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perature ferroelectricity in
hydrogen-bonded supramolecular assemblies of
ambipolar p-systems†

Anurag Mukherjee,‡a Shubhankar Barman,‡a Anupam Ghosh,b

Saptarshi Chakraborty,a Ayan Datta, *b Anuja Datta *a and Suhrit Ghosh *a

This article reports H-bonding driven supramolecular polymerization of naphthalimide (A)–thiophene

(D)–naphthalimide (A) (ADnA, n ¼ 1–4) conjugated ambipolar p-systems and its remarkable impact on

room temperature ferroelectricity. Electrochemical studies confirm the ambipolar nature of these

ADnA molecules with the HOMO–LUMO gap varying between 2.05 and 2.29 eV. Electron density

mapping from ESP calculations reveals intra-molecular charge separation as typically observed in

ambipolar systems. In the aggregated state, AD1A and AD2A exhibit bathochromically shifted

absorption bands while AD3A and AD4A show typical H-aggregation with a hypsochromic shift.

Polarization vs. electric field (P–E) measurements reveal stable room temperature ferroelectricity for

these supramolecular assemblies, most prominent for the AD2A system, with a Curie temperature (Tc)

z 361 K and saturation polarization (Ps) of �2 mC cm�2 at a rather low coercive field of �2 kV cm�1.

Control molecules, lacking either the ambipolar chromophore or the amide functionality, do not show

any ferroelectricity, vindicating the present molecular and supramolecular design. Computational

studies enable structural optimization of the stacked oligomer(s) of AD2A molecules and reveal

a significant increase in the macro-dipole moment (in the range of 10–12 Debye) going from the

monomer to the oligomer(s), which provides the rationale for the origin of ferroelectricity in these

supramolecular polymers.
Introduction

Ferroelectric (FE)-materials possess spontaneously generated
reversible electric polarization with diverse applications in
electronics, electro-optics and electromechanics.1 Although the
rst FE-organic crystal2 was discovered long ago, to date, purely
organic FE-systems are limited to a handful of examples,3

including crystals,4 uorinated polymers,5 liquid crystals6 and
supramolecular assemblies.3d So-ferroelectrics are emerging
as an essential component for sustainable microelectronics in
medical industries or biomechano-interactive information, as
they promise to offer distinct advantages for environmentally
benign, solution-processed, exible device fabrication. Organic
FE-systems,3 in most cases, exhibit low to moderate polariza-
tion at sub-ambient temperatures and are not yet comparable
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with the benchmark inorganic perovskites7,8 or organic–inor-
ganic hybrid compounds.9 Charge-transfer (CT) complexes10 of
donor (D) and acceptor (A) chromophores were identied for
FE-polarization11 only at sub-ambient temperatures (<71 K),
until a recent breakthrough, when H-bonded D–A supramo-
lecular assemblies were recognized for displacive-type FE-
polarization at room temperature (rt),12 owing to the align-
ment of the CT-dipoles. However, it remains a non-trivial task
to regulate the stacking sequence in two-component H-bonded
CT-complexes,13 which plays a decisive role in the FE-response.
Such uncertainty may be circumvented if a similar FE-
mechanism can be realized in supramolecular polymers14 of
single-component D–A conjugated systems. In fact, such
attempts had been made with dipolar molecules,3a which did
not yield much success because they seldom crystallize to polar
solids due to an anti-parallel orientation.15 Similar issues may
not arise in the assembly of ambipolar p-systems,16 which have
been known for charge-transport and in other contexts,17 but
never reported before for ferroelectricity. We envisaged that the
intrinsic polarizability of ambipolar chromophores may just be
sufficient to provide the required instability in the non-
centrosymmetric assembled state for spontaneous deforma-
tion under the inuence of an external electric eld, leading to
FE-switching. With this postulate, we have studied a series of
Chem. Sci., 2022, 13, 781–788 | 781
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Fig. 1 (a) Structure of the bis-amide functionalized ADnA molecules;
UV/Vis spectra of (b) AD1A, (c) AD2A, (d) AD3A and (e) AD4A in 0.1 mM
THF solution (broken lines) and in the film state (solid lines); (f) CD
spectra of the ADnA molecules in THF (broken lines) and MCH (solid
lines). c¼ 1.0mM, l¼ 0.1 cm. Black, red, blue and green lines represent
AD1A, AD2A, AD3A and AD4A, respectively.
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ambipolar systems (Fig. 1a)18 in which naphthalimide and
oligothiophene moieties serve as the A and D type chromo-
phores, respectively. They are attached with two enantiopure
trialkoxybenzamide wedges for the H-bonding driven chiral
supramolecular polymerization,14 as chirality toomay inuence
the FE-polarization.19 Herein we report H-bonding driven
supramolecular polymerization of such ADnA type ambipolar
building blocks and its strong impact on stable ferroelectricity
at ambient temperature with the highest saturation polariza-
tion (Ps) of �2 mC cm�2 at a coercive eld of about 2 kV cm�1,
which is the rst observation of prominent ferroelectricity in
any ambipolar chromophores. Further, we report the results of
computational studies which provide the rationale for the
origin of such prominent ferroelectricity in this unorthodox
system (in the context of FEs).
782 | Chem. Sci., 2022, 13, 781–788
Supramolecular assembly

