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Polymers are key dielectric materials for energy storage capacitors in
advanced electronics and electric power systems due to their high breakdown
strengths, low loss, great reliability, lightweight, and low cost. However, their
electric and dielectric performance deteriorates at elevated temperatures,
making them unable to meet the rising demand for harsh-environment elec-
tronics such as electric vehicles, renewable energy, and electrified transpor-
tation. Here, we present an all-polymer nanostructured dielectric material that
achieves a discharged energy density of 7.1J/cm3 with a charge-discharge
efficiency of 90% at 150°C, outperforming the existing dielectric polymers and
representing more than a twofold improvement in discharged energy density
compared with polyetherimide. The self-assembled nano-scale multi-
boundaries effectively impede the charge injection and excitation, leading to
more than one order of magnitude lower leakage current density than the
pristine polymer matrix PEI at high electric fields and elevated temperature. In
addition, the film processing is simple, straightforward, and low cost, thus this
all-polymer nanostructured dielectric material strategy is suitable for the mass
production of dielectric polymer films for high-temperature capacitive energy
storage.

Film capacitors, comprising polymer dielectric films sandwiched
between metallic electrodes, are characteristic of ultrahigh power
density, fast charge-discharge rates, high-voltage endurance, low
energy loss, great reliability and ease of processing, and low cost,
establishing them as critically important elements in modern electro-
nic devices and power systems'>. However, polymer dielectrics are
limited to relatively low working temperatures, and thus their film
capacitors fail to meet the demand for operating stably under harsh-
temperature conditions over 140 °C present in applications such as

electric vehicles, aerospace power electronics and underground oil/
gas exploration®™, For example, the best commercial capacitor films
represented by biaxially oriented polypropylene (BOPP) can operate at
temperatures below 105 °C”. When the temperature is higher than
85°C, BOPP film capacitors need to have a 30-50% voltage derating,
owing to the extreme deterioration of performance and lifetime'*".
During the past decades, substantial efforts have been made to
exploit a variety of engineering polymers with high glass-transition
temperature (7,>150°C) for high-temperature film capacitors'®"”. It
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was found that on the one hand, T, is the key parameter for high-
temperature dielectric polymers’, as the temperature above T, poly-
mers lose their electromechanical and dimensional stability and exhi-
bit large variations in dielectric performance with temperature. On the
other hand, although these high-T, polymers work reasonably well at
low electric fields and high temperatures, the sharp increase of leakage
current at high electric fields (>300 MV/m) and high temperature
causes large conduction loss and a large reduction of the breakdown
field, resulting in poor charge-discharge efficiencies (1) and low dis-
charge energy density (U)’, even at the temperature is well below 7 of
the polymers. Therefore, suppressing the generation and transport of
charge carries at high applied electric and thermal fields in high-T,
dielectric polymers, which cause an exponential increase of leakage
current, is essential for high-temperature dielectric capacitors.

To address this challenge, several innovative approaches’**%15-24
have been developed that effectively hinder electrical conduction, and
achieve high n and U, at elevated-temperature and high electric field.
Incorporating wide bandgap inorganic nano-fillers such as boron
nitride nanosheets (BNNS)”* and Al,03°*** and high-electron-affinity
molecular semiconductors™”** into polymers to form the polymer
composites results in more than one order of magnitude reduction in
the conductivity and substantially increased capacitive performance at
elevated temperatures. Controlling arrangement or orientation of
nanofillers in polymers or surface-coated inorganic layers in the
polymer films to fabricate stratified”® or multilayer polymer films'**2
show effective in impeding the charge injection and transport and
results in significant reduction of conduction loss and improvement of
U, and n at elevated temperatures and high electric field. Facile
monomer design and synthesis®'**° and crosslinking of polymers®-*,
which introduce deep tarps, also present effective in improving
capacitive performance at elevated temperatures and high electric
fields. However, there are substantial challenges in translating these
strategies for producing large-scale/low-cost high-performance
dielectric polymer films for commercial applications'. The introduc-
tion of inorganic nanofillers, suffers from low yields and high-cost
nanofillers, uniformity, and repeatability of polymer nanocomposite
films due to poor compatibility of nanofillers with polymers. The high
loading of nanofillers even causes voids and cracks in polymer films
and deteriorates film properties and processability. Other strategies,
such as multilayer fabrication, monomer synthesis, and crosslinking,
require multistep, complex, and low yields manufacturing processes,
which make mass production of these polymer dielectric films difficult.

