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ic performance via dipole density
and hydrogen bonding interaction towards high-
temperature capacitive energy storage polymers†

Feng Zhou, Chong Tian, Lei Huang, Yunfeng Jiang, Fuqi Zhao, Na Yang, Dandan Yuan
and Xu-fu Cai *

In addressing the critical demand for high-performance dielectric materials in advanced energy storage

systems at elevated temperatures, this study introduces a molecular engineering strategy integrating

copolymerization and polymer blending to optimize dipolar polarization in polyurea-based dielectrics. By

systematically modulating the intrinsic molar polarizability through controlled incorporation of small

molar volume m-phenylenediamine, here we constructed a novel high dipole density co-polyurea with

an enhanced dielectric constant. Blending this co-polyurea with polyetherimide disrupted intermolecular

hydrogen bonding partially, enhancing free volume and dipole mobility and thus increasing orientational

polarizability. Experimental characterization revealed that the 1 : 1 blend exhibited a remarkably increase

in the dielectric constant (7.13), more than twice that of PEI, alongside low dielectric loss (0.0084), high

breakdown strength (550 MV m−1) and exceptional dielectric thermal stability up to 150 °C. In addition,

the polymer blend demonstrated a higher breakdown strength and a lower leakage current density

compared to PEI. These properties enabled a discharged energy density of 4.6 J cm−3 with over 90%

charge–discharge efficiency at 150 °C and 400 MV m−1, surpassing conventional high-temperature

dielectrics. This work establishes a scalable approach to balance dipolar density and dipolar mobility in

polar polymers through copolymerization and blending, offering transformative insights for next-

generation dielectric capacitors in high-temperature environments.
1. Introduction

The recent boom in the development and application of
renewable energy sources, such as photovoltaics, wind turbine
generators, and electric and hybrid electric vehicles, has
generated a signicant demand for dielectric capacitors.1–4 For
decades, the state-of-the-art polymer dielectric has been biaxi-
ally oriented polypropylene (BOPP) because of its high break-
down strength (>700 MV m−1) and low energy loss (tan d,
<0.02%) at room temperature.5,6 However, BOPP has a low
dielectric constant (3r) of 2.25, resulting in a lower energy
density and signicant volume of the devices.7,8 In addition, for
the BOPP capacitors, the maximum operating temperature is
lower than 100 °C, limiting their application under high-power,
high-current and elevated-temperature conditions, where the
maximum temperature can reach up to 150 °C.9,10 Tomeet these
demanding requirements, dielectric polymers with a high
dielectric constant, low loss and high temperature resistance
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are urgently needed for lm capacitors in advanced electronic
circuits and power systems.11–14

Historically, high glass transition temperature (Tg) polymers
such as polyimide (PI), polyetherimide (PEI), and poly(ether
ether ketone) (PEEK) have been recognized as preeminent high-
temperature dielectric materials, primarily due to their elevated
Tg values and outstanding thermal stability.15–17 These proper-
ties enable them to maintain structural integrity and dielectric
functionality under severe thermal conditions, positioning
them as industry standards for high-temperature applica-
tions.11,18 A notable limitation of these established polymers,
however, lies in their relatively modest dielectric constants. At 1
kHz and room temperature, for example, PI and PEI exhibit
values around 3.1, while PEEK shows a slightly higher but still
moderate value of 3.4.12 Such underwhelming dielectric
responses restrict their effectiveness in advanced electrical
systems that require strong polarization capabilities alongside
thermal resilience. As a result, the development of next-
generation high-temperature polymeric dielectrics that can
integrate both a high dielectric constant and low dielectric loss
remains a signicant scientic and engineering challenge.19–21

In the quest to further elevate the dielectric properties of
polymer dielectrics, a prevalent strategy in materials science
entails the incorporation of nanostructured llers into polymer
This journal is © The Royal Society of Chemistry 2025
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matrices to fabricate nanocomposites, with reported energy
densities reaching up to 5.19 J cm−3 and an efficiency of 80% at
150 °C (PEI/Al2O3@ZrO2).22–24 Yet, the transformative potential
of this nanocomposite approach has been overshadowed by two
interrelated technical bottlenecks. The rst challenge lies in the
inadequate homogeneous dispersion of inorganic nano-
structured llers within the polymer matrix, a deciency that
not only induces signicant batch-to-batch performance uc-
tuations but also necessitates reliance on low-dimensional
nanollers (such as nanosheets or nanowires).25,26 In addition,
these llers, characterized by low synthetic yields and high
production costs, pose a substantial barrier to the scalable
manufacturing of capacitor lms.27 Compounding this, high-
energy-density nanocomposites frequently suffer from subpar
charge–discharge efficiencies (usually <70%), a shortfall that
can trigger rapid thermal escalation during cyclic operation.22,28

Consequently, in the pursuit of enhancing energy storage
capabilities in polymer dielectrics, contemporary research has
increasingly centered on all-organic polymeric dielectrics, with
a notable emphasis on constructing PVDF-based ferroelectric
polymers.29–31 However, empirical investigations reveal a persis-
tent limitation: despite extensive molecular modications
including copolymerization,32–34 nanocomposite fabrication,35–37

and crystal phase engineering,38–40 polarization coupling effects
within these ferroelectricmatrices remain incompletelymitigated,
particularly under intense electric eld conditions.7,16 This unad-
dressed coupling phenomenon gives rise to pronounced ferro-
electric hysteresis loss and escalated conduction losses at high
elds. Together, these factors impose a ceiling on energy conver-
sion efficiency and are not suitable for elevated temperatures.