Synthesis of an AD4A (Fig. 1a) has been reported by us recently.18

The other molecules shown in Fig. 1a were prepared following
a similar procedure which is described in the ESI.† The cyclic
voltammogram (CV) (Fig. S1†) of monomeric ADnAmolecules in
THF (1.0 mM) showed peaks in the oxidation and reduction
halves, suggesting their ambipolar nature. The quasi-reversible
peaks in the reduction half and irreversible peaks in the
oxidation half are assigned to the reduction of the naph-
thalimide and oxidation of the oligothiophene, respectively.
The electrochemical bandgap (DECV), calculated from the onset
of the rst oxidation and reduction potentials, showed (Table 1)
a gradual decrease from 2.49 eV to 2.31 eV with increasing oli-
gothiophene length. Optical properties were investigated using
the UV/Vis spectra (Fig. 1b) of the monomeric dye in THF and
drop-cast thin lms, obtained from the preformed aggregates in
methyl-cyclohexane (MCH).14 For the monomeric state, prom-
inent absorption bands were noticed in the range of 300–
500 nm with a gradual bathochromic shi going from AD1A to
AD4A (Table 1), due to the increase in the conjugation length.
For AD1A and AD2A, a signicant bathochromic shi (23 nm
and 20 nm, respectively) was noticed in the lm-state compared
to the corresponding spectrum in the THF solution, indicating
an offset p-stacking, typically observed for naphthalimide
derivatives.14d

In contrast, the hypsochromically shied (�9 nm) absorp-
tion bands for the AD3A and AD4A systems with concomitant
tailing at longer wavelengths indicate H-aggregation, generally
observed for different oligothiophene-derivatives.18,20 UV/Vis
spectra in MCH (Fig. S2†) mostly resembled those in the lm
state, suggesting similar internal-order in the dried lms.
Photoluminescence spectra of the molecules were recorded in
the monomeric (THF) and aggregated (MCH) states, which
showed quenching of emission intensity in MCH (Fig. S3†), as
typically reported for aggregation of different p-systems. The
optical band gaps (DEUV) of the ADnA molecules were calculated
from the onset of the absorption bands in the THF solution or
in the solid lm, respectively (Fig. 1b). In THF, the values match
quite well with those estimated from the CV, while the reduced
values in the aggregated state (Table 1) can be attributed to the
p-stacking. The CD spectra (Fig. 1c) in MCH showed intense
bands with a bi-signate Cotton effect, while no such band was
noticed for the monomeric dye in THF, indicating chiral
supramolecular assembly.21

The overlap of the zero cross-over point of the CD spectra (l
¼ 380–420 nm) with the absorption spectra of the correspond-
ing dye in MCH (Fig. S2†) indicates exciton coupling. Temper-
ature dependent CD experiments in MCH revealed (Fig. S5 and
S6†) a gradual reduction of the CD band with increasing
temperature. In case of all four molecules, an inection point
was noticed in the temperature range of 345–360 K, but in none
of the samples did the CD band disappear completely even at
the highest tested temperature suggesting only partial disas-
sembly at elevated temperature.22 Solvent-dependent FT-IR
experiments revealed (Fig. S7†) a signicant shi (200–
© 2022 The Author(s). Published by the Royal Society of Chemistry