Polymerization-inducted microphase separation (PIMS)*? is a
useful and widely used strategy to develop unique nanostructured
materials through the microphase separation of emergent block
copolymers or blends of thermoplastic/thermoset systems during
polymerization. In this process, nanostructures are formed with two
chemically independent domains, where one domain is composed of a
robust crosslinked polymer. In high voltage insulators, barriers formed
between two dielectrics of different band structures have been shown
effective in blocking charge injection. We hypothesize that dielectric
polymer films with the self-assembled nano-scale multiboundary in
dielectrics can be effective in impeding the charge excitation and
transport even under high temperature and high electric field, which is
similar to multilayer containing inorganic layers.

In this work, we demonstrate that the PIMS strategy can be
effectively applied to prepare highly scalable and low-cost high-tem-
perature all-polymer nanostructured dielectrics (PNDs). The PNDs with
self-assembled nano-scale multiboundary based on the blends of high-
T, engineering polymers and thermosetting resin monomers exhibit
superior high-temperature capacitive performance. We chose poly-
etherimide (PEI)*® as the high-T, engineering polymer, which is com-
mercially used in high-temperature film capacitors owing to its high
glass transition temperature (T;=~217 °C) and easy processability. A
commercial bismaleimide (BMI)* monomer (2,2-bis4-(4-maleimido-

phenoxy)phenylpropane), which has a band structure with large a
band gap (£, e.g., 5.74 eV) and low electron affinities (y = 0.60 eV), thus
forms high electron injection barrier at contact with PEI (Fig. 1a), was
selected as thermosetting resin monomers, see Fig. 1b for BMI mole-
cular structure. In addition, BMI has good compatibility with PEI due to
their both having bisphenol A and imide groups in the molecular
structure and is widely used in microelectronics and aerospace.
Indeed, the experimental results show that the self-assembled nano-
scale multiboundary structure effectively impedes the charge injection
and excitation, leading to more than 10 times reduction of leakage
current at high temperature and high fields, 30% enhancement in the
breakdown fields at high temperature (150 °C), compared with neat
PEL. Consequently, such an all-polymer nanostructured dielectric
material with self-assembled nano-scale multiboundary exhibits dis-
charged energy density of 7.1) cm™ with a charge-discharge efficiency
of 90% at 150°C, outperforming the existing dielectric
polymers®"?%3240-42 and showing a more than two-fold increase in
discharged energy density compared to neat PEI. Moreover, compared
to the approaches reported in the literature, film processing is much
simpler, straightforward, and low-cost, paving the way for mass fab-
rication of high-performance and high-quality polymer films required
for high-temperature film capacitors.

Results

Fabrication of PNDs and structural characterization

The fabrication pathway of all-polymer nanostructured dielectrics is
presented in Fig. 1c and d, which involves blending BMI monomers
with high-T, PEI to form a homogeneous solution, polymerization-
induced microphase separation, and in-situ crosslinking to form well-
defined nanostructured dielectric films. The BMI monomer is first
blended with a high-T, PEI to form a homogeneous solution. Then, the
blended film precursors comprising high-T; PEl with BMI monomers
are prepared by solution casting of the above homogeneous solution.
Upon being subjected to heat treatment at temperatures between 170
and 200 °C, BMI monomers embedded in the blended film precursors
would melt and flow between the molecular chains of the high-T, PEI
matrix, due to their lower melting points than the heating tempera-
ture; simultaneously, the in-situ free radical polymerization of the BMI
monomers is triggered, inducing the chain-extension reaction and
cross-linking reaction of maleimide double bonds, and nano-sized
phase separation occurs at a critical conversion. After post-curing at a
temperature over 200 °C, more maleimide double bonds are con-
verted into bonding points by in-situ crosslinking, forming a dense
cross-linking network that endows the resulting well-defined PNDs
with robust structural stability and flexibility.

