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Oxazolidinone-based organic ferroelectric compounds, namely (£)-4-(4-(benzylideneamino)benzyl)oxazolidin-
2-one (BOA) and (E)-4-(4-(2-hydroxybenzylideneamino)benzyl)oxazolidin-2-one (HBOA), were synthesized.
Both molecules have shown a reversible melting and solidification transformation from —50 °C to 250 °C as
confirmed by differential scanning calorimetry (DSC) analysis. A large thermal hysteresis window of 100 °C and
87 °C was observed for BOA and HBOA, respectively, along with thermo chromic features. Variable
temperature single crystal X-ray diffraction analysis reveals that an order—disorder transformation occurs for
BOA while HBOA remains unchanged. Interestingly, both compounds exhibit significant reversible mechano-
fluorochromic (MFC) behavior upon grinding and fuming. The reversible MFC behavior was confirmed by cog-
nate techniques like powder X-ray diffraction (PXRD), thermal analysis and fluorescence studies. Furthermore,
the systems were investigated to demonstrate the structure—property relationship in realizing their ferroelectric
behavior by SHG, PUND (positive up and negative down) and RT (room temperature) and HT (high tempera-

ture) thermal responses of PE and dielectric measurements. BOA and HBOA show ferroelectric hysteresis
—1
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Accepted 25th February 2024 loops at high electric fields with a high voltage tolerance (up to 181 kV cm™). By measuring the PFM hysteresis
loops at various Vg4 frequencies, an explicit V. could be found in the ferroelectric rather than in the non-

ferroelectric material. These findings provide a potential perspective for designing new organic multifunctional
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Introduction

The design and development of ferroelectric materials that exhibit
reversible melting and solidification behaviour with large thermal
hysteresis have drawn incredible attention in recent years due to
their important applications in temperature controlling materials,
ferro-elastic materials, switchable dielectric materials and memory
devices." In spite of their potential, very few organic compounds are
known to exhibit a ferroelectric transition. From last few decades,
several studies have focused on the thermally switchable electrical
behaviour in organic ferroelectric materials.”'® Molecular materi-
als that demonstrate switchable physical properties in response to
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materials for applications in light displaying and memory devices.

external stimuli are fascinating for their potential applications in
sensors, switches and memory media."**® It is observed that in
organic ferroelectric materials, the polarization switching is trig-
gered by proton motion through inter or intra molecular hydrogen
bonds, which play an important role in determining the chemical
and electronic mechanism of ferroelectricity." > The role of the
ions carrying permanent dipoles of a polar molecule and orienta-
tional ordering of the asymmetric molecules generates sponta-
neous electric polarization and the reorientation generates
ferroelectricity. However, in the paraelectric state, dipoles are
reoriented in a disordered manner.”® Such transformations are
known as order-disorder type phase transitions. In the displacive
type phase transition, the relative displacement occurs between
the charges of the ions yielding microscopic polarization in
the crystal (e.g p-sorbose).>* Several single-component low-
molecular-mass compounds such as 4-(4-(methyltliophenyl-2,6-
di(1H-pyrazol-1-yl)pyridine (UOH1),*® croconic acid (CRCA),>®
2-phenylmelondialdehyde,” benzimidazoles, some pure organic
compounds,”® a-a-dicyclohexyl-cyclohexane-methanol,*® 1,3,5-
trimethylnitrobenzene,*® and trisubstituted haloimidazoles,**
have been investigated for ferroelectricity.
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To explore the structure-property relationship of the com-
pounds, special attention has been paid to the variable tem-
perature X-ray crystallography, ferroelectricity and dielectric
studies. Particular focus has been put on the understanding
of the structure-property relationship, the dynamics of hydro-
gen bonds and their effects on ferroelectric polarization in
these materials. As an important subject of ferroelectrics in
classic physics, it is of great potential to incorporate homochir-
ality into ferroelectricity to broaden much more fascinating
applications. In organic ferroelectric materials, hydrogen
bonds also play an important role in determining the chemical
and electronic mechanisms of ferroelectricity. In several small
organic ferroelectric materials, the polarization switching is
triggered by proton motion within the inter or intra-molecular
hydrogen bonds.

Several thermochromic materials have shown that the occur-
rence of a colour change stems from the onset of a structural
phase transition triggered by temperature.*” Apart from such
colour changing phenomena, the temperature induced struc-
tural phase transition has also been exploited to realize func-
tional materials with very useful mechanical, electronic,
optical, thermal and magnetic properties. Meanwhile, mechan-
ical flexibility, environmental-friendliness, inherent light
weight, low acoustical impedance and easy processability, are
anticipated to augment the long known thermochromic and
ferroelectric field.>®> Additionally, reversible structural phase
transitions induced by external stimuli such as temperature,
pressure, light, and electromagnetic fields play crucial roles in
the solid-state materials for their potential applications in the
fields of sensors, actuators, memory devices and security inks.