Table 1 Optical and electrochemical properties of the ADnA molecules

Entry

Optical properties

HOMO–LUMO energy gap [DE (eV)]lmax (nm, abs)
3

(mol�1 cm�1, THF)THF Solid THF (UV) THF (CV) Solid (UV)

AD1A 388 411 27 300 2.7 2.49 2.29
AD2A 415 435 28 800 2.45 2.47 2.13
AD3A 425 416 33 200 2.38 2.44 2.08
AD4A 436 427 42 100 2.35 2.31 2.05
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230 cm�1) for the amide N–H stretching peaks toward lower
wavenumber in MCH as compared to THF, suggesting a strong
H-bonding in the aggregated state. FT-IR spectra of the samples
in the solid state showed almost identical patterns compared to
those observed in MCH, suggesting similar extent of H-bonding
among the amide groups prevailing in MCH and in the solid
state (Fig. S7†). Atomic force microscopy (AFM) images show
(Fig. 2) a brillar morphology for the H-bonded supramolecular
polymers of all four ADnA molecules. Height and width of the
small brils were estimated to be 3–4 nm and 100 nm, respec-
tively, while the length extends over a few micrometres,
revealing a long-range order. The presence of the thicker bres
can be attributed to the lateral clustering of the supramolecular
polymer chains. An enlarged view of the selected region (insets,
Fig. 2a and b) showed the existence of right-handed helical
structures with helical pitch in the range of �50–80 nm. The
TEM image of a representative AD2A sample showed a similar
morphology (Fig. S8a†). SAED analysis was performed on the
TEM image (inset, Fig. S8a†) and showed an amorphous nature
as also indicated from the powder XRD (Fig. S8b†).
Fig. 2 AFM height images of supramolecular polymers of (a) AD1A, (b) AD
aggregated solution in MCH (0.1 mM) on freshly cut mica. The inset in eac
circle) with right-handed helicity. Height analysis along A–B in each zoo
the fibres, and the helical pitch is estimated from the distance between

© 2022 The Author(s). Published by the Royal Society of Chemistry
Ferroelectricity

To examine the presence and switchability of dipoles in the
ADnA supramolecular polymers, measurement of the dielectric
constant (3r) was carried out between 300 K and 380 K with thick
lms (thickness � 0.1 mm) prepared on highly conductive ITO
glass (Fig. S9†). Amongst the four molecules, AD2A shows the
highest 3r value of �44 at rt, and a clear ferroelectric–para-
electric phase transition at �361 K can be noticed, where the 3r
value increases by about two-fold (Fig. 3a). The phase transition
peak in this case can be typically correlated with the Curie
temperature (Tc), which is typically observed in other organic
and supramolecular ferroelectrics.3,4,9,12 The permittivity of
AD2A near Tc could be linearly tted to the Curie–Weiss law23

(Fig. 3b), which conrms the true ferroelectric nature of the
sample and the presence of switchable domains. The frequency
independence of 3r in the measured temperature range signies
that the orientations of the dipole moments follow the oscil-
lating electric eld.

That the prominent peak at Tc does not shi with varying
frequency for AD2A (Fig. 3c) is strong evidence of a transition
2A, (c) AD3A and (d) AD4A. Samples were prepared by spin-coating an
h figure shows an enlarged view of a selected fibre (indicated by a white
med-in image is shown in the bottom, confirming the helical nature of
two successive peaks.

Chem. Sci., 2022, 13, 781–788 | 783



Fig. 3 (a) Anomalous dielectric permittivity (3r) at 10 kHz for the AD2A
film with increasing temperature showing the Curie temperature at
361 K; (b) Curie–Weiss fit near Tc for AD2A; (c) dielectric permittivity
peak (Tc) of AD2A at different frequencies showing negligible deflec-
tion; (d) Tc shift to higher temperature in AD3A and AD4A films from
AD1A and AD2A films.

Fig. 4 (a) P–E hysteresis loops of the AD2A film (50 Hz) at different
applied voltages at 298 K. The inset shows the corresponding current–
voltage loops (obtained during voltage sweeps where the voltage is
cycled and the P–E hysteresis loops are recorded), showing clear
switching peaks around the coercive voltage of the material. (b)
Frequency dependence of polarization in the AD2A film at 298 K and at
an applied voltage of 30 V. The inset shows the leakage current density
in the AD2A film. (c) P–E hysteresis loops of the AD2A film at different
temperatures at 50 Hz.