Another viable approach for developing all-organic poly-
meric dielectrics involves tailoring the polarization of linear
polymers.13,41 Through the incorporation of functional moieties
or side chains with specic dipole moments, the net polariza-
tion of polymers can be effectively boosted, thereby elevating
their dielectric constant.34,42–45 Among them, urea exhibits
a substantial dipole moment of 4.6 Debye, which is signicantly
higher than that of most polar functional groups, exhibiting
exceptional application value in this approach.46 The pioneering
research by Zhang's group rst explored aromatic polyurea
dielectric lms, which demonstrated a combination of advan-
tageous high Tg and dielectric properties: a relatively high
dielectric constant (∼4.2), an impressive Eb of 690 MV m−1, and
negligible leakage current, culminating in a high energy density
of 9 J cm−3 and a charge–discharge efficiency exceeding 95%,
with negligible uctuations in performance observed across
a broad temperature spectrum up to 180 °C.47–51 Building on
these foundational ndings, subsequent investigations into
high-temperature polyurea dielectrics have been conducted;
however, the key challenges persist, including balancing
dielectric constant with breakdown strength,52,53 mitigating
irreversible long-term thermal degradation,54–56 addressing
complex fabrication and resultant microstructural
inhomogeneity.2,55–57 To overcome these demands, effective
designmethodologies such as optimizing conjugatedmolecular
architectures, fabricating nanocomposite systems, and imple-
menting blending strategies have emerged.8,58
This journal is © The Royal Society of Chemistry 2025
The dielectric constant of polymeric dielectrics can be
calculated using the Clausius–Mossotti equation:

3r ¼
�
1þ 2Pm

Vm

���
1� Pm

Vm

�

where Pm and Vm denote the molar polarizability and molar
volume of atomic groups, respectively. According to the Clau-
sius–Mossotti equation, introducing structural units with high
molar polarizability or small molar volume can increase the
dielectric constant of dielectrics. In this work, we innovatively
propose incorporating m-phenylenediamine (MPD) as a third
monomer in the polyurea composed of long-chain aromatic
diamines. Regulating the ratio of the two diamines allows the
control of dipole density, enabling the synthesis of polyurea
with enhanced dielectric constants. Meanwhile, polymer
blending has been employed to tailor dipole–dipole coupling
and intermolecular interactions, modulating chain stacking
and spatial distribution to tune free volume and enhance
dielectric permittivity. This approach is inherently simple,
reliable, and amenable to large-scale industrialization, posi-
tioning it as a promising strategy for practical dielectric mate-
rial development.

Our work endeavors to develop a universally applicable
strategy for the design of high-temperature polymer dielectrics
utilized in capacitive energy storage, achieved through the
integration of molecular structure modulation and polymer
blending to optimize dipole-mediated intermolecular
hydrogen-bonding interactions. Initially, copolymerization was
employed to construct a novel polyurea framework and regulate
dipole density. Specically, MDI and 2,2-bis[4-(4-amino-
phenoxy)phenyl]propane (BAPOPP) served as primary mono-
mers, with MPD introduced as a comonomer to synthesize the
co-polyureas. Subsequent to copolymer synthesis, hydrogen
bond networks within the co-polyurea matrix were systemati-
cally disrupted by incorporating a non-hydrogen-bonding
dipolar glass polymer, PEI, through blending protocols. Exper-
imental results indicated that a 20 mol% MPD content yielded
co-polyurea with optimal dielectric characteristics (3r = 5.1, tan
d = 0.013), identied as the ideal candidate for blending with
PEI. Aer blending, the 1 : 1 blend exhibited a signicantly
enhanced dielectric constant of 7.13, more than twice that of
PEI, while retaining low dielectric loss (0.0084) and high
breakdown strength (550 MV m−1). Notably, both the dielectric
constant and loss demonstrated excellent thermal stability up
to 150 °C. In addition, the polymer blend demonstrated a lower
leakage current and a higher breakdown strength compared to
PEI, indicating improved insulation performance. The resultant
1 : 1 blend achieved a discharged energy density of 4.6 J cm−3

with a charge–discharge efficiency exceeding 90% at 150 °C and
400 MV m−1, highlighting its substantial promise for next-
generation high-temperature energy storage applications.