Herein, we report the synthesis and structure of versatile
bend Schiff base derivatives with and without a hydroxyl group
at one end acting as an electron donating unit and incorporat-
ing oxazolidene-2-one (homochiral group) on the other side
acting as an electron acceptor unit. In this context, we have
designed room temperature molecular ferroelectrics by including
oxazolidinone (homochiral group) into the N-benzylideneaniline
moiety. The oxazolidinone homochiral group allows the reor-
ientation of the molecules and leads to structural phase transi-
tions. It is generally observed that the change in chirality of the
crystals leads to ferroelectric phase transitions and reversal of
polarization. Single-component homochiral organic ferroelec-
tric crystals are very rarely reported, although some single
component organic ferroelectrics without measurement of
Curie temperature (T.) are reported.”® Two compounds (E)-4-
(4(benzylidene amino)benzyl)oxazolidin-2-one (BOA) and (E)-4-
(4-(2-hydroxybenzylideneamino)benzyl)oxazolidin-2-one (HBOA)
(Fig. 1) have been synthesized. The ferroelectric property in these
compounds has been confirmed by second harmonic generation
(SHG), variable temperature crystal structures, ferroelectric hys-
teresis loops and anisotropic dielectric measurements. At
high temperature, BOA was observed as partially ordered and
at room temperature exists as disordered whereas HBOA
remains unchanged in the crystal system. Hence the origin of
ferroelectricity could be due to order-disorder phase transition
in BOA.
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Fig. 1 Molecular structures of propeller shaped and solid emission of BOA
and HBOA (as prepared) under UV light irradiation (A = 254 nm and
365 nm). Torsional angles are represented around the azomethine
(-C=N-) bond (a;) and methylene bond (-CH,-) (a,) attached to the
chiral centre.

Experimental section

General remarks

Aromatic aldehyde derivatives (H and OH) and 4-(4-
aminobenzyl)oxazolidin-2-one were purchased from commer-
cially available sources (Sigma Aldrich and Alfa Aesar, Benga-
luru, India) and used without further purification. Solvents
(analytical or chromatographic grade) were purchased from
local suppliers. Tetrahydrofuran (THF) was distilled under
nitrogen before use and used for fluorescence studies. FTIR
of BOA and HBOA were recorded on a Bruker Tensor 72,
equipped with a diamond cell ATR for the polycrystalline
samples obtained by grinding the single crystals. Differential
scanning calorimetry (DSC) and thermo gravimetric analysis
(TGA) were performed on Mettler Toledo DSC 822e module and
Mettler Toledo TGA/SDTA 851e module, respectively. Measure-
ments were carried out over a temperature range of 50-480 °C
at a heating rate of 5 °C min~' under a nitrogen atmosphere.
Samples were placed in crimped but vented aluminium pans
for DSC and open aluminium pans for TGA and purged by a
stream of dry nitrogen flowing at 50 mL min~*. DSC peaks were
analyzed using STARe (version 8) software and the melting
points as well as melt-cool reversibility of single crystal to single
crystal transformation of the compounds were evaluated. Pow-
der X-ray diffraction (PXRD) data were measured on a PANaly-
tical X'Pert diffractometer for polycrystalline samples using
Cu-Ko X-radiation (4 = 1.54056 A) operated at 40 kv and
30 mA. An X’Pert High Score Plus (version 1.0d) was used to
analyze and plot the diffraction patterns. The PXRD scans were
collected in the 26 range of 5-50° using a step size of 0.013 A 20
and time per step of 1 s. All PXRD patterns have been simulated
using the coordinates of the respective single crystals obtained
from Mercury. Profile fitting refinements were carried out
using Jana 2006. Along with the cell dimensions, profile para-
meters such as GU, GV, GW, LX and LY were refined using the
Pseudo-Voigt function. Proton NMR (‘H NMR) spectra were
recorded on a Bruker 400 MHz spectrometer and Carbon NMR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(**C NMR) on a Bruker 100 MHz spectrometer using dg CDCl;
solvent. The well resolved proton spectrum revealed that the
characteristics proton (-CH—N-) signals that appear at 8.58
and 8.12 ppm indicate the formation of an azomethine bond in
BOA and HBOA, respectively. The hydroxyl proton of HBOA
appeared at 12.31 ppm. Absorption and emission spectra were
recorded on a PerkinElmer spectrophotometer. Time resolved
fluorescence (TRF) data were measured on a FLS920 spectro-
fluorometer (Edinburg Instruments) using a laser diode for
excitation. Dynamic light scattering (DLS) experiments were
conducted using a zeta PALS dynamic light scattering particle
size analyzer. The surface morphologies were examined with
the help of field-emission scanning electron microscopy (Zeiss
ultra plus FESEM instrument). The Kurtz and Perry method was
utilized to measure the SHG effect on the unsieved powder
samples. A Q-switch Nd:YAG laser generated a fundamental
wavelength of 1064 nm. Powdered KDP was used as a reference
for the measurements. Room temperature and high tempera-
ture polarization electric field (PE) loop measurements were
carried out using a Precision Premier II tester (Radiant Tech-
nologies, Inc.). Heating—cooling dielectric measurements were
performed using an Impedance Analyzer (HP 4294A, Agilent
Technologies Inc., Santa Clara, CA. Pellets (8§ mm in diameter
and 1-2 mm thickness) were made by applying 5-8 ton for the
ferroelectric and dielectric studies. Pellets were sintered at 130—
150 °C for 4-6 h to get maximum density. Subsequently, the
samples were coated with silver paste on both sides of the
sample and parallel plates were made for behaving as a
capacitor. The PFM experiment was carried out in a PARK
NX20 AFM instrument. BOA and HBOA are coated on ITO glass
using a spin coater (1000 rpm). A 10 pm x 10 pm area
containing BOA and HBOA was scanned individually.