Chemical Science Edge Article
from an order–disorder type ferroelectric to a paraelectric state
in this system. This also rules out the presence of any relaxor
behaviour in the molecule. Variants such as AD1A show (Fig. 3d)
a similar nature of dielectric behaviour as a function of
increasing temperature with Tc � 361 K, but with a much lower
3r value than that of AD2A. Meanwhile, for AD3A and AD4A, the
transition peaks shi to �375 K (Fig. 3d), which may be
attributed to the relatively higher temperature order–disorder
change or partial disassembly in these molecules. Such a phase
transition was further supported by micro-DSC experiments,
which revealed a single endothermic peak at around 355–360 K
for all four samples during the heating scan (Fig. S11†). For
a representative sample (AD2A), variable temperature UV/Vis
studies in the lm state revealed a partial disassembly at T >
350 K (Fig. S12†), suggesting that the observed phase transition
in DSC is related to this partial disassembly of the supramo-
lecular polymers. It is noteworthy that even in MCH solution,
a similar change was noticed in the UV/Vis spectra at a slightly
lower temperature (Fig. S12 and S13†) compared to that in the
solid state, suggesting not much difference in the self-assembly
features in MCH or in the solid state which is also evident from
their FT-IR spectra (Fig. S7†). As the change in 3r was noticed at
around the same temperature (Fig. 2), such partial disassembly
of H-bonded supramolecular polymers near the Tc is proposed
as a possible reason for the observed ferroelectric to paraelectric
phase transition.

Direct and unambiguous evidence of the ferroelectricity was
obtained through polarization versus electric eld (P–E) hyster-
esis loops (Fig. 4), as polarization switching is the most
common characteristic of ferroelectrics. P–E measurements at
different temperatures were carried out from a capacitor
conguration, with the ADnA lms sandwiched between top Ag
electrode and bottom Ag/ITO electrodes (please see Fig. S10† for
784 | Chem. Sci., 2022, 13, 781–788
SEM images). At 298 K, stable hysteresis loops with the highest
saturation polarization (Ps) of �1.9 mC cm�2, Pr � 0.5 mC cm�2

and a maximum coercive eld (Ec) of z1.6 kV cm�1 were ob-
tained in the AD2A lm at 30 V applied voltage and at 50 Hz
(Fig. 4a). The loops however show some contribution from
dielectric loss and hence we also examined the switching
current in the AD2A systems (inset, Fig. 4a) to conrm the
presence of ferroelectricity. The clear switching peaks visible in
the I–V curve measured near the coercive eld prove that the
molecule is truly ferroelectric in nature.3,24 We have also run
PUND (Positive Up and Negative Down) sequences to measure
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 5 (a) Structure and (b and c) AFM images of C1 and C2. (c and d)
Absence of ferroelectricity in C1 and C2 at 50 Hz.
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the switching charge density (QSW),24 and a QSW value of�0.5 mC
cm�2 was measured from the AD2A sample (Fig. S14†), further
conrming a good ferroelectric response, matching with the
remnant polarization value recorded from the sample (Fig. 4).
The range of frequency dependence of polarization in the AD2A
lm (Fig. 4b) reveals that Ps has almost no change up to 70 Hz as
the slope remains unchanged. At 100 Hz, the value of Ps
however increases to �2.4 mC cm�2 even though the slope
remains almost unchanged and the Ec increases within the
measured frequency range from 70 Hz to 100 Hz. The inset of
Fig. 4b shows the leakage current density vs. eld of the AD2A
lm, revealing a symmetric I–V behavior and a leakage current
in the order of 0.8 A cm�2. This implies that the ensuing
polarization properties of the prepared capacitor lm are not
signicantly affected by the leakage effects (Fig. S15†), again
attributed to the similar intrinsic properties of the top and
bottom electrodes, thereby proving the efficacy of the ferro-
electric device structure. Comparing the P–E hysteresis loops
measured at 350 K, a decrease in both the Ps and Ec can be
found at the higher temperature and nally the ferroelectricity
is lost beyond Tc at 365 K, showing thereaer a linear para-
electric behaviour (Fig. 4c and S16†). This phenomenon could
be related to the disrupted long-range order of the polarization
and the weakened coupling stabilizing effect between the
charged defects and domains due to space-charge effects,7,8 as
well as the increased thermal uctuations in the molecules at
higher temperature.25 To examine the effect of conjugation
length, P–E measurements of the other ADnA variants (AD1A,
AD3A and AD4A) were carried out (Fig. S17 and Table S1†). AD1A
was found to be the next best system with Ps � 1.1 mC cm�2 at
50 Hz. In contrast, AD3A and AD4A exhibited signatures of
unstable ferroelectricity and ill-developed hysteresis loops with
lower values of polarization (�0.7 mC cm�2 in AD3A and �0.07
mC cm�2 in AD4A at 50 Hz) as compared to AD2A at an extremely
low electric eld (�1 kV cm�1) (Fig. S17†). On further
increasing the electric eld, polarization was destroyed in these
samples except in AD1A (but it became lossy at higher eld).
While the difference between AD1A and AD2A may be attributed
to their intrinsic difference in molecular structure, the sharp
decline in the FE-properties of AD3A and AD4A may be related to
the difference in the internal order as in these two cases the
spectral shi suggested H-type aggregation, in contrast to the
other two molecules which showed bathochromically shied
absorption bands in the lm state compared to those of the
monomeric dye in THF solution (Fig. 1b and Table 1).

