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A boronic acid-based neutral two-component
ferroelectric for piezoelectric energy harvesting
and charge-storage applications†
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Boronic acids, known for their nontoxicity, are environmentally friendly and are promising candidates for

developing all-organic ferroelectric materials due to their capacity to form polar co-crystals. Herein, we

present the first report of ferroelectricity in an amine-boronic acid co-crystal, AP�FPBA, containing

2-aminopyrimidine (AP) (acceptor) and 4-formylphenyl boronic acid (FPBA) (donor). AP�FPBA crystallizes

in the polar orthorhombic Pca21 space group and shows a distinctive rectangular polarization vs. electric

field (P–E) hysteresis loop with saturation polarization of 0.37 mC cm�2. Piezoresponse force

microscopic studies revealed the presence of the microscopic polar domain structures of AP�FPBA

along with the amplitude-bias butterfly and phase-bias hysteresis loops. Furthermore, the piezoelectric

energy harvesting experiments show the nanogenerator attributes of AP�FPBA with a resultant open

circuit voltage of 6.8 V. The capacitance of AP�FPBA was measured to be 13.05 pF, which led to its

utility for charge storage applications.

Introduction

Boronic acids are versatile reagents in main-group chemistry,
renowned for their exceptional utility in cross-coupling reactions.1,2

These compounds are considered environmentally friendly due to
their low toxicity and eventual breakdown into boric acid.1 Moreover,
the presence of geminal hydroxyl groups on the electron-deficient
boron atom enables boronic acids to form robust hydrogen-bonded
co-crystals with amines.3,4 Co-crystals are a fascinating class of
materials that offer the potential to modify physicochemical proper-
ties through diverse non-covalent interactions, such as hydrogen
bonds, halogen bonds, and p–p interactions.5–13 These rich non-
covalent interactions have endowed co-crystals with various prop-
erties, including photoconductivity,14 ambipolar transport,15

photovoltaics,16 high room-temperature conductivity,17,18 and
ferroelectricity.19,20 Among these properties, ferroelectricity in
small molecule-based systems has garnered significant atten-
tion in recent times due to the advantages of easy synthesis,

solution processibility, tunable chemical and physical properties,
and low toxicity.21,22 Although ferroelectricity was first discovered in
small molecular systems like Rochelle salt [KOOCCH(OH)CH(OH)-
COONa�4H2O]23 and KH2PO4 (KDP),23 the poor polarization attri-
butes and low Curie-temperature (Tc) values of these materials have
shifted the focus towards ceramic oxides like barium titanate,24 lead
zirconate titanate,25,26 and lithium niobate.27 However, the heavy
toxic metal content and high processing temperatures of ceramic
oxides have necessitated the development of organic and organic–
inorganic hybrid ferroelectric materials for use in miniature and
wearable electronics.21,28–33

Organic ferroelectrics are predominantly investigated in three
distinct categories: single-component, two-component, and multi-
component systems, classified according to their chemical com-
positions and the nature of their polar functionalities.34–39 While
single- and two-component systems exhibit inherent (intrinsic
or extrinsic) dipoles, multi-component systems manifest addi-
tional interactions, such as ion-dipole and dipole-induced
dipole interactions, resulting in the long-range polar order
requisite for ferroelectricity.40–42 In this context, ferroelectric
organic co-crystals, which amalgamate the properties of both
two- and multi-component systems, can yield robust polariza-
tion while simultaneously serving as non-toxic alternatives to
conventional heavy metal-containing inorganic ceramic
oxides.43,44 The judicious selection of donor and acceptor
moieties capable of forming stable complexes is paramount in
the design of organic ferroelectric co-crystals.45 Given that
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boronic acids can retain their acidic OH protons upon treat-
ment with bases,46 we postulated that highly dipolar co-crystals
with potential ferroelectric properties could be synthesized
using boronic acids and amines.