Synthesis

Schiff bases BOA and HBOA were synthesized by slowly adding
4-(4-aminobenzyl)oxazolidin-2-one (0.291 g, 1 mmol) and
selected aromatic aldehydes (1 mmol) to 10 ml absolute ethyl
alcohol using 3-4 drops of glacial acetic acid as a catalyst. The
reaction mixture was allowed to reflux at 60-70 °C for 4-5 h
(Scheme S1, ESIT) using the reported synthetic methodology.>*
Both compounds were purified by a column using ethylaceta-
te:hexane eluents and recrystallized in methanol by slow eva-
poration methods. Their molecular structures are shown in
Fig. 1 along with their luminescence features in the solid state.
Yield of BOA 87% (2.82 g). M.p. 171 °C. FTIR (cm ™ "): 3370.46
(NH), 3268.72 (-C—H) (Fig. S2, ESIt). "H NMR (CDCl,): § 8.58
(s, 1H, =—C-H), 7.88 (S, 1H, NH). >*C NMR (CDCl,): & 38.21-
38.88 (s), 51.55 (m), 67.04 (m), 120.12 (s), 133-135 (s), 148 (s),
157-159 (s) (Fig. S3 and S4, EST}).

Yield of HBOA 91% (3.02 g). M.p. 184 °C. FTIR (cm™"):
3370.46 (NH), 3268.72 (-C—=H) (Fig. S2, ESI{). 1H NMR (CDCI3):
0 12.31 (S, 1H, -OH), 8.12 (s, 1H, —C-H), 6.97 (S, 1H, NH). 13C
NMR (CDCI3): 6 38.31-39.14 (s), 51.73 (m), 67.27 (m), 115.87 (s),
131-134 (s), 145 (s), 157-162 (s) (Fig. S5 and S6, ESIt). HRMS
results are shown in (Fig. S7, ESIt) for BOA and HBOA.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Crystallography

Single crystal X-ray diffraction data were collected on an Ultra
Smart Apex II at room temperature and low temperature
whereas high temperature data were collected on a Bruker Apex
IT using Mo-Ko radiation (4 = 0.71073 A). Crystal structures
were solved by a direct method with SHELXS-97>> and refined
by full matrix least squares on F2 using SHELXL-97.>¢ All non-
hydrogen atoms were refined anisotropically. All hydrogen
atoms were constrained in geometric positions to their parent
atoms. Variable temperature crystallographic data for BOA and
HBOA are listed in Tables S1 and S2 (ESIt), respectively.

Thermal properties

The thermal behaviors of BOA and HBOA studied by differen-
tial scanning calorimetry (DSC) and thermogravimetric analysis
(TGA) are shown in Fig. 2. The DSC and TGA with SDTA
thermograms (Fig. 2(a) and (b)) of the polycrystalline samples
of BOA and HBOA show a sharp endothermic peak for melting
(Tm) at 172.9 °C and 187.11 °C, respectively, and there is no
weight loss in the material before their respective melting
points. The decomposition temperatures are found to be more
than 300 °C, which suggests that the molecules are highly
stable. The reversibility of the melt-cool nature of BOA and
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Fig. 2 (a) Differential scanning calorimetry and (b) TGA thermograms of

BOA and HBOA. (c) & (d) DSC profile defining the thermal hysteresis in the
single crystal and powder sample of BOA, respectively. (e) and (f) DSC
profile defining the thermal hysteresis in the single crystal and powder
sample of HBOA, respectively. The crystals of BOA and HBOA are shown in
the inset.
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HBOA with respect to temperature change has been observed
on their crystals in the temperature range from —50 °C to
250 °C. The heating-cooling thermograms of the crystal and
powder sample of BOA are shown in Fig. 2(c) and (d), respec-
tively. Upon the heating-cooling cycle of BOA, an endothermic
peak at 171 °C (T,,) and exothermic peak (T.) at 71 °C are
observed, suggesting that the system is reversible with the
largest thermal hysteresis of 100 °C (Fig. 2(c)).>” In the case of
HBOA (as shown in Fig. 2(e)), the endothermic and exothermic
peaks are at 185 °C and 97 °C, respectively, with a thermal
hysteresis of 88 °C. In the second cycle of the heating cooling
process, the endothermic and exothermic peaks are regener-
ated at 184 °C and 93 °C, respectively, with a thermal hysteresis
of 91 °C. Very sharp peaks of the DSC curves indicate a first
order reversible phase transition with remarkable robustness.
Repeated experiments in the powder form of HBOA (shown in
Fig. 2(f)), which melts at 184 °C during heating and recrystal-
lized at 104 °C during cooling, confirm a stable large thermal
hysteresis of reversible and reproducible nature of the phase
transformation. The single crystal (yellow color) of HBOA turns
to green after recrystallization (shown in Fig. 2(e)). Enthalpy
(AH) and entropy (AS) were estimated on the basis of DSC
results and found to be 2.05; 5.53 and 6.87; 18.5 J K '
respectively.
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Table 1 Crystallographic parameters of profile fitting for the synthesized
and annealed samples of BOA and HBOA

BOA HBOA

Empirical formula BOA (annealed) HBOA (annealed)
Formula weight 280.30 280.30 296.30 296.30
Wavelength (A) 1.5418  1.5418 1.5418  1.5418
Space group P2, P2, P2, P2,
Volume 720.55 720.55 729.33 729.33
VA 2 2 2 2
Density (g cm ™) 1.33 1.33 1.35 1.35
R, 1.58 1.88 2.77 1.66
Ryp 2.35 2.58 4.26 2.31

2 2.50 3.25 411 3.44

Powder X-ray diffraction analysis

PXRD patterns of the crushed crystals at room temperature
were recorded and compared with the simulated patterns from
SCXRD data confirming the purity of the samples (Fig. 3).
Profile refinement of the PXRD patterns resulted in R, = 1.58
and 2.77 and R, = 2.35 and 4.26 for BOA and HBOA, respec-
tively. Crystallographic parameters of BOA and HBOA after
profile fitting for the as synthesized and annealed samples
are given in Table 1.