2. Materials and methods
2.1 Materials and synthesis of polyureas

All chemicals used for synthesizing the polyureas: BAPOPP,
MDI, MPD, anhydrous N-methyl pyrrolidone (NMP) and
J. Mater. Chem. A, 2025, 13, 24868–24879 | 24869
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Fig. 1 Synthetic route of MBPU-co-MPDn (a), 3D structure of MBPU-co-MPDn after geometric configuration optimization (b) and schematic
illustration of the dielectric film fabrication (c).

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 2
5 

Ju
ne

 2
02

5.
 D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

2/
20

25
 2

:5
3:

47
 P

M
. 

View Article Online
anhydrous methanol were purchased from Adamas-beta. The
commercially available PEI (Ultem 1000) was purchased from
Sabic. All chemicals and PEI were directly used without other
pretreatment or further purication in this work. The novel
polyureas (MBPU-co-MPDn, n represents the molar percentage
of MPD in the total diamines) were synthesized from the poly-
condensation of MDI, BAPOPP and MPD in N-methyl-2-
pyrrolidone (NMP), as shown in Fig. 1(a). Here, the synthesis
of MBPU-co-MPD10 was exhibited as a representative. BAPOPP
(9 mmol), MPD (1 mmol) and NMP were added into the reactor.
Aer complete dissolution, MDI (10.6 mmol) was added, and
the reaction mixture was stirred at 60 °C for 12 h under
a nitrogen atmosphere. Thereaer, the reaction solution was
rst diluted 10 times and then dropped into anhydrous meth-
anol to obtain the precipitate. Finally, the precipitated polyurea
was washed three times with anhydrous methanol and dried at
80 °C for 12 h under vacuum.

MBPU-co-MPDn:
1H NMR, d-DMSO, d, ppm, as shown in

Fig. S1:† 1.61 (C–CH3), 3.80 (Ar–CH2−Ar), 6.84–6.96 (Ar–H),
7.10–7.20 (Ar–H), 7.34–7.45 (Ar–H), 8.55–8.60 (HN–C(]O)–NH).
2.2 Fabrication of PEI/polyurea blends

All polymer blends were fabricated using the solution casting
method as shown in Fig. 1(b).50 For the standard operating
procedure, rstly, the blend solution was obtained by mixing
a certain amount of MBPU-co-MPDn and PEI in NMP (2 wt%)
and stirring at 60 °C for 24 h to completely dissolve the poly-
mers. Secondly, the thin lm was prepared by casting the
solution onto a clean glass slide and kept in a drying oven at 80 °
C for 12 h and 120 °C for 4 h to remove most of the NNP.
Thirdly, the as-received lm was annealed at 140 °C under
vacuum for 12 h to further remove any residual NMP. Finally,
the polymer blend lm was peeled off from the glass substrate
aer soaking in deionized water for 10 min, then the lms were
dried at 70 °C in a vacuum oven for 12 h.
24870 | J. Mater. Chem. A, 2025, 13, 24868–24879
2.3 Characterization

2.3.1 Chemical structure. Nuclear magnetic resonance
(NMR) spectroscopy was carried out on a Bruker AV III HD 400
MHz NMR instrument using deuterium-substituted dimethyl
sulfoxide. Fourier transform infrared spectroscopy (FT-IR) was
conducted on a Nicolet IS10 Fourier IR spectrometer with
a measurement wavenumber of 4000–400 cm−1. The intrinsic
viscosities ([h]) of the polyureas were determined using an
Ubbelohde viscometer based on the following equation:59

½h� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
�
hsp � lnhr

�q
c

where hr is the relative viscosity, hsp is the specic viscosity and c
is the concentration of the solution. The concentration of the
sample in NMP was 5 g L−1, and the measurements were carried
out at a constant temperature of 25 ± 0.1 °C. Multiple
measurements were performed for each sample, and the
average value was calculated from three trials. Gel permeation
chromatography (GPC) tests were carried out on an HLC-8320
instrument to evaluate the molecular weights of polyureas.
The number-average molecular weight, weight-average molec-
ular weight and polydispersity index were calculated and are
summarized in Table S1.†

2.3.2 Macro and micro-structure. The digital photos of the
dielectric lms were taken using a Redmi K40 mobile phone. X-
ray diffraction (XRD) patterns were measured using a Rigaku
Ultima IV X-ray diffractometer at room temperature. Scans were
performed from 5° to 50° at a speed of 5° min−1. Scanning
electron microscopy (SEM) photographs of the samples were
obtained on a Thermo Fisher Scientic Apreo S HiVoc scanning
electron microscope under high-vacuum conditions at an
acceleration voltage of 10 kV.

2.3.3 Thermal properties. The Tg of different blend lms
was tested and evaluated using a TA 850 dynamic thermo-
mechanical analyzer from room temperature to 280 °C, with
This journal is © The Royal Society of Chemistry 2025
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a temperature ramp rate of 5 °C min−1 under a nitrogen
atmosphere.