A series of structural characterizations were carried out on the
nanostructures formed. Figure le presents scanning electron micro-
scope (SEM) images of the cryo-fractured surface of PNDs, revealing
that percolated nanodomains with an average particle size of about 60
nanometers are evenly distributed through the dielectric material,
forming the self-assembled nano-scale multiboundary. The percolated
nanodomains (crosslinked BMI) are produced by a spinodal decom-
position process, and the coarsening of the BMI nanodomains is
kinetically restricted by the high viscosity of high-T, engineering
polymeric frameworks (e.g., PEI). Presented in Fig. 1f are TEM images
showing the percolated BMI nanodomains in PNDs. In PND materials,
the interfacial area is directly proportional to the BMI sphere content
and inversely proportional to their diameter. The interfacial area
coefficient is defined as the ratio of content to diameter. As shown in
Figure S1, although the average particle size of BMI domains increases
with increasing BMI content, the maximum interfacial area coefficient
is achieved at a BMI content of 25 wt.%.

We performed a Fourier transform infrared (FTIR) study of the in-
situ free radical polymerization of the BMI monomers in blended film
precursors after heat treatment and the results are presented in Fig. 1g.
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Fig. 1| Material preparation and microstructures. a Energy-band diagram of PEI
and BML. x represents the electron affinity, and E, denotes the band gap.

b Molecular structure of the BMI monomer. ¢ Schematic of the preparation of PND
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radical polymerization of the BMI monomers. e Scanning electron microscopy
(SEM) image and (f) Transmission Electron Microscopy (TEM) image of a PEI/BMI
PND film. (g) Fourier transform infrared spectra of pristine and crosslinked BMIs in
PEI/BMI PND films.

The peak around 1620 cm™ is from the stretching vibration of C=C in
BMI, which is greatly reduced after in-situ cross-linking, indicating that
most of the C=C bonds had been polymerized*’. Furthermore, dif-
ferential scanning calorimetry (DSC) and X-ray diffraction (XRD) were
employed to characterize the aggregation structure. The PNDs
exhibited higher 7, than the pristine PEI molecular network
(Figure S2a), owing to the good compatibility between crosslinked BMI
nanodomain and PEI matrix enabled by similar molecular structure.
The enhanced T originates from a strong intermolecular interaction
between the BMI nanodomains and the PEI molecular network. XRD
data reveal that the PNDs exhibit a broad amorphous scattering peak at
a higher 26 angle (Figure S2b), which corresponds to the smaller
interchain spacing. A substantially increased elastic modulus of PNDs,
compared with pristine PEI, is also observed (Figure S2c), consistent
with the dense cross-linking network in BMI nanodomains and good
compatibility between BMI nanodomains and PEI matrix. The
enhanced elastic modulus of the polymers will favor the increase of
their dielectric breakdown strength, as the elastic modulus of poly-
mers plays a vital role in determining the breakdown strength
according to the electromechanical breakdown mechanism*!. The
percolated BMI nanodomains with the dense cross-linking network in
the PEI matrix lead to a much lower coefficient of thermal expansion,
as shown in Figure S2d.