Employing this design strategy, we present an amine-boronic
acid co-crystal, AP�FPBA, comprising 2-aminopyrimidine (AP) and
4-formylphenyl boronic acid (FPBA), which crystallizes in the
ferroelectrically active orthorhombic Pca21 space group. The non-
centrosymmetry in this polar co-crystal is corroborated through
second harmonic generation measurements. The ferroelectric
nature of AP�FPBA is substantiated by polarization (P) vs. electric
field (E) hysteresis loop measurements, yielding a saturation
polarization (Ps) of 0.37 mC cm�2. The microscopic polarization
state of AP�FPBA is further verified through the observation of
characteristic amplitude ‘‘butterfly’’ and phase hysteresis loops
obtained via piezoresponse force microscopy (PFM) studies. The
direct piezoelectric strain coefficient (d33) of AP�FPBA is deter-
mined to be 6.5 pC N�1 using the Berlincourt method. A piezo-
electric nanogenerator device fabricated using as-synthesized
crystals of AP�FPBA generates an open circuit peak-to-peak
voltage (VPP) of 6.8 V under an applied load of 21 N. The
capacitance of a thin film of AP�FPBA is calculated to be
13.05 pF, confirming its potential as a charge-storage material.
Subsequent charge storage experiments conducted on its thin
film devices demonstrate substantial charging and discharging
characteristics. To the best of our knowledge, this represents the
first report of an organic material based on boronic acid that
has been comprehensively studied for its ferroelectric, piezo-
electric energy harvesting, and charge-storage properties.

Results and discussion
Synthesis, structure, SHG and thermal studies

The synthesis of the AP�FPBA co-crystal was achieved through a
mechanochemical process, involving grinding 2-aminopyrimi-
dine (AP) and 4-formylphenyl boronic acid (FPBA) in a 1 : 1
stoichiometric ratio. Subsequent dissolution of the powdered
mixture in methanol yielded plate-like crystals of AP�FPBA after
a week-long crystallization period (Fig. 1a). Single-crystal X-ray
diffraction analysis elucidated the non-centrosymmetric struc-
ture of AP�FPBA, which crystallizes in the polar orthorhombic
Pca21 space group with two AP�FPBA co-crystals in the asym-
metric unit (Fig. 1a, Fig. S1 and Table S1, ESI†). The absence of
an inversion center in the co-crystal can be attributed to the
antiparallel arrangement of AP and FPBA moieties within the
crystal lattice. The observed B–O bond lengths (1.367(86)–
1.370(88) Å) and B–O–H angles (109.42(45)–109.48(45)1) are
consistent with those reported in previously characterized
H-bonded co-crystals of boronic acids.47,48 The presence of
multiple acidic H-atoms and Lewis basic O and N atoms in the
FPBA and AP moieties, respectively, facilitates the formation of an
extensive two-dimensional network of hydrogen-bonded structures
in AP�FPBA (Fig. 1b). This H-bonded assembly comprises two
distinct types of macrocycles, interconnected by bifurcate interac-
tions originating from both the –OH units of FPBA and the NH2

group of the AP motifs (Fig. 1c). Consequently, each AP unit within
the network forms hydrogen bonds with two FPBA motifs, while
each FPBA unit is H-bonded to three AP units. A detailed exam-
ination of the 2D network reveals that the repeating unit consists
of a dimeric eight-membered motif, represented by the graph set
R2

2(8) ring. This motif incorporates two donor H-atoms, one from
the O–H (H52/H62) groups of FPBA and one from the amino
protons of AP (H11A/H21B), while one ring N-atom (N12/N23) of
AP and the other boronic acid O-atom (O53/O63) of FPBA serve as
H-bond acceptors (Fig. S2a, ESI†). These eight-membered rings are
further interconnected by larger 16-membered macrocycles (graph
set R4

4(16)) consisting of two AP and two FPBA units, resulting in a
zigzag 2D H-bonded network (Fig. 1b and Fig. S2, ESI†). The
formation of stacks of 2D sheets can be visualized along the
crystallographic b-direction (Fig. S2b, ESI†). The O–H� � �N and
N–H� � �O bond distances in AP�FPBA range from 1.933(5) to
2.019(5) Å and 2.089(4) to 2.346(4) Å, respectively, with corres-
ponding angles ranging from 156.602(32)1 to 166.898(29)1 and
138.323(38)1 to 167.414(34)1, respectively (Table S2, ESI†).