2.3.4 Dielectric properties. Before the characterization of
dielectric constant and dielectric loss, platinum metal elec-
trodes with a 20 mm diameter were deposited on both surfaces
of the polymer lms under vacuum conditions using a high-
vacuum resistive evaporation coating system. Broadband
dielectric spectroscopy was performed using a Novocontrol
Concept 50 spectrometer to measure dielectric constants and
loss tangents across a frequency spectrum of 102 to 106 Hz, with
temperatures ranging from room temperature to 150 °C. DC
breakdown strength evaluations were conducted using a DDJ-50
kV testing apparatus, applying a linear voltage ramp rate of
500 V s−1 during the measurements.

2.3.5 Energy storage performance measurements. The
uniaxial electric displacement-electric eld (D–E) hysteresis
loops served as the basis for deriving discharge energy density
(Ue) and energy storage efficiency (h). In this study, the Premier
II system manufactured by Radiant Technologies, Inc. (USA)
was utilized to measure the D–E loops of samples at room
temperature and 150 °C, respectively. The measurements were
conducted at a test frequency of 100 Hz with specimens
immersed in silicone oil, where triangular voltage waveforms
were applied to obtain D–E loops under varying electric eld
conditions. Moreover, the leakage current was also character-
ized under the same conditions.

2.3.6 Electrostatic potential calculation. The three-
dimensional molecular structures of PEI and MBPU-co-MPD20

were constructed using Materials Studio soware, with elec-
trostatic potential calculations performed based on density
functional theory (DFT).55 In balancing structural accuracy and
computational tractability, the DND basis set was selected
alongside the BLYP functional for optimizing the geometric
congurations of distinct polymer molecules.

3. Results and discussion

Polymer blending has been utilized as an economically viable
strategy for fabricating high-performance polymer dielectrics.60

The theoretical framework of blended polymer systems posits
that such composites can harmonize the advantageous prop-
erties of two distinct polymers. This is achieved through
deliberate manipulation of the condensed-phase structure
within the polymer matrix and optimization of the functional
attributes of organic polymer llers, ultimately leading to
enhanced energy storage capabilities in the resultant
materials.61

PEI, a widely used high-temperature engineering polymer
with a glass transition temperature exceeding 200 °C, exhibits
a relatively low dielectric constant. Given the high dipole
moment of urea, we synthesized polyurea with enhanced
dielectric constants through polymerization of diisocyanates
and diamines, subsequently incorporating it into PEI to form
polymer blends. From a compatibility perspective, BAPOPP was
selected as the diaminemonomer due to its structural similarity
to PEI. The dielectric constant of polymeric dielectrics can be
calculated using the Clausius–Mossotti equation:
This journal is © The Royal Society of Chemistry 2025
3r ¼
�
1þ 2Pm

Vm

���
1� Pm

Vm

�

where Pm and Vm denote the molar polarizability and molar
volume of atomic groups, respectively. According to the Clau-
sius–Mossotti equation, introducing structural units with high
molar polarizability or small molar volume can increase the
dielectric constant of dielectrics. Therefore, the longer molec-
ular chain of BAPOPP results in lower dipole density in the
resulting polyurea. To address this, we innovatively propose
incorporating MPD as a third monomer. Regulating the ratio of
the two diamines allows the control of dipole density, enabling
the synthesis of polyurea with enhanced dielectric constants.
The synthetic route is outlined in Fig. 1(a), with detailed
procedures described in the experimental section.

3.1 Chemical structure, dielectric constant and loss of
polyureas

The 1H NMR and FT-IR spectra of polyurea molecules with
varying diamine ratios are presented in Fig. 2(a) and (b). In the
FT-IR spectra, the absence of N]C]O absorption peaks at
2270 cm−1 across all samples indicates complete polymeriza-
tion. The broad peak at 3250–3450 cm−1 and the absorption
near 1550 cm−1 correspond to the stretching vibrations of the
N–H group in polyurea.19 Besides, the peaks at 2962 and
2930 cm−1 are assigned to methylene and methyl groups,
respectively. The characteristic carbonyl (C]O) stretching
vibrations appear at 1652 cm−1 (hydrogen-bonded C]O) and
1710 cm−1 (free C]O), conrming polyurea formation.62,63 The
peaks at 1360 cm−1 reect the stretching vibrations of CN
bonds.64 Additionally, the 1H NMR spectra show the disap-
pearance of the chemical shi at 5.4 ppm (attributed to NH2)
and the emergence of a new peak at 8.55–8.60 ppm (assigned to
NH–CO–NH),58 further conrming the successful synthesis of
polyurea.