Dielectric properties and energy storage performance
We characterized the dielectric properties of the PNDs and the neat PEI
as functions of temperature and frequency. As presented in Figure S3,

the PNDs show stable dielectric constant K and dissipation factor DF in
temperatures to 200 °C and frequency range 10-10°Hz (Figure S3b). In
the frequency range of 0.1-1 Hz, both the K and the DF of PND and pure
PEI show slight increase with reduced frequency. This indicates the
presence of interfacial polarization in both PNDs and PEI at low fre-
quencies. The capacitive energy storage performances of PNDs at
elevated temperatures were characterized by electric displacement-
electric field (D-E) loops (Figs. S4 & S5). The slimmer D-E loops of the
PNDs are indicative of lower energy loss than that of pristine PEIL The
assessment is particularly focused on the U, achieved at a high ;7 level
(i.e., >90%)". As shown in Fig. 2, the PND with composition of PEI/BMI
75/25 exhibit substantially enhanced U, and n at elevated tempera-
tures, in comparison to those of pristine PEL. The high n of the PND at
elevated temperature corresponds to the slim D-E loop in contrast to
the lossy one in pristine PEI (Fig. 2b-f). At 150 °C, the PND with com-
position of PEI/BMI 75/25 delivers a discharged energy density U,
exceeding 7.1 Jem™ with n of larger than 90%, whereas that of the
pristine PEl is 3.1 Jem™. More remarkably, at 200 °C, the PND with
composition of PEI/BMI 75/25 generates an U, of 4.4) cm™ with 5 of
larger than 90%, which is over twice that of pristine PEI (i.e., 1.7 cm™).
Notably, the PND in this work stands out from both the commercially
available capacitor films and the latest reported all-organic dielectric
polymers at 150 °C (Fig. 2¢)>""?5324042 dye to its high U, and low-cost
and straightforward film processing. In particular, such high U, of the
PND at 17>90% achieved at 200 °C is also higher than that of BOPP
(4.0J cm™) at the room-temperature". Figures S8 and S9 present the
discharge energy density and charge-discharge efficiency of PNDs with
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Fig. 2 | High-temperature energy storage performance of the PNDs. a Field-
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composition of PEI/BMI 75/25 and other reported high-temperature dielectric
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150 °C and (b) 200 °C. c Electrical conductivity under 200 MV/m at different temperatures. d TSDC spectra.

different BMI contents. The highest discharged energy density and
charge-discharge efficiency are achieved at a BMI content of 25 wt%,
which also corresponds to the maximum interfacial area coefficient
(Figures S1d). These results indicate the significant role of self-
assembled nano-scale multiboundaries in enhancing high-
temperature dielectric energy storage performance.

The dielectric breakdown process of the PNDs was measured at
elevated temperatures, with F, determined by a two-parameter Wei-
bull statistical analysis. Figures 2d and S6 compare the £, and char-
acteristic breakdown parameters (3 value) at different temperatures of
the PND and pristine PEL. Notably, the PND exhibits improved £,
compared with the pristine PEI, especially at elevated temperatures
(Fig. 2d). For instance, at 150 °C, the PND has an £, of 709 MV/m, while
the pristine PEl is only 550 MV/m. The E, of PND at 150 °C is also higher
than those of most of currently reported high-temperature polymers,
such as 377 MV/m for PEI*, 400 MV/m for PEEU’ and 641 MV/m for CS-
ODA? (Fig. S7). Additionally, a pronounced increase of the S value is
found in the PND, e.g., 27.6 of PND vs. 16.9 of pristine PEI at 150 °C, and
45.5 of PND vs. 19.7 of pristine PEI at 200 °C, denoting an increased
dielectric reliability of the PND films.

The PND films also outperform the pristine PEI matrices in cyclic
charge-discharge tests, indicative of greater long-term stability and
reliability at high temperatures and high electric fields. During over 50
000 charge-discharge cycles at 150 °C and 400 MV/m (much higher
than operating condition, i.e.,, 200 MV/m, of capacitors in common
power systems such as electric vehicles), the U, of the PND only fluc-
tuates within a slight variation of 0.45% and n maintains at an ultrahigh
level of > 95%. By contrast, the pristine PEI can operate only up to 51
cycles at 150 °C and 400 MV/m, respectively (Fig. S10). The enhanced
durability is attributed to the significantly higher electric breakdown
strength of PND (Weibull £, 709 MV/m) compared to PEI (547 MV/m).
These results suggest that the PND is of great promise for reducing

waste heat and prolonging the service life of dielectrics in practical
applications.