Single crystal X-ray diffraction analysis

The single crystal structures of BOA and HBOA adopt ‘L’ shaped
bent molecular structures with both phenyl rings coplanar with
the azomethine (-C=N-) bond. Torsional angles (tabulated in
Fig. 1) confirm that the 5-membered oxazolidenone ring is
distorted from planarity. The oxazolidinone group is highly
flexible around the -CH,-CH- bond and behaves as a ‘“rotor”
leading to the flip-flop orientation of the oxazolidinone group
(Fig. 1). The torsional angles a; and a, define mutual orienta-
tions of the 4-substituted phenyl rings and the methylene group
and also characterize the confirmation of the 5-membered
oxazolidenone ring. The chirality of the molecules is confirmed
by polarimetry. The optical activities of BOA and HBOA are
found to be —1.64° and —9.15°, respectively (Tables S3 and $4,
ESIY), indicating that the synthesized molecules have a similar
conformation to their corresponding precursors. Additionally,
the noncentrosymmetric nature of the molecules was con-
firmed by SHG measurement. BOA and HBOA exhibit nonlinear
optical properties with an SHG conversion efficiency of 10 mV
and 14 mV, respectively, compared to KDP (standard). Different
conformations were analyzed by variable temperature single
crystal X-ray diffraction data at 100 K (low temperature, LT),
293 K (room temperature, RT) and 368K (high temperature, HT)
for BOA and at 100K (LT), 293 K (RT) and 390K (HT) for HBOA.

Crystal structure of BOA

BOA crystallizes in a monoclinic crystal system with the same
space group (P2;) at 100 K (LT), 293 K (RT) and 368 K (HT)
containing one molecule in the asymmetric unit with Z = 2. The
molecular propagations of BOA at 100 K (LT), 293 K (RT) and
368 K (HT) are shown in Fig. 4(a)-(c). The benzylideneaniline
group is twisted from the oxazolidinone group with a torsion

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Disorder atoms |

C atom
N atom

Fig. 4 Molecular propagation diagrams of BOA at (a) 100 K, (b) 293 K and
(c) 368 K drawn along the a-axis. Difference Fourier maps of BOA are at (i)
100 K, (ii) 293 K and (iii) 368 K. The contour lines are drawn at 0.02 e A3
intervals. Packing diagrams of BOA at (d) 100 K, (e) 293 K and (f) 368 K
drawn with 50% ellipsoid probability. (g) The molecular overlay structures
of BOA at 100 K (green) and 293 K (red), in which molecules flip by 180° at
293 K and rotate around —C=N- and -C-C- of the oxazolidin-2-one
group at 293 K. (h) The molecular overlay structure of BOA at 293 K (red)
and 368 K (orange). (i) The packing overlay structure of BOA at 100 K
(green) and 368 K (orange) are the same revealing the reverse back to the
original orientation at 368 K. Disordered C and N atoms are represented by
Magenta and green colour, respectively, in the packing diagrams. (j)
Different confirmations of BOA at 100 K (green), 293 K (red) and 368 K
(orange).

angle of 92.82°, 86.15° and 94.49°, whereas the benzylideneani-
line and oxazolidinone planes are twisted by 75.15°, 77.46° and
78.35° at LT, RT and HT, respectively. The molecule is found to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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be ordered at 100 K (LT) (Fig. 4(i)), but observed to be a
disordered structure at 293 K (RT) and 368 K (HT). Fourier
map analysis reveals that the molecule exhibits dynamic dis-
order around the azomethine bond (-C—N-) at 293 K and
368 K (Fig. 4(ii) and (iii)). There is electron density left over
around the azomethine bond in the Fourier map. The combi-
nation of molecular overlay structures at different temperatures
(Fig. 4(g)-(i)) reveals that the molecule exhibits molecular
dynamics due to flipping and rotation around the azomethine
bond as well as the oxazolidenone group, respectively. Minor
disordered atoms (C7B and N1B) of the azomethine bond are
found to be positioned at the two fold axis and the edges of the
unit cell at 293 K, which makes the molecule more polar along
the b axis. At 368 K, C7B and N1B (minor) atoms are located at
the inversion center in the unit cell whereas major C and N
atoms are located on the two-fold axis. As the temperature
decreases, the C and N atoms return towards an ordered
structure. The order-disorder transition of the C and N atoms
(which exhibit flip-flop motion by 180° around -C—N-) and the
rotation of the oxazolidine-2-one group triggers the molecule to
become more polar at room temperature and their atomic
displacement governs the ferroelectricity developing along the
b axis. The molecules propagate in one dimension through a
preferred orientation of a strong N-H-:--O=C hydrogen bond
(N---0 2.877(2) A, 121.87° 100 K) along the b axis through the
tail to tail combination, which facilitates the formation of a
molecular chain between the nitrogen atom of the amide group
of a molecule with the oxygen atom of the keto group of another
molecule. Furthermore, the molecules propagate through weak
C-H---O (2.491(2) A, 140.70% 100 K) and C-H---n (2.655 A)
interactions and form a zig-zag pattern in 3-D along the unique
axis represented in Fig. 4(d)—(f). In the 3D structure at 100 K,
molecules exist far away from each other at a distance of
6.548 A and each molecule individually forms N-H:--O (N- - -O
2.877(2) A, 121.17°) hydrogen bonds with two other molecules.
At 293 K, molecules are existing at a distance of 4.371 A in a tail
to tail fashion with a strong hydrogen bond N-H---O (N---O
2.932(2) A, 120.84°). In the 3D structure, the molecules are
packed in a similar tape-like arrangement at 100 K and 368 K
whereas at RT the arrangement is found to be J type. Hence the
packing structures are different between low temperature and
room temperature. The packing overlay arrangement between
LT and RT indicates that the origin of the RT cell shifts by 0.75
along the c axis with respect to LT in Fig. 4(g) with 50% overlap
of molecules in the LT cell. Therefore, the origin of the RT cell
is at the position (0.0, 0.75, 0.0) with respect to the LT cell. C7B
and N1B (minor) atoms are also shifted by 0.75 along the a axis
from the origin. This suggests that the molecules are freely
rotating and have a high degree of reorientation. In the case of
RT and HT packing overlay (Fig. 4(h)), the origin of the HT cell
is at the position (0.0, 0.50, 0.00) of the RT cell. The
temperature-dependent analysis of the molecule suggests that
the molecule exhibits molecular dynamics due to order-dis-
order and displacement of minor atoms in the unit cell. The
structural overlay of LT and RT in Fig. 4(i) suggests that the
molecule is retrieving its original crystalline state which has