Hirshfeld surface analysis was employed to estimate the
percentage of H-bonding interactions (O� � �H/H� � �O) and other

Fig. 1 (a) The synthesis of AP�FPBA co-crystal. (b) The H-bonding interac-
tions in AP�FPBA along the ab-plane. (c) Repeating unit of the H-bonding
sheet showing the formation of R4

4(16) macrocycle rings that connect two
R2

2(8) macrocycles. The ring H-atoms are omitted for clarity. (d) The dnorm-
mapped Hirshfeld surface of AP�FPBA, showing all interactions present in the
molecule. (e) The 2D-fingerprint plot showing the percentage of O� � �H/
H� � �O interactions in AP�FPBA co-crystal.
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interactions (C� � �H/H� � �C, N� � �H/H� � �N, H� � �H) present in the
co-crystal (Fig. 1d, Fig. S3, S4 and Table S3, ESI†). The analysis
revealed that O� � �H/H� � �O interactions contribute 21.6% and
N� � �H/H� � �N interactions contribute 9.0% of the overall inter-
actions in AP�FPBA (Fig. 1e and Fig. S4, ESI†). The formation of
AP�FPBA co-crystal in bulk was further corroborated through
X-ray photoelectron spectroscopy (XPS). XPS analysis confirmed
the presence of B, C, N, and O elements in AP�FPBA, with
significant deconvoluted peaks in the B 1s, C 1s, N 1s, and O 1s
spectra validating the elemental composition of AP�FPBA
(Fig. S5, ESI†). The bulk purity of AP�FPBA was subsequently
examined by powder X-ray diffraction (PXRD) analyses and com-
pared to the simulated pattern, revealing a good match between the
experimental and simulated PXRD profiles (Fig. S6, ESI†).

Thermogravimetric analysis (TGA) demonstrated its thermal
stability up to approximately 350 K (Fig. S7, ESI†). The observed
stepwise weight losses beyond this temperature can be attributed to
the decomposition of the compound. Notably, a weight loss of
around 7.0% between 350 and 375 K may be attributed to the loss of
NH3 gas from the decomposition of 2-aminopyrimidine. Further-
more, the differential thermal analysis (DTA) showed no endother-
mic peak characteristic of a melting point up to 350 K. The
differential scanning calorimetry (DSC) studies showed no heat
anomalies attributed to any phase (both structural and morpholo-
gical) transitions in the molecule in the temperature range of 240 to
340 K (Fig. S8, ESI†). The polar noncentrosymmetric nature of AP�
FPBA was substantiated through second harmonic generation
(SHG) studies, employing a Kurtz–Perry–Graja type measurement
setup.49,50 Upon irradiation at 1300 nm, the co-crystal of AP�FPBA
exhibited an SHG efficiency of 0.41 at ambient temperature, relative
to the standard KDP sample (Fig. 2a).

Dielectric, ferroelectric, and piezoelectric studies

To elucidate the dielectric properties of AP�FPBA, temperature
(T) and frequency (f) dependent dielectric permittivity (e0)

measurements were conducted on a compacted pellet sample.
The dielectric constants were evaluated across a temperature
range of 100 to 350 K and a frequency spectrum spanning 1 kHz
to 1 MHz (Fig. 2b and Fig. S9a, ESI†). At 298 K and 1 MHz
frequency, AP�FPBA exhibited an e0 value of 5.5. The e0 vs. T
profile revealed an increase in dielectric constant with rising
temperature, which can be attributed to enhanced thermal
motion of dipoles at elevated temperatures (approaching their
melting points). A comparable trend was observed in the
frequency-dependent e0 profile, with higher dielectric constant
values obtained at lower frequencies, likely due to contribu-
tions from all four types of polarization mechanisms within this
frequency range (Fig. S9b, ESI†). Notably, no heat anomalies were
detected in the compound within the measured temperature range
(below its melting temperature). The temperature and frequency-
dependent dielectric loss (tand) plots exhibited similar trends,
devoid of heat anomalies, and demonstrated low dielectric loss
behavior (Fig. S10, ESI†). These observations collectively suggest a
stable dielectric response of AP�FPBA across the investigated
temperature and frequency ranges.