The molecular weight of a polymer signicantly inuences
its properties. In this study, intrinsic viscosity ([h]) measure-
ments were conducted to compare molecular weight variations
across different polyureas. Specically, the ow time of polymer
solutions at identical concentrations was measured using an
Ubbelohde viscometer. As shown in Fig. 2(c), increasing the
proportion of MPD in the diamine mixture leads to a decrease
in intrinsic viscosity, probably due to the steric hindrance effect
of BAPOPP, which demonstrates the decrease in degree of
polymerization. Notably, when the MPD ratio exceeds 20%, the
intrinsic viscosity drops sharply, suggesting a substantial
reduction in molecular weight that could pose risks for subse-
quent performance testing. Moreover, the molecular weights
calculated through GPC tests maintain the same trend, and the
detailed results are summarized in Table S1.†

The dielectric constant (3r) and loss of the co-polyurea lms
with varying diamine ratios are presented in Fig. 2(d). Within
the test frequency range (102 to 106 Hz), the dielectric constant
decreases gradually with increasing frequency. Notably, the
dielectric constants of the lms exhibit a progressive enhance-
ment with increasing MPD content, attributable to elevated
dipole density arising from the strong dipole moments of urea.
J. Mater. Chem. A, 2025, 13, 24868–24879 | 24871
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Fig. 2 Chemical structure characterization of MBPU-co-MPDn: FT-IR (a), 1H-NMR (b), intrinsic viscosity (c) and dielectric properties (d).
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However, when MPD exceeds 20%, the dielectric constant
exhibits obvious frequency-dependent uctuations, closely
correlating with the drop in intrinsic viscosity. This behavior is
mainly attributed to increased chain-end effects in lower-
molecular-weight polymers, where elevated terminal group
concentrations disrupt long-range dipole alignment and intro-
duce structural heterogeneity. In the dielectric loss spectra,
minor MPD additions cause negligible changes, whereas
contents above 20% trigger signicant increases in loss tangent
and uctuations. Given these stability considerations, MBPU-
co-MPD20 was selected for subsequent blending with PEI.
3.2 Macro and micro morphology of the PEI/MBPU-co-
MPD20 blends

Polymer blending represents a scalable strategy to enhance
dielectric performance by modulating intermolecular interac-
tions, which in turn inuences chain packing and
Fig. 3 Digital photographs of PEI (a1), MBPU-co-MPD20 (a2), and the 1 : 1
DMA results of the loss tangent (c), and dielectric properties of the diele

24872 | J. Mater. Chem. A, 2025, 13, 24868–24879
morphological distribution. Prior to investigating PEI/MBPU-co-
MPD20 blends, we characterized the structural and thermal
properties of the lms to assess miscibility. Macroscopically, all
blended lms were transparent and homogeneous, with no
visual signs of phase separation, indicating a good compati-
bility between PEI and MBPU-co-MPD20 in Fig. 3(a). Scanning
electron microscopy (SEM) was employed to characterize the
microscale morphology of the blends. As depicted in Fig. 3(b),
all the blend lms exhibited smooth, defect-free surfaces
without discernible interfacial boundaries, primarily ascribed
to the robust intermolecular hydrogen-bonding interactions
established between the urea groups of polyurea and the polar
functional groups of PEI.

Moreover, thermodynamic compatibility was further probed
via Tg analysis.65 For miscible polymer systems, a single Tg
intermediate to the Tg of each component is expected, following
the Fox equation:
blend (a3), SEM images of different ratios of PEI : MBPU-co-MPD20 (b),
ctric films with different blend ratios (d).

This journal is © The Royal Society of Chemistry 2025
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1

Tg

¼ u1

Tg2

þ u2

Tg1

where Tg1 and Tg2 denote the individual Tg of each polymer, and
u1 and u2 are weight fractions. Here, dynamic mechanical
analysis (DMA) was applied to investigate the Tg of polymer
blends (Fig. S1†), and the peak of the loss tangent was
conventionally applied to determine the Tg of the polymer. As
shown in Fig. 3(c), the resulting thermograms revealed a single,
composition-dependent Tg for all blends, positioned between
the higher Tg of PEI and the lower Tg of polyurea. Increasing PEI
content systematically raised the values of the blends, reecting
improved thermal resistance relative to pure polyurea. Addi-
tionally, the excellent agreement between experimental Tg data
and Fox equation predictions underscores molecular-level
miscibility, as theoretical calculations closely matched
measured values across the composition range in Fig. 3(c).