Mater. Adv., 2024, 5, 3411-3423 | 3415
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also been confirmed by differential scanning calorimeter
analysis.

Crystal structure of HBOA

The HBOA molecule crystallizes in the monoclinic crystal
system with space group P2, with Z = 2 at 100 K, 293 K and
390 K The angle between the long molecular axis and
oxazolidene-2-one is 88.78°. Molecules are found to be ordered
at all temperatures. The HBOA molecule has a strong intra and
two different intermolecular N-H---O bonds at 100 K. The
intramolecular hydrogen bond between the oxygen atom of
the hydroxyl and the nitrogen atom of azomethine is (N---O;
2.592(2) A, 86.68°) and the intermolecular N-H---O bond
between the NH and oxygen atom of the carbonyl in the amide
are (N-H- - -0; 2.953 (2) A, 119.69°) and (C=0- - -H-N; 2.181 (2) A,
155.64°), respectively. In 2-D, the molecules propagate through
both the N-H-:--O bond and C=O---H-N and form a zig-zag
pattern along the a-axis (Fig. 5(a)-(c)). Fourier maps of HBOA at
different temperatures suggest that there is no electron density
left over around the molecule, confirming no disorder in the
structure. Temperature induced molecular orientations at dif-
ferent temperatures result in different packing diagrams
(Fig. 5(d)—(f)). The molecular overlay suggests that the molecule
is highly flexible in nature. The benzylideneaniline group of the
molecule is twisted around the methylene bond attached with
the oxazolidinone group by a torsion angle of 82.87°, 99.32° and
87.38° whereas the angle between the benzylideneaniline and
oxazolidinone planes is 82.68°, 63.07° and 83.45° at LT, RT and
HT, respectively (Fig. 5(g)). Apart from that, the hydroxyl phenyl
ring also rotates by 179.52° and 99.32° at RT. The overlay
structure of LT and RT suggests that the molecule gets oriented
by 180° at RT and the unit cell is displaced by 3/4th of that of LT
(Fig. 5(h)). The structural overlay between RT and HT in Fig. 5(i)
and between LT and HT in Fig. 5(j) suggests that the molecule
is oriented by an angle of 60.5° and exists as a scissor with the
LT and RT.

Mechanofluorochromic (MFC) luminescent behavior of BOA
and HBOA

Combining a highly conjugated planar diaryl unit with a non-
planar oxazolidine-2-one unit accelerated the accomplishment
of prominent solid-state emissive derivatives, which might be
responsible for external stimuli. The mechanochromic photo-
luminescence switching of BOA and HBOA was examined by
applying mechanical force using a mortar and pestle. Mechan-
ofluorochromic properties were explored in detail using UV-vis
measurements and applying an electric field on pressed pellets.
The mechanochromic images are shown in Fig. 6(a). MFC
observations were also substantiated by the recording of solid
state fluorescence spectra where the corresponding emission
maxima were red-shifted from 348 nm to 445 nm on grinding of
crystalline BOA and reverted to 350 nm on fuming the ground
powder with ethanol, whereas in the case of HBOA, the emis-
sion maximum was red-shifted from 530 nm to 610 nm on the
grinding of crystalline BOA and reverted to 535 nm on fuming
the ground powder with ethanol (Fig. 6(b)). It is concluded that
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Fig. 5 Molecular propagation diagram of HBOA at (a) 100 K, (b) 293 K and
(c) 390 K drawn along the a-axis. Difference Fourier maps of HBOA are at
(i) 100 K, (i) 293 K and (iii) 390 K. The contour lines are drawn at 0.02 e A~>
intervals. Packing diagrams of HBOA at (d) 100 K, (e) 293 K and (f) 390 K
drawn with 50% ellipsoid probability. (g) The molecular overlay structures
of HBOA at 100 K (green), 293 K (red) and 390 K (Orange), in which the
molecule flips by 180° at 293 K. At 390 K, the molecule rotates around
—C=N- and the methylene bond attached to the oxazolidin-2-one group
with an angle of 60.5° exists as scissor-like in the room temperature
structure. (h) The molecular overlay structure of HBOA at 100 K (green)
and 293 K (red) shows dramatic changes in the structure in the unit cell.
Molecules are rotated by 180° at 293 K. (i) The molecular overlay structure
of HBOA at 293 K (red) and 390 K (orange). (j) The packing overlay
structure of HBOA at 293 K (red) and 390 K (orange).