Given that the molecule exhibits the polar mm2 point group
symmetry, we further studied its ferroelectric characteristics by
P–E hysteresis loop measurements. The polarization (P) vs.
electric field (E) hysteresis loop measurement performed on the
drop-casted thin film of AP�FPBA revealed a well-defined rectan-
gular P–E hysteresis loop, with remnant polarization (Pr) and
saturation polarization (Ps) values of 0.35 and 0.37 mC cm�2,
respectively (Fig. 2c). The polarization observed in AP�FPBA is
primarily attributed to the extensive hydrogen bonding interac-
tions between the –NH2 hydrogen atoms of aminopyrimidine and
the –B(OH)2 oxygen atoms of 4-formylphenyl boronic acid. This is
evident from the infrared spectra of AP�FPBA crystallites wherein a
marginal shift in the stretching frequencies of the hydrogen-
bonded aminopyrimidine N–H and formyl boronic acid O–H is
observed upon subjecting AP�FPBA co-crystal to a poling voltage of
100 V (Fig. S11, ESI†). Alongside the P–E hysteresis loop data,
leakage current density ( J) versus electric field (E) measurements
were simultaneously recorded. The J–E profile exhibited peaks at
domain switching points, which further supports the compound’s
ferroelectric nature. Ferroelectric fatigue tests on AP�FPBA indi-
cate no notable change in its Ps values up to 106 cycles, indicating
its robust polarization attributes (Fig. 2d).

Furthermore, the microscopic polarization state and domain
alignment in AP�FPBA were verified through piezoresponse force
microscopy (PFM) measurements. PFM sheds light on the electro-
mechanical coupling strength and domain polarization direction.
The amplitude and phase domain structures of AP�FPBA were
visualized on its drop-cast thin film (Fig. 3a and b). PFM spectro-
scopy was performed at a selected point by applying a constant
bias voltage of �150 V. A nearly 1801 phase difference between
opposite signals confirmed inverse switching polarization within
the compound. Additionally, the observation of characteristic
butterfly and hysteresis loops during both on- and off-state PFM
response measurements confirmed the piezoelectric behavior of
AP�FPBA (Fig. 3c, d and Fig. S12, ESI†). The converse piezoelectric
coefficient (d33) was calculated to be 8–15 pm V�1 from the slope of

Fig. 2 (a) SHG profile of AP�FPBA compared to standard KDP sample.
(b) Dielectric permittivity vs. temperature profile of AP�FPBA. (c) P–E
hysteresis loop for AP�FPBA. (d) The ferroelectric fatigue test of AP�FPBA
up to 106 cycles.
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the amplitude bias curve. Also, the direct piezoelectric coefficient
using the ‘‘Berlincourt’’ method was measured to be 6.5 pC N�1 for
a poled compacted sample of AP�FPBA (Fig. S13, ESI†). These
findings substantiate the ferroelectric and piezoelectric character-
istics of AP�FPBA.

Piezoelectric energy harvesting applications

The AP�FPBA co-crystal was further evaluated for its potential in
piezoelectric energy harvesting, leveraging its inherent piezo-
electric properties. For these experiments, 20 mg of AP�FPBA
crystals were securely placed between two polyethylene ter-
ephthalate (PET) sheets coated with indium tin oxide (ITO).
The conducting sections of the ITO-coated PET sheets were in
direct contact with the crystals, and copper wires served as
electrodes from the top and bottom ITO contacts. The entire
assembly was enclosed with Kapton tapes to reduce the buildup
of static charge during the measurement (Fig. 4a).

Nanogenerator (NG) applications for the AP�FPBA device
were explored using a custom-built impact setup and an oscillo-
scope connected to individual devices. All the measurements were
done at a constant application of 21 N force and 10 Hz frequency.
A representative AP�FPBA device produced an open circuit peak-
to-peak voltage of 6.8 V, and the peak-to-peak short circuit current
was calculated to be 1.1 mA with a load resistance of 4.7 MO
(Fig. 4b). To assess the reliability of the VPP obtained from the AP�
FPBA device, polarity reversal tests were conducted, revealing
consistent VPP retention with reversed signals upon switching
the copper wire connections to the oscilloscope (Fig. 4c and
Fig. S14, ESI†). Similar output values were recorded for measure-
ments from two other sandwich devices (Fig. S15, ESI†).

