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Hydrogen-bonded supramolecular assembly of an acceptor—donor—
acceptor (ADA)-type ambipolar n-system containing naphthalene-
diimide (r-acceptor) and thiophene (r-donor) conjugated chromo-
phores is examined for promising pyroelectric (PY) and photo-PY
properties. A maximum PY coefficient of ~206 pC m=2 K™* (at T)
and multifold enhancement after light irradiation is reported. High
energy density, power density and scaled efficiency indicate the
efficacy of such a nontrivial system for flexible sensors.

Scavenging energies that are naturally abundant but are mostly
wasted (like heat, pressure or vibrations) and converting them
into useful electrical energy is of significant importance."
In this context, pyroelectric (PY) materials offer widespread
applications in sensing, micro-energy harvesting and thermal
imaging.> The PY effect in general exists in polar dielectric
materials and causes variation in internal polarization through
external temperature fluctuations to achieve thermal energy to
electrical energy conversion. Fundamentally, the PY effect
manifests as a temperature-dependent change in the surface
charge distribution, which results in PY current generation in
the external circuit, i, = pA(3T/5t), where A is the area of the
measured surface of the material and the PY coefficient p
quantitatively demonstrates the change in spontaneous polari-
zation over temperature variation (8Py/8T).° Figure-of-merits
(FOMs) have been determined for PY materials to analyze their
relative potentials for various applications, such as Fg (for
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pyroelectric energy harvesting prospects), Fy (voltage responsiv-
ity), Fp (detectivity) etc., where a high PY coefficient and a low
dielectric constant helps to achieve high FOMs (ESI, Note)."
Different materials® including ferroelectric (FE) ceramics such
as lead zirconate titanate Pb(Zr,Ti)O3, lithium niobate LiNbO3,
single-crystals such as [FeCo], and polymers, namely poly(vinyl-
idene fluoride) (PVDF) and PVDF-TrFe," possess significant PY
properties (Table S1, ESIT). However, high temperature synth-
esis in the case of ceramic PYs, device integration difficulties,
selective crystallinity, and heavy metals or fluorine contain-
ment in standard PY systems are some of the limitations. In
this context, organic supramolecular systems deserve signifi-
cant attention due to their light weight, lack of toxicity, struc-
tural flexibility, biocompatibility, and ease of processing.®”
Recently, we have reported prominent ferroelectricity of the
H-bonded supramolecular assembly of the ambipolar AD,A
molecule (Fig. 1a), in which a bithiophene donor is conjugated
with two electron deficient naphthalene-monoamide acceptors
in both arms.” Long range helical order through extended
H-bonding was found to be the essential structural prerequisite
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Fig. 1 (a) Structure of the AD,A molecule. (b) Schematic diagram of the
pyroelectric generator device. (c) Fabricated device. (d) FESEM cross-
section image of the ADA film.
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for the observed room temperature ferroelectricity with pro-
nounced polarization (up to 2 pC cm™*). It showed a noticeable
dielectric anomaly indicating a partial disassembly of the non-
covalent assembly at elevated temperatures, which was sup-
ported by computational studies and DSC showing disassembly
at higher temperature (380 K).” These findings motivated us to
explore spontaneous polarization driven PY energy harvesting
in this AD,A system, facilitated by a thermally induced polar-
ization switching. While in most of the conventional PYs,
molecular reorientation or displacement is normally utilized
to induce polarization switching, AD,A chiral molecular assem-
bly employs the partial assembly-disassembly type phase tran-
sition to induce polarization change in the absence of an
external poling field.® In this communication, we have explored
the PY and photo-PY properties of the AD,A molecule, where
the Ps-driven pyroelectricity could also be triggered by focused
light irradiation, essentially a photothermal process, and is
seen to be mostly independent of the optical absorption (hence
independent of the wavelength of light) of the material.” The
practical applicability of the designed PY device is predicted
from the Olsen cycle, which was adapted to quantitatively
determine the maximum energy density as well as power
density and scaled efficiency. "’