Overall, the results of DMA and SEM provide robust evidence
for the high miscibility of the two polymers. The absence of
phase separation in both macroscopic and microscopic anal-
yses conrms that hydrogen bonding effectively promotes
molecular-level mixing, validating the suitability of this
blending strategy for dielectric property enhancement.
3.3 Dielectric properties of PEI/MBPU-co-MPD20 blends at
ambient and elevated temperatures

The dielectric properties of PEI, MBPU-co-MPD20, and their
blends at different ratios at room temperature and 1 kHz are
shown in Fig. 3(d). Notably, all the blends exhibit higher
dielectric constants than the original polymers, while the
dielectric loss values remain between those of the neat poly-
mers. As the PEI content increases, the dielectric constant
increases and reaches a maximum of 7.13 (at 1 kHz) with a low
dielectric loss of 0.0084 in the 1 : 1 blend, indicating increases of
115% and 39% over pure PEI and MBPU-co-MPD20, respectively.
With further increasing the PEI content beyond a 1 : 1 weight
ratio, a decrease in dielectric constant is observed. These results
suggest that orientational polarization from dipole rotational
vibrations in the blend is stronger than in the individual poly-
mers, and reaches a maximum at the 1 : 1 blend ratio. Moreover,
the dielectric frequency spectra also show minimal uctuations
across the tested range, demonstrating excellent frequency
stability.

For dipolar polymers, the Frohlich model describes the
dielectric constant as proportional to both the square of the
dipole moment (D) and the dipole density (N):

ð3rs � 3rNÞð23rs þ 3rNÞ
3rsð3rN þ 2Þ2 ¼ NgD2

930kBT

where 3rs and 3rN are the low-frequency and optical dielectric
constants, g is the correlation factor, 30 is the vacuum permit-
tivity, kB is Boltzmann's constant, and T is the relaxation time.
For the polymer blends, though blending may alter intermo-
lecular interactions, affecting chain mobility and dielectric
properties. However, as PEI content increases beyond 1 : 1, the
decrease in dipole density outweighs the positive effects of
This journal is © The Royal Society of Chemistry 2025
blending, causing the dielectric constant to decline. Here, the
1 : 1 blend was chosen as the optimal dielectric for subsequent
characterization.

Prior to characterizing the high-temperature dielectric
properties of the polyurea blends, temperature-dependent
dielectric spectra were measured for various co-polyureas to
evaluate the dielectric thermal stability of the pristine polyurea
matrix. As shown in Fig. 4(a)–(d), all co-polyureas exhibit
exceptional dielectric thermal stability, with MBPU-co-MPD20

demonstrating a superior dielectric constant across the
temperature range, validating its selection as the optimal co-
polyurea for blending with PEI. Owing to the inherent dielec-
tric thermal stability of the pristine polyurea and the high Tg of
the PEI/MBPU-co-MPD20 blend, all blended polymers retain
a stable dielectric constant and loss from 30 to 150 °C. Notably,
the 1 : 1 blend exhibits a signicantly enhanced dielectric
constant compared to both pure PEI and polyurea polymers.
Temperature-dependent dielectric spectra of PEI/MBPU-co-
MPD20 blends at different mass ratios (150 °C) are shown in
Fig. 4 and S2.†
3.4 Analysis of dielectric enhancement mechanisms

To further elucidate the mechanism of dipole motion
enhancement through blending, we conducted systematic
infrared spectroscopic investigations to quantify the strength of
intermolecular interactions in blend lms with varying
compositions.56,66 The evolution of hydrogen bonding networks
was analyzed through characteristic absorption bands of
carbonyl (C]O, hydrogen bond acceptor) and amine (N–H,
hydrogen bond donor) groups, where molecular interactions
manifest as distinct shis in peak positions and intensity
variations.67 Fig. 4(g) reveals the characteristic absorption
bands corresponding to hydrogen-bonded (1650 cm−1) and free
carbonyl (1775, 1715 and 1680 cm−1) groups.68 Evidently, the
MBPU-co-MPD20 spectrum exhibits a dominant sharp peak at
1650 cm−1 with negligible absorption at 1710 cm−1, indicating
extensive hydrogen bonding formation. Progressive incorpora-
tion of PEI induces marked attenuation of the hydrogen-bonded
C]O peak intensity. Similar hydrogen bonding effects are
observed in the N–H stretching region. The broad absorption
band at 3300 cm−1 for MBPU-co-MPD20, characteristic of
hydrogen-bonded amine groups, progressively diminishes in
intensity with increasing PEI content. These spectroscopic
observations conrm that the original N–H/C]O hydrogen-
bonding network in polyurea undergoes systematic disruption
upon PEI introduction, leading to weakened intermolecular
interactions.69 Moreover, quantitative analysis of hydrogen
bond dissociation was performed by calculating the relative
fraction of free C]O (Fig. S3†).70,71 As is evident from the data in
Fig. 4(h), the friction of free C]O demonstrates a nonlinear
dependence on blend composition, a sharp increase occurs up
to the 1 : 1 blend while remaining practically unchanged at
higher PEI concentrations. This transition correlates with
reduced dipole moment density in the blends, as PEI possesses
lower intrinsic dipole polarity and concentration compared to
MBPU-co-MPD20. Consequently, the dielectric constant reaches
J. Mater. Chem. A, 2025, 13, 24868–24879 | 24873
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Fig. 4 Dielectric constant and loss of MBPU-co-MPD0 (a), MBPU-co-MPD5 (b), MBPU-co-MPD10 (c), MBPU-co-MPD20 (d), PEI (e) and the 1 : 1
blend of PEI/MBPU-co-MPD20 (f) at 150 °C; magnified FT-IR spectra corresponding to the formation of hydrogen bonds (g), friction of free C]O
(h) and XRD spectra of PEI/MBPU-co-MPD20 blends (i).
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maximum enhancement at the 1 : 1 blending ratio, reecting an
optimal balance between dipole mobility and density.