the re-emergence of fluorescence emission upon fumigation is
mainly due to the retrieving of its original crystalline state.
Furthermore, powder X-ray diffraction (PXRD) measurements
were carried out on the pristine crystal, ground crystals, pressed
neat pellet and poled pellet to validate the mechanism of
mechanofluorochromism (Fig. 7(a) for BOA and Fig. 7(b) for
HBOA). Pellets of BOA and HBOA were made by applying
hydraulic pressure from 137.90 MPa to 165.47 MPa using a
pressure gauge. Poled states of BOA and HBOA are achieved
under a DC field of 5 kV em ™' and 8 kV em ™, respectively, in a
silicon oil bath at room temperature for 45 min.

The diffraction patterns of BOA and HBOA display intense
and sharp peaks that suggest that the pristine sample is in a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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BOA and (c) PL spectra of the crystals, ground and fumed samples of
HBOA.
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pellet, neat pellet ground, poled pellet and poled pellet ground of (a) BOA

and (b) HBOA, and (c) PL of unpoled, poled and annealed pellets of BOA

and HBOA.

well-ordered crystalline state. In the ground samples of BOA
and HBOA, less intense peaks are observed indicating semi-
crystalline nature. A further decrease in intensity and change in
peak position was observed in the neat pellet and poled pellet
for a few peaks showing some structural changes, but revert to
the ground neat pellet and ground poled pellet. These observa-
tions demonstrate that the mechanofluorochromism of BOA
and HBOA is reversible upon grinding and annealing
treatments.*®*° These results strongly suggested the nonplanar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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structure of the molecules and loose molecular packing of the
compounds.

Morphological study

Scanning emission microscopy (SEM) studies were carried out
to analyze the morphological and structural properties of the
poled and unpoled samples of BOA and HBOA (Fig. 8). The
surface morphologies of BOA and HBOA are sharp crystalline
plates that are well matched with the single crystal structures.
The particle sizes found to be less than 300 nm were also
absorbed, which group to form agglomerates of larger size.
Powder samples of BOA consisting of particles with a size
between 100 nm and 280 nm showed a transition from irre-
gular to a round shape. For BOA, the EDAX results of unpoled
and poled samples showed that the atomic percentages of
carbon, nitrogen and oxygen are 69.01, 9.60, 21.40 and 74.60,
9.20, 16.19%, respectively, whereas for HBOA, the EDAX results
of unpoled and poled sample showed that the atomic percen-
tages of carbon, nitrogen and oxygen are 74.31, 6.71, 18.98 and
75.72, 4.91, 19.37%, respectively.*®

Quantum chemical calculations of BOA

The molecular geometry of BOA was optimized and the HOMO-
LUMO energy values were determined by the Gaussian 09
program using the DFT/B3LYP/6-31G* method*' and depicted
in Fig. 9. The HOMO-LUMO orbitals play a vital role in under-
standing the electronic structures and transitions due to the
electron donating and accepting abilities. A low value of the
energy gap suggests that the molecules are more reactive, soft
and have easier n-n* electronic transitions. The HOMO orbitals
of BOA are localized in the phenyl and azomethine bond,
whereas the LUMO orbitals are located in the benzylideneani-
line ring. According to Mulliken charge density, the electron
density of the nitrogen atom (—0.4492) of the oxazolidinone
group is more than that of the oxygen atom (—0.5985) of the

Fig. 8 (a) Crystalline, (b) unpoled and (c) poled SEM images of BOA. (d)
Crystalline, (e) unpoled and (f) poled SEM images of HBOA. EDAX photo-
graphs (shown in blue colour) of BOA and HBOA are presented below their
corresponding SEM images.
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Fig. 9 (a) Optimized structure and (b) counter plots of the electron
density distribution and energy values of HOMO/LUMO, (c) TED and (d)
ESP of BOA by DFT calculation.

carbonyl group. Thus, charge transfer occurs from the nitrogen
atom to the carbonyl group. Absorption peaks were observed at
360 nm and 270 nm, in which the first peak may be due to the
transition of one electron from the HOMO to LUMO (n-n*
transition), whereas the second peak represents both the n-n*
and m-m* transitions.