While the comparison between different ADnA molecules
highlights the importance of the intrinsic molecular structure,
to examine the importance of the supramolecular organization
and the presence of the ambipolar p-system itself to the ferro-
electricity, two control molecules (C1 and C2, Fig. 5a) were
studied. C1 contains the same conjugated chromophore as in
the best performing AD2A system (Fig. 1a), but not the amide
groups for H-bonding driven supramolecular assembly. On the
other hand, C2 with the same amide-functionalized chiral
wedge lacks any ADnA-chromophore. Solvent dependent UV/Vis
and CD spectra (Fig. S18†) of C1 conrmed no specic supra-
molecular assembly in MCH, in sharp contrast to AD2A, as
© 2022 The Author(s). Published by the Royal Society of Chemistry
expected in the absence of H-bonding. On the other hand, H-
bonding between the amide groups in C2 was evident from
the FT-IR spectra (Fig. S19†), but it has no ambipolar chromo-
phore. AFM images (Fig. 5b and c) showed a spherical
morphology (Fig. 2) for both samples in contrast to the brillar
structures of the amide containing ADnA molecules. Fig. 5d
reveals C1 to be a non-ferroelectric compound, in which a rather
tight dielectric signal is measured at rt.25 Likewise, C2 also does
not exhibit any FE-polarization; rather, it shows a typical
dielectric P–E response, which underscores the essential role of
themolecular structure as well as the H-bonded supramolecular
assembly in the observed outstanding FE-polarization of the
present AD2A system.
Discussion and computational studies

Overall, the present example of the supramolecular polymer of
AD2A shows a signicant improvement in terms of ferroelectric
parameters (Ps, coercive eld) in comparison to some of the best
examples of organic FE systems reported to date.3–6,11,12 The low
Ec value in the AD2A system as compared to those of other re-
ported FE organic perovskites (�10 kV cm�1)26 or polymers such
as PVDF (500 kV cm�1)5 makes this newly introduced ambipolar
p-system attractive for future low power applications. It is
proposed that the polarizability of the ADnA-chromophores
creates a partial charge-separation while the extended H-
bonding enables the long-range order, which together
contribute to the observed exceptional FE-polarization at rt. The
Chem. Sci., 2022, 13, 781–788 | 785
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ferroelectricity might stem from the displacive motion of the
central donor moiety (d+) between the two terminal acceptors
(d�) accompanied by an order–disorder structural change. To
better understand the origin of the ferroelectricity, computa-
tional studies were performed with the representative AD2A
system. Fig. 6a shows the optimized geometry of the represen-
tative tetrameric stack of the best performing AD2A system
(without the peripheral chains) which reveals an average
stacking distance of �4 Å. The N–H/O]C H-bonds formed
between two adjacent layers play a major role in stabilizing the
stacked structures. It is seen that the C]O of the amide group
of one molecule interacts with the N–H of the amide group of
the adjacent molecule via H-bonds with bond distances of 1.95
Å, 1.83 Å and 1.93 Å along one edge while the corresponding
Fig. 6 (a) Optimized structure of the tetramer of AD2A. Peripheral alkyl
chains have been removed during optimization. The arrow shows the
direction of the dipole moment for each case; (b) 3D plot of the ESP of
the tetramer of AD2A; (c) snapshots of structural reorganization of the
AD2A aggregate as the temperature is increased from 300 K to 380 K
from ReaxFF simulations.