Synthesis and supramolecular assembly of AD,A was
reported by us elsewhere.” In brief, it produces a helical fibrillar
structure and gelation in hydrocarbon solvents like MCH due
to simultaneous H-bonding and n-stacking (Fig. S1, ESIT).
A preformed assembly, when transferred to a solid surface,
retains its structural features and the internal order as probed
in the solution state.” The PY generator (Fig. 1b-d) was fabri-
cated using the AD,A layer (~60 pum thick) sandwiched
between Ag electrodes and an ITO-coated glass substrate (see
ESL T note for device fabrication). Fig. 2a is the room tempera-
ture (rt; 300 K) I-V characteristic of the fabricated device
showing a capacitor type behavior, with low leakage current,
confirming good contacts. The PY measurements were carried
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Fig. 2 Pyroelectric (PY) properties of the AD,A-film. (a) /-V characteristics
at rt. (b) PY coefficient (p) vs. T. (c) Change in P vs. T. (d) FOM of energy
harvesting (Fg).
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out using the Byer-Roundy method (continuous ramping
method)* in the temperature region between 300 and 380 K.
Below 348 K, only a weak current signal is observed upon heating,
corresponding to a PY coefficient of less than 7 uC m > K. As the
temperature approaches the Curie temperature, the PY current
exhibits a sharp increase, giving a peak as high as 206 uC m > K"
at 359 K, and then decreases gradually until 380 K (Fig. 2b). This is
clearly associated with the polarization switching, triggered by
temperature dependent assembly-disassembly phase transition in
the vicinity of the Curie temperature (7.)."" The integration of
current over the temperature domain (300 to 380 K) demonstrates
a polarization change of approximately 2 pC em™> (Fig. 2c). Using
our experimental data, the FOM of PY energy harvesting (Fg) was
calculated to be around 43.5 ] m™® K> near T, (Fig. 2d).
We consecutively calculated Fp, of 1.01 x 10> Pa®®, F, of
0.11 m*> C™* and voltage coefficient of 2.22 x 10° Vm ' K ' at
360 K (Fig. S2, ESIt). Fig. S3 and Table S1 (ESIf) represent the
comparison of the PY parameters of AD,A with other recently
reported organic PY systems, which indicates the superior perfor-
mance of the AD,A supramolecular system. The PY properties of
two control molecules C1 and C2 (Fig. 1a) were also investigated.
C1 has the same chromophore as that in the AD,A; however, the
amide groups are replaced by ester groups. In C2, the ambipolar
chromophore is absent, though the amide groups are present.
In sharp contrast with AD,A, both the control systems failed to
show any discernible PY current or polarization switching in
between 300 and 380 K (Fig. S4, ESIY).

These outcomes unequivocally highlight the distinctive
impact of the ambipolar molecular structure as well as its
supramolecular assembly, in terms of charge separation and
long-range ordering, on the observed commendable pyroelec-
tricity in AD,A. In the conventional continuous temperature
ramping technique, certain current response resulting from
thermally stimulated release of trapped charges may contam-
inate the PY signal. Therefore, to rule out such possibilities, we
have also determined the PY response of the system by thermal
oscillation at different background temperatures ranging from
rt to the phase transition temperature.'” In this measurement,
such trapped charges are swept out in the primary cycle of
temperature modulation and true PY current is selectively
detected. Fig. S5 (ESIT) shows the temperature and current
for PY measurement upon subjecting the sample to damped
temperature of 310 K, 350 K, 360 K and 370 K. While at rt, the
thermal oscillation did not produce any significant PY current,
at elevated temperatures (350 K and 360 K), noteworthy current
release was observed, which was greatly in accordance with the
sinusoidal temperature oscillation, with a background tem-
poral modulation in temperature. The appearance of these
signals strongly indicates a temperature dependent sponta-
neous polarization variation due to self-assembly/disassembly
alteration in the vicinity of T, in the supramolecular AD,A
system.

The short-circuit current and open-circuit voltage of the
AD,A film based PY generator is thereby measured by subject-
ing the sample to a periodic thermal input cycle, upon
varying the temperature of the thermal bath from rt to 350 K

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Open-circuit voltage, (b) short-circuit current. (c and d) Cyclic
changes in temperature applied during PY measurements.

(heating ‘on’ phase) and then down to rt (heating ‘off’ phase),
as shown in Fig. 3a-d and Fig. S6 (ESIf)."”* Under forward
connection, a sharp positive voltage (up to 1.8 V; Fig. 3a) as
well as positive current release (up to 2.2 nA; Fig. 3b) was
observed, when the temperature was quickly increased from rt
to 350 K (AT = 50 K; Fig. 3c). After a positive voltage/current
peak, the current value reached a roughly constant plateau.
When the temperature of the sample was kept constant, the
current plateau was consistently maintained. This current
plateau might have originated as a result of the inbuilt Seebeck
effect in the measurement system. The obtained signals chan-
ged in sign once the generator device and the measuring system
were connected in reverse, indicating that the measured signals
were produced due to the switching polarization of the AD,A
film (Fig. S7, ESIT). The stability of the generator was examined
by a continuous and constant change of temperature for over
25 cycles and repeated after 45 days (Fig. S8, ESIT). Remarkably,
the output voltage was stable, indicating steady PY voltage
generation. Fig. S9 (ESIt) depicts the measured maximum
current peak values as a function of temperature change,
demonstrating an almost linear relationship. No voltage and
current output could be obtained from the control molecules
C1 and C2 as anticipated, again corroborating with the claim
about the essential role of the molecular and supramolecular
design (Fig. S10, ESIT).