We evaluated the ability of PND to form uniform, high-quality
films by casting large PND films with dimensions of 20 cm x 30 cm. We
measured the breakdown strength and discharged energy density at
different regions of the film at 150 °C. The results showed high con-
sistency across the different regions (Fig. S11), indicating that the film
was uniformly manufactured without uniformity issues. These findings
suggest that PND is suitable for the mass production of large-area,
high-quality films.

Electrical conduction and charge trapping

The superior performance of PNDs over the high-T; PEI matrix stems
from its substantially reduced high-filed leakage current at elevated
temperatures. Figure 3a and b shows the dependence of the leakage
current density of the PNDs on the applied field at 150 °C and 200 °C,
and compared with pristine PEI. Obviously, the current density of PNDs
is much lower than that of pristine PEI at all the measured electric
fields, for example, the leakage current density decreases from
2.1x1077 A/cm? of pristine PEI to 1.09 x 1078 A/cm2 of PNDs at 200 MV/m
and 150 °C. PNDs exhibit more than one order of magnitude lower
electrical conductivity than that of pristine PEI at 200 MV/m and ele-
vated temperatures (Fig. 3c).

The high-filed leakage current results confirm that the PND films
with self-assembled nano-scale multiboundary are capable of imped-
ing electrical conduction, especially at high electric fields. We used the
thermally stimulated depolarization currents (TSDC) to characterize
the possible deep traps in PNDs and comparison with the pristine PEI.
As presented in Fig. 3d, the depolarization current peak corresponding
to the de-trapping of charge carriers in all-polymer nanostructured
dielectrics is located at a higher temperature than that of pristine PEI
The trap energy level is calculated from TSDC curves according to the
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initial rise method* (Fig. S12). A larger trap depth of 1.81eV was
determined for the PND compared with neat PEI (1.35 eV), suggesting
the critical role of self-assembled nano-scale multiboundary in intro-
ducing deep traps in the polymer, which inhibits the mobile charges
when excited at high electric fields and elevated temperatures.

We used the trap levels determined from TSDC and the bulk phase
limited Pooler-Frenkel emission*® to fit the leakage currents of PNDs as
well as the neat PEI. As shown in Fig. 3a and b, the fitting curves match
the measured leakage currents of the PND well, especially at electric
fields higher than 100 MV/m (the solid curves). In contrast, such fitting
using a trap depth of 1.35 eV does not match the leakage currents of
neat PEI, suggesting other conduction processes such as carrier hop-
ping may also be present, which generated a high leakage current.
Figure 3c presents the electrical conductivity ¢ under 200 MV/m
measured at various temperatures. PND exhibits much lower o at high
temperatures, compared with the neat PEL

The TSDC in conjunction with the leakage current density results
corroborate that the self-assembled nano-scale multiboundary in all-
polymer nanostructured dielectrics have major impacts on the charge
injection, excitation, and capture in dielectric polymers, which are
effective in immobilizing the free charges. The low leakage current
density and low electrical conductivity of PNDs resulted in the high-
temperature capacitive performance in terms of U,, 1, and £, as shown
in the experimental results above-mentioned.

In addition to lowering the leakage current, the PND also exhib-
ited a higher elastic modulus than the neat PEIl, as presented in Fig-
ure S2c, which may also play a role in the higher £, of PND than that of
PEI, considering the electromechanical (EM) breakdown in polymers.
The EM breakdown is caused by the electrostatic force from the
charges at the electrodes and hence the breakdown strength is pro-
portional to /Y/K, where Y is the elastic modulus and K is the

dielectric constant*’. From Figs. 2d and S2c, the increased Y of PND is
too small to account for the observed increase of £, of PND, especially
at high temperatures. In addition, E;, deduced from the EM breakdown
is much higher than that in Fig. 2f.