786 | Chem. Sci., 2022, 13, 781–788
distances are 2.22 Å, 2.63 Å and 2.62 Å towards another edge.
Similar optimized structures were obtained for the dimer and
the octamer as well (Fig. S20†), through semi-empirical PM6
calculations. Electron density mapping for the tetramer is
shown in Fig. 6b from ESP calculations. The isosurface colour
coded with the electrostatic potential shows a red region which
indicates an electron dense domain while the electron decient
domain is indicated in blue. With increasing stacking, electron
transfer occurs towards the edges from the electron-rich region
containing corner-sharing thiophene units, making it relatively
positive. Such charge separation should result in a signicant
dipole moment and polarization for the aggregates. The dipole
moment (in Debye) has been computed for each of the AD2A
oligomers (see the ESI† for details).27 Fig. S21† shows the
change in the average dipole moment (m) with an increase in the
number of stacked molecules (n). Going from the dimer to the
tetramer, a signicant increase in the m can be noticed (from
about 4 to 11 Debye) which is further increased in the octameric
stack, which provides an important clue to the origin of the
ferroelectricity specically in the supramolecular assembly of
AD2A but not for the monomeric dye (C1, Fig. 5) in the absence
of H-bonding. Additionally, the structural changes in AD2A on
heating were studied using ReaxFF simulations (see the
Computational section, ESI†). The interlayer sulphur/sulphur
distances in bithiophene and stacking side-chain distances are
plotted with increasing temperature (Fig. S22†).

As the temperature is progressively increased, the average
S/S distance increases from �4.4 Å to �5.2 Å at 350 K. Simi-
larly, the interlayer stacking distance between the side-chains
also increases from �4.3 Å (at 300 K) to �5.5 Å at 350 K.
Clearly, the AD2A aggregate becomes more disordered as the
temperature increases (Fig. 6c). These results are consistent
with the experimental results from DSC and variable tempera-
ture UV/Vis experiments and therefore further support the
hypothesis regarding partial disassembly of the supramolecular
polymers at elevated temperature which has been proposed as
a possible reason for the ferroelectric to paraelectric phase
transition in these systems.

Conclusions

We have demonstrated highly promising and stable ferroelec-
tricity up to 350 K (Tc � 361 K) in the H-bonded supramolecular
polymers of ambipolar p-systems with a saturation polarization
of �2.0 mC cm�2 at a low coercive eld of �2 kV cm�1. This is
a signicant value reported for any supramolecular system and
is comparable to those of existing low-cost organic ferroelec-
trics. Although two-component CT-complexes have been known
for moderate FE-polarization at rt, the scope for further
improving their utility by exploring wider structural variants28

may be limited due to the difficulty in achieving precise spatial
control in complex multi-component supramolecular assem-
blies. In this context the outstanding FE-polarization, reported
herein for a single-component ambipolar p-system, is a signi-
cant step forward and may inspire the exploration of already
familiar wide-ranging ambipolar scaffolds for so-
ferroelectrics.
© 2022 The Author(s). Published by the Royal Society of Chemistry
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C. F. C. Fitié, W. S. C. Roelofs, M. Kemerink and
R. P. Sijbesma, J. Am. Chem. Soc., 2010, 132, 6892; (c)
D. Miyajima, F. Araoka, H. Takezoe, J. Kim, K. Kato,
M. Takata and T. Aida, Science, 2012, 336, 209; (d)
I. Urbanaviciute, X. Meng, T. D. Cornelissen, A. V
Gorbunov, S. Bhattacharjee, R. P. Sijbesma and
M. Kemerink, Adv. Electron. Mater., 2017, 3, 1600530; (e)
H. Anetai, T. Takeda, N. Hoshino, H. Kobayashi, N. Saito,
M. Shigeno, M. Yamaguchi and T. Akutagawa, J. Am. Chem.
Soc., 2019, 141, 2391.