For the conventional photodetectors, directly exciting photo-
carriers with light, beyond the optical bandgap is challenging.
On the other hand, a rather instantaneous output current
can be produced via the photo-PY effect, which can widen the
application of a PY material. To check if the photo-PY effect is
detectable in the AD,A film above rt, laser irradiation (due to
focused beam) was chosen for the heat generation on the film
surface and the induced PY current is studied in response to

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Photo-response behaviour of the AD,A PY device upon light
on-off switching, depicting a variation of current intensity as a function of
light power density. (b) Olsen cycle performed on the device.

the switching light (on-off-on-off pattern). As shown in Fig. 4a,
at 350 K, before the illumination (8§7/8¢ = 0), the supramolecular
assembly within the material maintains stability and no
spontaneous polarization coupled pyroelectricity is detected.
During the laser irradiation (87/6¢ > 0), the self-assembly
structure within the supramolecular assembly may be partially
disordered and that affects the PY response substantially.
The repeated order to disordering phenomenon in the supra-
molecular assembly hence shows a sharp positive transient
current spike. Z.e. light responsive PY current is observed. As the
temperature gradually stabilized after a period of laser illumi-
nation, the PY current quickly reached a stable plateau,
contributing to a stable current arising from the Seebeck effect.
When the laser is turned off, the temperature at the surface
drops quickly, which induces an equivalent drop in the PY
current. The current peaks enlarge significantly with increasing
power density of the laser (green laser ~530 nm as used here),
which can be attributed to the larger polarization alteration in
terms of greater temperature fluctuations for higher light
intensities (Fig. S11 and Table S2, ESIt). The response time of
the device thus calculated is shown in Fig. S12 (ESI{). This
photo-PY current response increases with the increase of the
bias voltage, which is due to the enhanced charge separation in
this displacive type ferroelectric under higher dc bias as indi-
cated in Fig. S13 (ESIt). To further evaluate the self-powered
device performance, two key parameters of photoresponsivity
(R) and detectivity (D) are calculated under different light power
intensities (ESI, T Note)."* As the power density increases, the PY
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current, R and D values display an increasing trend, verifying
that the photo-PY effect can effectively escalate the photorespon-
sivity and detectivity (Fig. 4a and Fig. S14, ESI{). Responsivity was
also determined with increasing temperature, manifesting higher
values in the vicinity of T, due to higher PY current (Fig. S15, ESIt).

Having understood the mechanism of the thermal and light
induced PY properties of the AD,A generator, we also predicted
the potential of direct conversion of thermal energy into
electrical energy via Olsen cycles (Fig. 4b)."® This cycle is
achieved in our PY generator by subjecting the device to time-
dependent, spatially uniform temperatures and electric fields.
The entire electrical energy density output from the PY cycle is
1.4 L', which is represented by the area of the cycle A-B-C-D.
Following an initial optimization along the parameters of AT =
70 K, AE=2.1kV cm ™" and cycle frequency f= 50 Hz, the energy
output parameters yield a maximum power density and scaled
efficiency of 0.093 W L™" and 0.25%, respectively, and this data
is at par with a number of experimentally investigated organic
PY-based energy conversion devices (Table S3 and ESI,} Note).
While it is clear that as compared to the commercial crystalline
FE polymer, the efficiency is quite low for the AD,A, this being
the first direct measurement of electronic PY and photo-PY
properties in an organic supramolecular assembly system
offers the right design and approach for investigating simulta-
neous thermal and light responsive polarizability in a plethora
of other molecular organic systems.

In conclusion, we explored the potential of PY energy
harvesting for the first time in a supramolecular assembly of
an ADA-type ambipolar FE chromophoric system and revealed
the impact of the molecular and supramolecular design on the
stimuli responsive polarization switching prospects. The PY
generator exhibits a thermo-reversible supramolecular assem-
bly/disassembly in the vicinity of T. (~360 K), with a re-verified
polarization change of ~2 pC cm™? and maximum pyroelectric
coefficient of 206 pC m > K '. The maximum open-circuit
voltage of ~1.8 V and short-circuit current of ~2.2 nA were
obtained, which was further explored in terms of photo-PY
properties and PY Olsen cycles for energy harvesting prospects.
Implementation of solid-state pyroelectric Olsen cycles yields a
maximum energy density, power density and scaled efficiency
of 1.4 L™, 0.093 W L' and 0.25%, respectively. The highlight
of this work is in the fine-tuning of the molecular design to
facilitate polarization coupled electricity generation in self-
poled conditions and through the photonic effect. In contrast
to the crystalline and poling dependence optimization in
typically reported PVDF and PVDF-TrFe systems, our system is
an affordable and sustainable choice for molecular electronics,
detectors and pyro photonics applications. Given the simplicity
of the molecular design and versatile possibilities of structural
variations in the molecular and supramolecular structures of
wide-ranging m-systems'® for organic FE materials, this work
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opens up the way for the development of scalable and flexible
molecular PYs with comparatively high efficiency and enriched
performance.
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