with lower
dissipation factors probably due to the less energy dissipated in
the interactions of adjacent structures in the relaxation
processes.”’

The high field conduction arising from temperature- and
field-dependent charge injection and transport is the major
source of energy loss at elevated temperatures and high electric
fields.”'#*"** As the reported quasi-steady-state approach can
just deliver conduction current at lower electric fields,” we
designed a system to measure the electrical conduction under a
transient condition.”* The integrated conduction current at
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Figure 3. Dielectric polarization. (a) Dielectric constant and
dissipation factor of PEI and S5p-PEI as functions of frequency. (b)
Temperature dependence of the dielectric constant and dissipation
factor at 100 Hz.
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150 °C for PEI and Sp-PEI is presented in Figure 4. To
provide further insights into the conduction mechanism, the
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Figure 4. High electric field conduction of PEI and 5p-PEI at 150 °C.

hopping conduction model is utilized to calculate the
conduction current, as shown in eq 1

exp(%) — exp(—

2 (1)

where T is the temperature (Kelvin), J, is proportional to the
charge carrier density, e is the charge amount of the carrier, and
k is the Boltzmann constant. 4 is the hopping distance and E is
the electric field. Then, the integral conduction current (ICC)
is expressed as

ICC = f 7dt s

According to eqs 1 and 2, the experimentally investigated
integral conduction current can be fitted by the integral form
of the hopping conduction, as shown by the solid line. The
fitting results compare favorably with the experimental results
of the integrated electrical conduction current. According to
the fitting, the conduction current is also calculated and shown
in Figure 4. The conduction current is more than 1 order of
magnitude lower for Sp-PEI from a side-by-side comparison
with PEL In the hopping process, the hopping distance
between adjacent trapping sites for PEI is 2.1 nm, which is
reduced to 1.6 nm for Sp-PEL The kinetic energy of charge
carriers accumulated between adjacent trapping sites is AeE.
The shorter hopping distance of Sp-PEI impeded charge
carriers from accumulating more kinetic energy, thus
suppressing the conduction, especially at high electric fields.
To better understand the underlying mechanism, band gaps
are experimentally investigated and computed. Band gap can
be considered the major factor and the local state the
secondary one that determines the breakdown strength of
polymer dielectrics. Polymers with an intrinsically large band
gap are more likely to have higher breakdown strength and
lower conduction loss.”*"** Figure S14 shows the exper-
imental band gap plot for control PEI and PEI with structural
defects, where insignificant changes could be found for

eEA

2kT

I=J
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different polymer structures. It is reasonable because the
change in the polymer structure is a local modification.
Although the band gap values for original PEI and PEI with
different p-phenylenediamine amounts are similar (Table S3
Supporting Information), the density functional theory (DFT)
computation indicates different densities of states (DOSs) for
PEI and modified PEI (Figure S13). The topological disorder
of polymer chains through weak van der Waals force leads to
localized states.”> The structural modification is likely to
strengthen the polymer chain interactions and thus modify the
localized states of band structures, leading to the lowered
hopping distance. Conjugated aromatic benzene rings are
generally introduced to enhance the thermal stability of
polymers. The locally improved flexibility of Sp-PEI can
decouple the pi—pi stacking and conjugation of the aromatic
groups, leading to suppressed charge transport.”

In summary, we introduce a small amount of structural
modification to PEI to improve the local rotation flexibility of
chains. The dissipation factor of 5p-PEI with 5% structural
modification is <1% owing to the improved flexibility. More
importantly, the electrical conduction loss at high electric fields
is suppressed by the incorporation of the structural
modification, attributed to the modified local defect states,
and thus lowered hopping distance. As a result, the new PEI
exhibits much higher efficiency, outperforming the best-
reported polymers and polymer composites at elevated
temperatures up to 200 °C. The strategy of incorporating a
tiny amount of structural modification through facile synthesis
and processing uncovers an effective way to modify polymer
dielectrics for harsh high-field-energy storage.

B EXPERIMENTAL SECTION

Material Characterizations. '"H NMR was performed through a
Bruker AVANCE 500 MHz spectrometer. The TMS was used as an
internal standard for the measurement. The glass transition
temperature was measured using DSC Q-100. Thermogravimetric
analysis (TGA) Q-500 was used for the thermogravimetric analysis.
The molecular weight was measured using a Waters GPC system. The
poly(methyl methacrylate) (PMMA) was used as a standard and
dimethylacetamide as the mobile phase. A KBr pellet method with a
Nicolet Magna 560 infrared (IR) spectrometer was used for the
Fourier transform infrared spectroscopy (FTIR) measurement. The
UV—vis spectrum was measured using Varian Cary UV—vis 5000 to
obtain the band gap. Polyetherimide films with a thickness of ~10 ym
were prepared by the solution cast.

Molecular Dynamics Simulations. Rotational barriers are
calculated for m-phenylenediamine- and p-phenylenediamine-incor-
porated PEI structures using molecular dynamics simulations. The
rotation barrier for these systems is computed by first varying the
orientation of chains attached to the phenyl rings followed by a
rotation of the ring itself keeping the chains fixed. Various
configurations thus obtained are relaxed using a conjugate gradient
minimization scheme using a Reax force field. The energies thus
obtained for various configurations show that the chain rotation for p-
phenylenediamine is the lowest, while m-phenylenediamine has the
highest barrier to chain rotation due to the presence of a doubly
conjugated ring in the PEI backbone. Moreover, similar behavior can
be seen for the rotation barrier computed for the phenyl rings. These
results show that PEI with the structure modification can reorient
itself and thus distribute external stress when subjected to external
stress.

DFT Computation. All DFT computations were performed using
VASP with a Perdew—Burke—Ernzerhof exchange—correlation func-
tional and a plane-wave energy cutoff of 400 eV. In the calculations,
PEI models were constructed by oligomers with two repeat units
(connected by defects) and optimized using the Monkhorst—Pack k-
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point meshes of 1 X 1 X 1. The electronic structure of PEI with and
without defects was estimated using HSE06 functional. The physical
and electronic structures of PEI are shown in Figure S6a,b.

Electrical Characterization. A Solartron SI 1260 frequency
response analyzer in combination with a Solartron 1296 dielectric
interface was used to measure the dielectric constant and dissipation
factor. DE loop was measured using a modified Sawyer—Tower tester
under a voltage of 100 Hz using a positive unipolar sinusoidal
waveform. Gold/palladium electrodes with a 3 mm diameter were
deposited on the surface of polymer films using the sputter coating
method.

B ASSOCIATED CONTENT
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