Room temperature and temperature dependent ferroelectric
and dielectric studies

The ferroelectric properties of BOA and HBOA were studied in
pressed pellet and crystal form, respectively. Room temperature
and temperature dependent P-E loops were investigated and
traced out the electric polarization versus electric field. This
experiment revealed that the hysteresis loops of BOA gradually
increase upon increasing the applied voltage at a frequency of
1 Hz.** The maximum breakdown electric field and coercive
field for polarization reversal were observed to be extremely
high due to the rotation of the oxazolidene-2-one group asso-
ciated with the main chain resulting in it withstanding up to
140 kV ecm ™" at 1 Hz.** The P-E loop reaches its saturation
with a saturation polarization of Py = 139.7132 uC cm ™2, P, =
0.5248 pC cm™ 2 and E, = 91.0065 kV cm™*. The electric field
tolerated up to 181 kV em ™" (Instrumentation limit) at 2 Hz.
The major aim was to find the maximum breakdown electric
field and phase transition temperature by analyzing the electric
field and temperature-dependent bipolar hysteresis P-E
loops.** The temperature dependent P-E hysteresis loops of
BOA were recorded at an electric field of 135 kv em™" and a
frequency of 1 Hz by varying the temperature from 30 °C to
75 °C and used to interpret the relation of remnant polarization
(Py), polarization maximum electric field (Pyg) and coercive
field (E.) with electric field. The results (shown in Fig. 10)
revealed that with the increase in temperature, the PE hyster-
esis loop increases due to an increase in energy dissipation
confirming the leaky nature of the material.** Energy dissipa-
tion is responsible for the separation of charge and voltage
signals resulting in a considerable increment in the area of the
PE loops.*® The area of a PE loop defines the charge storage
ability of the material. The greater the area of a loop, the greater
the charge ability of the material.® This is possible due to a
change in molecular orientation, which is also confirmed by
the single crystal data analysis. A sudden change was observed
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Fig. 10 (a) Room temperature bipolar polarization hysteresis loops of the
BOA on a pressed pellet at 1 Hz. (b)—(d) Correlation of remnant polarization
(P;), polarization maximum electric field (Pmg) and coercive field (E.) with
an electric field at 1 Hz. (e) Temperature-dependent P—E loops of BOA at
135 kV cm™2. (f)—(h) Temperature dependent polarization (P,), polarization
maximum electric field (Pwg) and coercive field (E.) at 135 kV cm™,
respectively.

in the range of 65-75 °C, which indicates that a phase transi-
tion occurred in this temperature range. The collective data
single crystal analysis, thermal and ferroelectric hysteresis
evidenced that the single molecule behaves as a proper ferro-
electric rather than a relaxor one and undergoes an order-
disorder ferroelectric phase transition at the Curie temperature
(T. = 71.95 °C (345 K)).

The variation trends of temperature-dependent P,, E. and
Py are in good accordance with the phase transition deduced
from single crystal XRD and dielectric analysis. The origin of
the ferroelectricity and switching behavior can be induced by
proton transfer’”*® and changing the molecular orientation of
the crystal components (Fig. 11).*>' Another reason could be
the displacement of C7B and N1B suggests the order-disorder
behaviors of minor atoms and displacement of the unit cell in
the BOA molecule. The ferroelectric hysteresis loop of HBOA
was measured in a single crystal (Fig. 11) and the results
revealed imperfect switching, which arises due to the charged

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Room temperature bipolar polarization hysteresis loops of the
HBOA on the crystal at 1 Hz. (b)-(d) Correlation of remnant polarization
(Py), polarization maximum electric field (Pug) and coercive field (E.) with
an electric field at 1 Hz.

domain walls of the multidomain crystal. The P-E loop
reaches its saturation with a saturation polarization of Py =
2.5304 pC cm™ 2, P, = 3.8855 uC cm ™ 2 and E. = 98.2695 kV cm ™.

An interesting result was observed that both the molecules
are able to withstand very high electric fields up to 181 kV cm ™"
(Instrumentation limit) compared with other ferroelectric
organic molecules. Horiuchi et al. worked on croconic acid at
37 kV em™'; Kamishina et al. investigated trichloroacetamide at 7.5
kv em™", Venkataramudu et al. studied 4-(4-(methylthio)-phenyl)-
2,6-di(1H-pyrazol-1-yl)pyridine (UOH1) at 140 kV cm ', and
Bauer and Dormann studied substituted diacetylene 1,6-bis(2,4-
dinitrophenoxy)-2,4-hexadiyne (DNP) at 33 kV cm™*.'6°27*

The crystal structure of BOA and HBOA is extended in a one-
dimensional network through N-H- - -O= bonds (Fig. 12). The
polarity of the hydrogen-bonded networks is switchable
through cooperative proton transfer and concomitant inter-
change of double and single-bond locations.”>® In addition, a
hidden pseudosymmetry survives as a paraelectric configu-
ration in HBOA. In the case of HBOA, single crystal analysis
indicated a displacement of the unit cell along the c-axis by 1 of
the unit cell at RT. The N-H- - -O hydrogen bonds form spiral
bands running along the b axis.

PUND (positive up and negative down) studies

PUND study is the most convincing proof of the ferroelectricity
for ferroelectric materials. In PUND studies, the switchable
polarization is isolated from non-switchable (ie.
remanant) polarization by applying a series of five pulses (one
preset and two positive up and two negative down), which
measures different polarizations. The difference in polarization
value in the two cases gives the value of true switchable
polarizations.’®®” PUND analysis (Fig. 13) was performed
(using Radiant ferroelectricity tester) on the pellet of BOA and
single crystal of HBOA (as in Fig. 13(a), (c) and (b), (d),
respectively, which clearly shows that both compounds possess

non-
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along a-axis

HBOA

Fig. 12 The crystal polarity can be inverted by proton transfer over a
hydrogen bond and simultaneous interconversion of the single and double
bonds, which are specified in red. The dotted lines indicate the proton
transfer paths over the intermolecular N-H---O hydrogen bonds. The
thick arrow indicates the electric polarity of each hydrogen-bonded chain.
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Fig. 13 PUND data collected at an electric field of 99 V cm™, pulse width
of 650 ms and pulse delay of 1000 ms for BOA and HBOA. (a) and (b)
Hysteresis loop and switching polarization of BOA in the pellet. (c) and (d)
Hysteresis loop and switching polarization of HBOA in the crystal.