Capacitance and charge storage studies

Polar ferroelectric materials with high dielectric constants are
suitable for charge storage applications.51–53 Motivated by the

significant dielectric properties of AP�FPBA, its capacitance
characteristics were investigated. Capacitance properties were
assessed through temperature (T) and frequency ( f ) depen-
dent impedance measurements on a compacted pellet with a
known thickness of 0.6 mm and an area of 78.53 mm2. Capa-
citance was derived from impedance data collected over a
temperature range of 300 to 350 K and a frequency range of 1
kHz to 1 MHz (Fig. 5a). At 300 K and a frequency of 1 kHz, AP�
FPBA exhibited a capacitance value of 13.05 pF. An increase in
capacitance was observed with rising temperature, while it
decreased with increasing frequency.

Furthermore, a thin film of AP�FPBA was fabricated via drop-
casting onto an ITO-coated glass substrate. Upper electrodes were

Fig. 3 PFM-derived (a) amplitude image (b) phase image (c) 3D-topography
(d) phase- and amplitude-bias hysteresis and ‘‘butterfly’’ loops of AP�FPBA.

Fig. 4 (a) Schematic for the preparation of AP�FPBA device for piezoelectric
measurements. (b) Open circuit peak-to-peak voltage and short-circuit current
of AP�FPBA. (c) The switching of the VPP profile of AP�FPBA device upon
polarity reversal. The shifted time axis provided is a guide to the eye.

Fig. 5 (a) Frequency-dependent capacitance profile of AP�FPBA. (b) A
schematic representation of the thin film-based device. (c) The charging
profile of AP�FPBA with positive voltage amplitude. (d) The discharging
profile of AP�FPBA with positive voltage amplitude.
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subsequently formed through the sputtering of Au–Cr alloy, creating
5 � 5 mm2 conducting regions (Fig. 5b). Charging and discharging
experiments were conducted on these devices using a square wave
signal with an amplitude of 12 V (Fig. 5c and Fig. S16, S17, ESI†).
Both positive and negative amplitude signals were observed in the
charging and discharging curves, suggesting the potential of drop-
casted AP�FPBA film for charge storage applications. During the
charging process, the combined influence of external circuit resis-
tance and the capacitor’s equivalent series resistance (ESR) of
2.16 MO at 1 kHz limits the current flow, resulting in a slower
voltage build-up and a slightly higher charging time of 0.67 s
(Fig. S18 and Table S4, ESI†). In contrast, the discharge process
occurs through a lower resistance pathway, facilitating a more rapid
energy release with a relatively lower discharge time of 0.24 s.
Furthermore, dielectric losses and ESR contribute to thermal dis-
sipation, leading to reduced energy retention and lower overall
efficiency. The observed asymmetry between charging and dischar-
ging behaviour arises from variations in circuit impedance and
intrinsic resistive losses, which significantly impact the capacitor’s
charge-storage capacity and energy-release dynamics.

Conclusions

In summary, we have successfully synthesized an environmentally
benign, all-organic ferroelectric co-crystal, AP�FPBA, utilizing the
green precursors 4-formylphenyl boronic acid and 2-aminopyrimi-
dine. The co-crystal adopts a noncentrosymmetric polar orthorhom-
bic structure in the Pca21 space group, as corroborated by SHG
analysis. Polarization–electric field (P–E) hysteresis measurements
on drop-cast thin film samples of AP�FPBA revealed a saturation
polarization of 0.37 mC cm�2 while its real part of dielectric
permittivity was determined to be 5.5 at 298 K. The ferroelectric
and piezoelectric nature of AP�FPBA was further validated by PFM
measurements with the observation of local domain structures and
characteristic amplitude ‘‘butterfly’’ and phase hysteresis loops.
Further, the piezoelectric energy harvesting studies of AP�FPBA
yielded an open circuit voltage of 6.8 V for devices fabricated from
as-made crystals. The AP�FPBA co-crystal exhibits a capacitance of
13.05 pF and demonstrates charge storage capabilities in thin film
form, with both positive and negative charging and discharging
characteristics. To the best of our knowledge, this represents the
first instance where boronic acid, traditionally employed in catalysis,
has been utilized to prepare a functional ferroelectric material.
These findings pave the way for the efficient preparation of envi-
ronmentally friendly, stable, and less toxic boronic acid-based all-
organic co-crystals, while simultaneously exploring their potential in
advanced technological applications. All in all, this research not only
expands the repertoire of organic ferroelectric materials but also
highlights the potential of boronic acid derivatives in the develop-
ment of functional materials with diverse applications in electronics
and energy harvesting.
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