Energy storage and electric performance of PC-based PNDs

To demonstrate the versatility of the PIMS approach, in addition to PEI,
another high-7, dielectric polymer, polycarbonate (PC, 7,~180 °C),
was also employed as a matrix to prepare PNDs with self-assembled
nano-scale multiboundary. As shown in Fig. 4, in analogy with the PEI-
based PNDs, the PC-based PNDs also exhibit significant improvement
in capacitive energy storage and electric performance. Specifically, PC-
based PNDs discharged an U, exceeding 6.1 Jcm™ with n of larger than
90% at 150 °C, whereas that of the pristine PC was 1.4 Jcem™. The E, was
increased from 484 MV/m of pristine PC to 688 MV/m of PC-based
PNDs at 150 °C. The enhancement of PC-based PNDs also stems from
its substantially reduced high-filed leakage current at elevated tem-
peratures. The PC-based PNDs exhibit more than one order of mag-
nitude lower leakage current density than that of pristine PC at 150 °C,
for example, the leakage current density decreases from 4.78x107 A/
cm2 of pristine PC t0 9.66x1078 A/cm2 of PC-based PNDs at 200 MV/m.
The PC-based PNDs also have much deeper trap depth and trap density
compared to pristine PC, as shown in the TSDC curves with increased
intensity of depolarization current peak and peak temperature.

Discussion

In summary, we demonstrated all-polymer nanostructured dielectric
materials with self-assembled nano-scale multiboundary prepared by
polymerization-induced nano-sized phase separation in the blends of
high-T, engineering polymers and a thermosetting BMI resin. The all-
polymer nanostructured dielectric materials showed significantly
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enhanced high-temperature capacitive performance that outperforms
most current dielectric polymers. The percolated self-assembled nano-
scale multiboundary in PNDs impedes the charge injection and exci-
tation of the mobile charges, resulting in the substantially reduced
high-filed leakage current at elevated temperatures and marked
improvements in the high-temperature capacitive energy storage
properties. Since the raw materials (e.g., BMI monomers and high T,
polymers) are readily accessible and very low cost, and the film pro-
cessing is simple and straightforward, this all-polymer nanostructured
dielectric materials strategy has the promise to address the challenge
in scalable fabrication of high-performance and high-quality polymer
films required for high-temperature capacitive energy storage.

Methods

Materials

PEI (Ultem 1000) and PC (HT200) were provided by PolyK Technolo-
gies, United States. Bis(tert-butyldioxyisopropyl)benzene (BIPB,
98.0%), Dimethylformamide (DMF, 99.5%), N-Methyl pyrrolidone
(NMP, 99.5%), and 2,2-Bis[4-(4-maleimidophenoxy)phenyl]propane
(BMI, 98.0%) were purchased from Aladdin Chemistry Co., Ltd., China.
All chemicals were used directly without further treatment.

Preparation of PND films

To prepare the PEI/BMI-based PND films, a 200 mg mixture consisting
of PEI pellets and BMI monomers in specified ratios (e.g., 100/0, 95/5,
75/25, 60/40, etc.), along with 1 wt.% BIPB relative to the BMI content,
was dissolved in 10 ml of NMP. The solution was stirred at 70 °C for
12 hours until it became clear and homogeneous. The solution was
drop-casted on a clean glass slide and kept in a drying oven at 80 °C for
12 hours to remove the solvent. Afterward, the films were further
heated at 180 °C for 2 hours, 200 °C for 2 hours, and 230 °C for 4 hours
under vacuum to trigger the polymerization of BMI monomers to
obtain nano-size separation of crosslinked BMIs with PEI matrix, as well
as to further remove any residual solvent. The cast film was peeled off
from the glass substrate in deionized water and then dried at 200 °Cin
a vacuum oven for another 12 h to obtain the free-standing films. To
prepare the PC/BMI-based PND films, a 200 mg mixture of PC powers
and BMI monomers in specified ratios (e.g., 100/0 and 80/20), along
with 1 wt.% BIPB relative to the BMI content, was dissolved in 10 ml of
DMF. The solution was stirred at 70 °C for 12 hours until clear and
homogeneous. It was then drop-cast onto a clean glass slide and placed
in a drying oven at 70 °C for 12 hours to evaporate the solvent. The
subsequent steps followed the same procedure as for the preparation
of PEI/BMI-based PND films.