a switching polarization component and hence established
ferroelectricity in the sample, despite having an unsaturated
P-E loop. Thus, we can conclude that merely the failure of
attaining a saturated P-E loop due to measurement at low

Table 2 PUND parameters for BOA and HBOA

Polarization values BOA HBOA
P* (UC cm™?) 3.300 4.652
P (uC em™?) 2.588 2.904
P (uC cm™?) 3.442 4.785
P; (LC cm™?) 2.744 3.033
—P* (uC cm ?) 1.986 0.997
—P (LC em™?) 2.728 2.844
—P* (UC cm™?) 2.165 1.167
—P; (uC cm™?) 2.948 3.040
Mater. Adv,, 2024, 5, 3411-3423 | 3419
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Fig. 14 Temperature dependence of the (a) dielectric constant, and (b)
imaginary and (c) loss tangent of BOA. Heating—cooling dielectric plots of
(d) dielectric constant, and (e) imaginary and (f) loss tangent of BOA.

electric field is not sufficient to conclude the non-existence of
ferroelectricity in the samples.
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of (d) dielectric constant, and (e) imaginary and (f) loss tangent of HBOA.
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In the Radiant PUND experiment, only a single polarization
measurement is executed at the top of each pulse and the
bottom of each pulse, yielding eight polarization quantities.
Data is given in Table 2 below.

Dielectric properties of BOA and HBOA

The temperature dependent dielectric properties were studied
over a range of frequencies from 1 Hz to 1 MHz using a
precision LC meter. Before measurements, pressed pellets of
BOA and HBOA were annealed for 4-6 h at 130 °C and 140 °C,
respectively. Measurement was done at a rate of 5 °C from 30 °C
to 130 °C for BOA and 30 °C to 140 °C for HBOA. Temperature
dependence of the dielectric constant (EPS’ (real), EPS” (ima-
ginary)) and Tan delta parts of BOA and HBOA are shown in
Fig. 14 and 15, respectively.

The real part of the dielectric permittivity of BOA shows a
change at 70 °C, which is consistent with the structural changes
observed from the single crystal diffraction and DSC data. The
EPS’ value of 160 was observed at 70 °C at a frequency of 1 Hz.
The transition point of HBOA was beyond the measurement.
High dielectric constant was observed for BOA and HBOA
compared to other non-ionic organic molecules to date.>®>° It
is found that with the increase in temperature, the dielectric
loss increases. The mobility of the charge carriers increases

(a) BOA

| ]

Height

(b)) HBOA

Amplitude Height

Amplitude (mV)

Vottage (V)

HBOA™
(@)

Fig. 16 Vertical images of piezoresponse force microscopy (PFM) of BOA
and HBOA. In (a) and (b) Topography, amplitude contrast, phase contrast at
+10 Vand —10V, PFM phase voltage hysteresis loop and amplitude voltage
butterfly loop suggesting a uniform piezoelectric force response as a
function of DC bias of BOA and HBOA, respectively.?*®° (c) and (d)
Piezoelectric force microscopy images (left: amplitude contrast; right:
phase contrast) of surface morphology for the epitaxial (a) BOA and (b)
HBOA film, respectively. The images were recorded at a bias of £10 Vin a
3.8 x 3.8 um? area. Histograms plots are shown below of the contrast
images for BOA and HBOA.
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with temperature leading to an increase in polarization and
dielectric loss. The maximum value of dielectric constant
decreases sharply with increasing frequencies indicating the
greater contribution of dipolar and space charge distribution in
the systems.®® The change in dielectric permittivity and Tan
delta during the heating-cooling cycle at 70 °C is due to the
noncooperative motion of dipoles with the electric fields, which
enhances space charge and dipolar polarization.®* ™%

PFM characterization of BOA and HBOA

The piezoelectricity of BOA and HBOA was characterized by the
PFM method. The amplitude image shows a strong piezoelec-
tric contrast because of the deflection caused by the +10 V
applied field shown in Fig. 16(a) and (b). The PFM phase
voltage hysteresis loop and amplitude voltage butterfly loop
suggest a uniform piezoelectric force response as a function of
DC bias of BOA and HBOA, respectively. The phase images of
BOA and HBOA clearly display both negative and positive values
indicating antiparallel ferroelectric 180° surface morphology
(Fig. 16(c) and (d) for BOA and HBOA, respectively).

Conclusions

BOA and HBOA molecules are synthesized and a significant
thermal hysteresis of reversible single crystal to single crystal
transformation is observed with temperature in both the mole-
cules. SHG measurements verify that the compounds are
noncentric and mechanofluorochromic (MFC) experiments
confirm the reversible nature of these compounds. Addition-
ally, the tolerance to high electric field (up to 181 kV cm ™)
without any breakdown will be a beneficial factor to consider in
the design of thermochromic materials. The existence of an
explicit V. in PFM measurement is proposed as an important
approach to unambiguously identify intrinsic ferroelectricity in
materials. Thus, these new series of compounds would be
suitable for the futuristic design of switchable memory devices.

Abbreviations

SCSC  single crystal to single crystal
DSC differential scanning calorimetry
PUND positive up and negative down

LT low temperature

RT room temperature
HT high temperature
PXRD powder X-ray diffraction
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