Additionally, we employed X-ray diffraction (XRD) to inves-
tigate interchain packing and free volume characteristics in
polymer blends, providing additional insights into intermolec-
ular hydrogen bonding interactions. As depicted in Fig. 4(i), the
XRD pattern of pristine PEI exhibits no distinct diffraction
peaks, indicating its amorphous nature. In contrast to PEI, the
diffraction peak of MBPU-co-MPD20 exhibits greater promi-
nence. As the proportion of PEI increases within the blend,
a progressive broadening and attenuation of the diffraction
peaks are observed. This phenomenon suggests that the
incorporation of PEI disrupts intermolecular hydrogen bond
networks, thereby reducing the degree of molecular chain
alignment and ordered packing induced by such interactions.
Concomitantly, the XRD peak positions corresponding to 2q
angles demonstrate a gradual downshi with higher PEI
concentrations, revealing an expansion in average interchain
spacing.52 These XRD observations collectively suggest that PEI
incorporation effectively attenuates intermolecular hydrogen
24874 | J. Mater. Chem. A, 2025, 13, 24868–24879
bonding interactions, resulting in less compact chain packing
and augmented free volume compared to pristine polyurea.

The experimental evidences demonstrate that PEI weakens
the hydrogen bonds in the blend. Generally, the hydrogen
bonding network inherently restricts dipole orientation
through its strong intermolecular coupling. Therefore, the
observed dielectric enhancement in the blends arises primarily
from hydrogen bond disruption that directly facilitates dipole
realignment. Moreover, the blends also exhibit reduced chain
packing density and increased molecular free volume. These
synergistic effects collectively enhance dipole mobility within
the polymer matrix, thereby elevating the dielectric constant.
3.5 Insulating properties

Breakdown strength is a critical parameter for evaluating the
insulating properties of dielectric materials. It not only deter-
mines the maximum electric eld a material can withstand but
also indirectly inuences its energy storage performance.
Dielectric materials typically exhibit probabilistic breakdown
This journal is © The Royal Society of Chemistry 2025
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strength distributions due to variations in breakdown pathways
under electric elds. The characteristic breakdown strength of
the dielectric materials was statistically analyzed using a two-
parameter Weibull distribution function:57

PðEÞ ¼ 1� e

�
�
�

E
Eb

	b
�

where P(E) represents the cumulative breakdown probability, E
is the experimentally measured breakdown strength, Eb denotes
the Weibull characteristic breakdown strength at 63.2%
cumulative probability, and b is the shape factor related to
breakdown dispersion. Fig. 5(a) presents the Weibull charac-
teristic breakdown strengths of these polymer dielectric lms at
ambient temperature, with corresponding results shown in
Fig. 5(b). As polyurea content increases in the blend lms,
breakdown strength increases from 446 MV m−1 for pure PEI to
624 MV m−1 for MBPU-co-MPD20. Notably, MBPU-co-MPD20

exhibits a dielectric breakdown strength ∼1.3-fold higher than
PEI, primarily attributed to strong hydrogen bonding between
polyurea chains that induces compact molecular packing. This
dense structure, conrmed by XRD measurements, effectively
mitigates structural defects, promotes uniform electric eld
distribution, and enhances breakdown resistance. Even the 1 : 1
blend, though showing reduced breakdown strength relative to
Fig. 5 Weibull breakdown characteristics (a). Variation of breakdown stre
storage properties of PEI, MBPU-co-MPD20, and the 1 : 1 blend at 150 °C
MPD20 (e). HOMO and LUMO energy levels (f) of PEI and MBPU-co-MPD
150 °C (g). Reported discharged energy density of the advanced polym
Cycling stability of energy storage performance over 104 cycles at 150 °

This journal is © The Royal Society of Chemistry 2025
MBPU-co-MPD20, exceeds 550 MV m−1, demonstrating excellent
insulating properties. Moreover, the high Weibull shape factor
b further validates the reliability of the breakdown
measurements.
3.6 Energy storage performance

