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Traditionally, lead and heavy metal containing inorganic oxides
dominate the area of ferroelectricity. Although, recently, light-
weight non-toxic organic ferroelectrics have emerged as excellent
alternatives, achieving higher temperature up to which the ferro-
electric phase can persist has remained a challenge. Moreover, only
a few of those are single-component molecular ferroelectrics and
were discovered upon revisiting their crystal structures. Here we
report a novel phenanthroimidazole derivative, which not only
displays notable spontaneous and highly stable remnant polariza-
tions with a low coercive field but also retains its ferroelectric phase
up to a record-high temperature of ~521 K. Subsequently, the
crystal undergoes phase transition to form non-polar and centro-
symmetric polymorphs, the first study of its kind in a single-
component ferroelectric crystal. Moreover, the compound exhibits
a significantly high thermal stability. Given the excellent figures-of-
merit for ferroelectricity, this material is likely to find potential
applications in microelectronic devices pertaining to non-volatile
memory.

Ferroelectric materials, which are electrically polar and exhibit
spontaneous polarization (Ps), experience switching of electric
polarization (P) under the influence of an external electric field
(E)." Traditionally, inorganic oxides containing toxic metals
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exhibiting polymorphismf
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e.g. PbTiO; and PZT have dominated this area and found
applications in transistors, capacitors, memory devices, infra-
red detectors, etc.> This is mainly due to their high Curie
temperatures (7.), high Ps yet stable remnant polarization (P;)
and low coercive fields (E.). Polymer ferroelectrics® have also
been used in sensors and in acoustic devices but they experi-
ence a large E. because of their high molecular weights.
Recently, organic ferroelectrics have attracted great attention
due to their advantages of being lightweight, design flexibility,
solution processability and lowest toxicity.* However, the major-
ity of organic ferroelectrics reported to date are multi-component
systems - salts,¥” and co-crystals.**¥ While salts often contain
metals or else display a low 7.," co-crystals have low thermal
stability that limits their applicability.**¢ So far, the highest T, of
~500 K has been reported for a metal containing salt ferro-
electric crystal, [Hdabco][ReO,].* In contrast, to the best of our
knowledge, very recently, 3-quinuclidinol was reported as the
only single-component organic ferroelectric with a T, of 400 K.>*
Additionally, there are seven more reports on the above room
temperature (RT) single-component organic ferroelectrics.*?*>*
But the ferroelectricity in all of these has been discovered upon
revisiting their crystal structures. Moreover, the T. remained
inaccessible, even for the well-known croconic acid (CA)*” and
the temperatures up to which the ferroelectricity can persist have
been reported to be in the range of 357-400 K only. Accordingly,
it is concluded that due to the thermal robustness of the ferro-
electric phase the T. of single-component systems is hidden
beyond their thermal stability.’ Indubitably, other than obser-
ving the T, above RT, achieving thermal stability much above RT
has remained extremely challenging in the case of all-organic
molecular crystals. Moreover, the challenges persist in the gen-
eration of molecular ferroelectric crystals in one of the 10 polar
point groups.' Therefore, until now, ferroelectricity in a novel
single-component organic crystal has remained unexplored.
Organic ferroelectric systems comprising an enamine unit
(-HN-C=N-) are reported to follow the proton tautomerism
mechanism (PTM), which enables hopping of the proton and
n-bond in tandem leading to the generation of Ps under an
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external E.* On the other hand, ferroelectricity in many of the
inorganic compounds® and multicomponent molecular
crystals*®” is characterized as displacive type, in which P, arises
due to the displacement of different molecular units or ions in
a compound. The other mechanism which the ferroelectrics
generally follow is the order-disorder type.*”

Recent studies on the above RT ferroelectricity in benzimi-
dazoles (BI)* inspired us to explore similar systems with extended
benzene rings with a focus on achieving higher thermal stability.
Ferroelectricity in some of the haloimidazoles and their mixed
crystals has also been explored using piezoresponse force
microscopy.® An imidazole ring is a fundamental unit of the
amino acid histidine, a biologically active substance histamine,
many antifungal drugs and anti-tubercular agents. Naturally,
imidazoles are environmentally benign and their extensive appli-
cations are attributed to their low cost, high solubility and air
stability. Being amphoteric, imidazoles can donate as well as
accept protons and form intermolecular resonance assisted hydro-
gen bonds (RAHB),” =—C-N-H---N—C~- and -C—=N. - -H-N-C—,
which enable polarity switching.*?

In the context of material characterization, it is imperative to
study polymorphism as the polymorphic forms may display
distinct properties.'® Although polymorphism in organic materials
with optoelectronic interests is not uncommon,'" as per our
knowledge, a polymorphic study in a single-component mole-
cular ferroelectric has not been reported in the literature yet.

Here, we report notable ferroelectricity (P = 3.0 pC cm > and
P, =3.9 uC cm™?) with a low E, (6.2 kV cm™ ") in a novel single-
component organic crystal of a phenanthroimidazole derivative
(1, Scheme S1, ESIT). To the best of our knowledge, this is the
most thermally stable (~ 521 K) all-organic ferroelectric crystal,
reported to date. In fact, the E. achieved in this case is much
lower than that of the CA* and BL* Furthermore, we have
performed first-principles calculations that also predict a similar
value of P, (~3.8 pC cm™?) as that obtained from the P-E loop
measurement at RT. Additionally, we report two more poly-
morphic forms of 1, which crystallize in non-polar and centro-
symmetric space groups, respectively, both discovered upon
sublimation.