7 (a) M. Dawber, K. M. Rabe and J. F. Scott, Rev. Mod. Phys.,
2005, 77, 1083; (b) J. F. Scott, Science, 2007, 315, 954; (c)
A. Datta, D. Mukherjee and S. Kar-Narayan, in Metal Oxide-
© 2022 The Author(s). Published by the Royal Society of Chemistry
Based Thin Film Structures: Formation, Characterization and
Application of Interface-Based Phenomena, ed. N. Pryds and
V. Esposito, Elsevier, 2018, pp. 465–488; (d) Z. Fan, K. Sun
and J. Wang, J. Mater. Chem. A, 2015, 3, 18809.

8 (a) A. Datta, P. E. Sanchez-Jimenez, R. A. R. Al Orabi,
Y. Calahorra, C. Ou, S.-L. Sahonta, M. Fornari and S. Kar-
Narayan, Adv. Funct. Mater., 2017, 27, 1701169; (b) A. Datta,
D. Mukherjee, C. Kons, S. Witanachchi and P. Mukherjee,
Small, 2014, 10, 4093; (c) A. Datta, D. Mukherjee,
S. Witanachchi and P. Mukherjee, Adv. Funct. Mater., 2014,
24, 2638; (d) D. J. Singh, M. Ghita, M. Fornari and S. V
Halilov, Ferroelectrics, 2006, 338, 73.

9 (a) Y.-Y. Tang, P.-F. Li, W.-Y. Zhang, H.-Y. Ye, Y.-M. You and
R.-G. Xiong, J. Am. Chem. Soc., 2017, 139, 13903; (b) W.-J. Xu,
K. Romanyuk, J. M. G. Martinho, Y. Zeng, X.-W. Zhang,
A. Ushakov, V. Shur, W.-X. Zhang, X.-M. Chen, A. Kholkin
and J. Rocha, J. Am. Chem. Soc., 2020, 142, 16990.

10 (a) A. Das and S. Ghosh, Angew. Chem., Int. Ed., 2014, 53,
2038; (b) M. Kumar, K. Venkata Rao and S. J. George, Phys.
Chem. Chem. Phys., 2014, 16, 1300.

11 (a) S. Horiuchi, R. Kumai and Y. Tokura, J. Am. Chem. Soc.,
1998, 120, 7379; (b) F. Kagawa, S. Horiuchi, M. Tokunaga,
J. Fujioka and Y. Tokura, Nat. Phys., 2010, 6, 169; (c)
K. Kobayashi, S. Horiuchi, R. Kumai, F. Kagawa,
Y. Murakami and Y. Tokura, Phys. Rev. Lett., 2012, 108, 237601.

12 (a) A. S. Tayi, A. K. Shveyd, A. C.-H. Sue, J. M. Szarko,
B. S. Rolczynski, D. Cao, T. J. Kennedy, A. A. Sarjeant,
C. L. Stern, W. F. Paxton, W. Wu, S. K. Dey,
A. C. Fahrenbach, J. R. Guest, H. Mohseni, L. X. Chen,
K. L. Wang, J. F. Stoddart and S. I. Stupp, Nature, 2012,
488, 485; (b) A. Narayanan, D. Cao, L. Frazer, A. S. Tayi,
A. K. Blackburn, A. C.-H. Sue, J. B. Ketterson, J. F. Stoddart
and S. I. Stupp, J. Am. Chem. Soc., 2017, 139, 9186; (c)
M. Pandeeswar, S. P. Senanayak, K. S. Narayan and
T. Govindaraju, J. Am. Chem. Soc., 2016, 138, 8259.

13 H. Kar and S. Ghosh, Isr. J. Chem., 2019, 59, 881.
14 (a) T. F. A. De Greef, M. M. J. Smulders, M. Wolffs,

A. P. H. J. Schenning, R. P. Sijbesma and E. W. Meijer,
Chem. Rev., 2009, 109, 5687; (b) F. Würthner, C. R. Saha-
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