Structural characterizations

Cryo-fractured cross-sectional micromorphology was examined with
focused ion beam-scanning electron microscopy (FIB-SEM) (FEI Scios,
Thermo Fisher). To study the phase morphologies of BMI domains,
thin film samples were prepared using an ultramicrotome and ana-
lyzed with a TECNAI G2-F20 transmission electron microscope (TEM).
Fourier-transform infrared (FTIR) spectroscopy was conducted on a
Nicolet iS10 (Thermo Scientific) FTIR spectrometer. Differential scan-
ning calorimetry (DSC) measurements were performed under a
nitrogen atmosphere using a PerkinElmer DSC 4000, heating and
cooling rates of 10 °C/min. X-ray diffraction (XRD) analysis was carried
out on a Rigaku MiniFlex600 diffractometer (Cu Ka source, wave-
length = 1.54 A). The storage modulus of the films was determined
using a dynamic mechanical analyzer (DMA850, TA Instruments). The
coefficient of thermal expansion was measured with a TMA Q400
thermal mechanical analyzer (TA Instruments).

Dielectric and electrical measurements
The thickness of films used for electrical characterizations was in the
range of 10-15 pm. Gold electrodes (a diameter of 6 mm and

thicknesses of 60 nm) were sputtered on both sides of the polymer
films for electrical measurements. Broadband dielectric spectroscopy
was conducted using a Novocontrol Concept 80 Dielectric Spectro-
meter. Dielectric temperature spectra were measured from 25 °C to
200 °C for PEI/BMI-based PNDs and from 25 °C to 160 °C for PC/BMI-
based PNDs using a Keysight E4980AL LCR meter in conjunction with a
Sun Systems environment chamber. The breakdown strengths were
measured using Trek 610E, United States. The temperature was con-
trolled by a digital hot plate. The displacement-electric field (D-E)
loops were measured using a modified Sawyer-Tower circuit under a
unipolar triangle voltage with a frequency of 100 Hz. The cyclic
charge-discharge tests were performed by a PK-CPR1502 test system
from PolyK Technologies, United States.

Conduction currents were measured using a Keithley 6517B pA
meter and a Trek 610E amplifier. The TSDC was collected by a PK-
SPIV17 measurement system (PolyK Technologies, United States). The
PEI/BMI-based PND samples were polarized at 230°C under a
50 MV m™ field. Afterwards, the temperature was cooled to 100 °C at a
rate of 20 °C min™ under the applied field and then the electric field
was removed. TSDC current was measured using a Keithley 6517B
electrometer at a heating rate of 3°C min™. The PC/BMI-based PND
samples were polarized at 200°C under a 20MVm™ field. After
polarization, the sample was cooled to 100 °C at a rate of 20 °C min™*
under electric field and then the field was removed. TSDC current was
measured using a Keithley 6517B electrometer at a heating rate of
3°Cmin™.

DFT calculations

Density functional theory (DFT) calculations were performed using the
Gaussian 09 (Rev D.01). DFT is based on the first-principles calculation
and the wave functions of calculated molecules are determined
according to the solution of basic Schrodinger’s equation. In this work,
all geometries were fully optimized without symmetry constraints,
utilizing the B3LYP functional and 6-31G(d,p) basis set. The con-
vergence criteria for geometry optimization specified a maximum
force of less than 0.00045 Hartree/Bohr and a maximum displacement
of less than 0.0018 Bohr. Frequency calculations were performed to
verify that the optimized structures correspond to true minima, with
no imaginary frequencies. The HOMO and LUMO energy levels were
calculated based on the optimized ground state geometries. All cal-
culations were performed under vacuum conditions, excluding any
solvent effects in the model.

Data availability

The data that support the findings of this study are included within the
paper and its Supplementary Information file/Source Data file. Any
other relevant data are available from the corresponding authors upon
request. Source data are provided with this paper.
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