The polarization behaviors of PEI, MBPU-co-MPD20 and the 1 : 1
blend at room temperature and 150 °C were investigated using
unipolar D–E loops (Fig. S4†). At room temperature, all dipolar
polymers exhibit slim D–E loops, indicating that the incorpo-
ration of polyurea does not induce ferroelectric domains. When
heated to 150 °C, the loops gradually broaden with increasing
electric eld, suggesting enhanced dipole alignment and higher
dielectric loss under high-eld conditions. The energy storage
performance of the dielectrics was evaluated based on D–E
loops. By integrating the hysteresis loop, the discharged energy
storage density of dielectrics can be obtained. Additionally, the
charge–discharge efficiency, dened as the ratio of discharged
energy density to charged energy density, is also a key parameter
for dielectric materials. Low efficiency implies that most energy
stored during charging is dissipated as Joule heat rather than
electrical energy during discharge, leading to internal over-
heating and a sharp decline in breakdown strength. Thus, high
charge–discharge efficiency is crucial for both operational
ngth versus the mass ratio of PEI/MBPU-co-MPD20 blends (b). Energy
(c). Surface electrostatic potential distribution of PEI (d) and MBPU-co-

20. Radar chart of capacitive performance of PEI and the 1 : 1 blend at
er dielectrics at above 90% charge–discharge efficiency at 150 °C (h).
C (i).
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effectiveness and longevity. Fig. S5† and 5(c) exhibit the dis-
charged energy densities and efficiencies of dipolar polymers at
room temperature and 150 °C. While energy density increases
signicantly with electric eld, charge–discharge efficiency
gradually decreases due to conductive and polarization loss.
Beneting from the high dielectric constant and breakdown
strength, the 1 : 11 : 1 blended dielectric achieves a discharged
energy density of 5.1 J cm−3 with over 95% efficiency at 25 °C
and 400 MV m−1. Remarkably, the 1 : 1 blend retains excellent
high-temperature energy storage performance, delivering a dis-
charged energy density of 4.6 J cm−3 with over 90% efficiency at
150 °C and 400 MV m−1, almost 117% higher than that of pure
PEI.

In polymer dielectrics, elevated temperatures promote
electron-hopping conduction and charge carrier migration,
exacerbating conductive loss and reducing the energy storage
efficiency.72 As illustrated in Fig. S5,† the leakage current
density of PEI increases rapidly with the rise in electric eld
strength, whereas polyurea exhibits a lower leakage current
density that grows gradually as the electric eld increases. On
the one hand, the strong intermolecular hydrogen bond inter-
actions in polyurea enable more compact packing of polymer
chains, which restricts the movement of polymer segments and
effectively suppresses the expansion of charge migration path-
ways at high temperatures. On the other hand, results from
molecular electrostatic potential simulations indicate that pol-
yurea has a higher maximum positive electrostatic potential
than PEI (Fig. 5(d), (e) and S5†). This characteristic allows pol-
yurea to act as trap sites for capturing charges in an electric
eld, thereby further reducing the leakage current. Besides, the
calculated HOMO and LUMO energy levels are shown in
Fig. 5(f). The wider bandgap of the polyurea can further
suppress thermally or electrically induced carrier generation,
minimizing leakage currents. In the 1 : 1 blend, although the
leakage current value increases slightly, it still remains below
10−7 Amp cm−2, demonstrating excellent insulating properties.

The overall capacitive properties of PEI and the 1 : 1 blend at
150 °C are concluded in the radar charts in Fig. 5(g). In addi-
tion, Fig. 5(h) illustrates the discharged energy density of state-
of-the-art polymer dielectrics reported at above 90% charge–
discharge efficiency at 150 °C.22,26,56,57,72–80 Among them, the PEI/
MBPU-co-MPD20 blend in our work exhibited the highest dis-
charged energy density under 400 MV m−1, indicating the
potential of the PEI/MBPU-co-MPD20 blended polymer as
a promising candidate for high-temperature energy storage
applications.

The cycling stability of PEI and the 1 : 1 blended polymer
dielectric lm was investigated at 150 °C. As depicted in
Fig. 5(g), all dielectric lms maintain favorable stability over 10
000 cycles. Positioning it as a promising candidate for high-
temperature electronic applications.

4. Conclusions

The synergistic integration of co-polymer design and blending
methods demonstrated herein provides a robust strategy for
engineering high-temperature polymer dielectrics with
24876 | J. Mater. Chem. A, 2025, 13, 24868–24879
optimized energy storage capability. By strategically tailoring
the intrinsic molar polarizability through MPD incorporation
and disrupting hydrogen bonds via PEI blending, we overcame
the inherent trade-off between dipolar density and dipole
mobility in polar polymers, achieving a notable enhancement in
dielectric constant without compromising dielectric loss and
high-temperature dielectric properties. In addition, the polymer
blend demonstrated a lower leakage current and a higher
breakdown strength compared to PEI. The resultant co-
polyurea/PEI blend represents a discharged energy density of
4.6 J cm−3 with a charge–discharge efficiency exceeding 90% at
150 °C and 400 MV m−1, almost 117% higher than that of pure
PEI, for meeting the stringent requirements of next-generation
electrical systems. Our work exhibits a paradigm shi from
traditional ller-based composites, showcasing the power of all-
organic molecular engineering to address long-standing limi-
tations in dielectric materials.
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