Synthesis’® (Scheme S$1) and chemical characterizations
(Fig. S1) of 1 are given in the ESL{ Crystallizations (Table S1,
ESIt) via slow solvent evaporation of 1 resulted in crystals
(Fig. S2a, ESIt) of the tetragonal system with a polar space
group P4, (point group 4, hereafter called 1P) and that contains
two crystallographically independent molecules (A and B,
Fig. S3a, ESIT) in the asymmetric unit (Z’' = 2). Whereas, upon
vacuum sublimation at 10 mbar and 503 K, 1 crystallizes
(Fig. S2b, ESI{) in the non-polar space group P42,¢ (point group
42m, hereafter called 1N) with Z’' = 1 (Fig. S3b, ESIY), also in the
tetragonal system. Furthermore, during hot-stage microscopy
(HSM), upon sublimation, 1P crystallizes in the monoclinic
system with the centrosymmetric space group P2,/n (point group
2/m, hereafter called 1C) with Z’ = 2 (Fig. S3c, ESIY).

The details of the single-crystal X-ray diffraction (SCXRD)
experiments, crystal data and structural analyses are given in
the ESIT (Table S2 and Fig. S3, S4). Here we report the crystal
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Fig.1 The capped stick view of (a) discrete N—H---N hydrogen bonds
(Na---Hg = 1.955 A and Ng-: - -Ha = 2.030 A) between A (blue) and B (green)
molecules in the crystal lattice of 1P, (b) indiscrete N-H---N hydrogen
bonds (N---H = 2.221 A) in the crystal lattice of 1N and (c) discrete N=H- --N
hydrogen bonds (Na---Hg = 1.955 A and Ng---Ha = 2.030 A) between A
(blue) and B (green) molecules in the crystal lattice of 1C. N-atoms in cyan
colour are shown as ellipsoids and H-atoms are omitted for clarity.

structures of 1 for the first time. Although we report the variable
temperature SCXRD data for 1P, we focus our discussions
based on RT data only. The molecules in the crystal lattice
of 1P adopt ABAB type packing leading to a helical structure
(Fig. S5, ESIt) via discrete N-H---N hydrogen bonds with
N, - -Np and Ng. - -N, distances of 2.885 A and 2.962 A, respec-
tively, along the c-axis (Fig. 1a). Similar discrete hydrogen
bonds have been noticed in the case of ferroelectric MBI (CCDC
ref code: KOWYEA). Conversely, 1N consists of an indiscrete
weak N-H-: - -N hydrogen bond with the N- - -N distance of 3.127 A,
also along the c-axis (Fig. 1b) and adopts a butterfly like structure
(Fig. S4b, ESIt). For 1C, the molecules in the crystal lattice also
adopt ABAB type packing via discrete N-H- - -N hydrogen bonds
as observed in 1P but along the b-axis and with N,---Np and
Ng- - N, distances of 2.891 A and 3.051 A, respectively (Fig. 1c).
However, 1C forms a similar butterfly like structure as 1N
(Fig. S4c, ESIT). The qualitative differences in intermolecular
interaction patterns in 1P, 1N and 1C are highlighted in terms of
the “energy frameworks”"® constructed based on the interaction
energies (Table S3 and Fig. S5-S7, details in the ESI}). Lattice
energy calculations using PIXEL' (details in ESIT) suggest that
although these three forms have similar energies, the centro-
symmetric form 1C is energetically the most stable form and that
of the non-polar form 1N is the least (Table S4, ESIT).

The thermogram recorded using differential scanning
calorimetry (DSC) on the crystals of 1P (phase I) shows an
endothermic peak at ~521 K and transforms to another phase
(phase II), which melts at ~563 K (Fig. 2a, bottom plot).
However, no crystallization peak is observed during the cooling
cycle. The DSC recorded on the crystals of 1N shows the melting
point also at ~563 K (Fig. 2a, top plot). Furthermore, the
second heating cycles as plotted in Fig. 2b for both 1P (bottom
plot) and 1N (top plot) show similar melting points at ~559 K.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 DSC plots recorded on 1P (bottom plot in blue solid line) and 1N
(top plot in pink solid line) crystals during (a) the first and (b) the second
cycles of heating and cooling. 1P’ is the recovered sample after the first
cycle of DSC of 1P.

Additionally, an exothermic peak appears at ~440 K for each of
1N (Fig. 2a, top plot) and 1P (Fig. 2b, bottom plot) during the 1st
cooling and 2nd heating cycles, respectively. These broad small
peaks signify the partial conversion of the amorphous solids into
crystalline solids. The HSM on the 1P and 1IN crystals displays
similar thermal behaviour as observed in Fig. 2a. However, for
both, the material partly becomes amorphous upon cooling the
melt and crystalline upon sublimation (Fig. S8a, ESIt). Powder
X-ray diffraction (PXRD) of the amorphous materials and the
SCXRD of the crystals confirm that the resultant materials are in
the 1N form. Nevertheless, for 1P, although the majority of the
crystals are rod-shaped (Fig. S8a at 423 K or 308 K, ESIf) and
provide cell-parameters of 1N, a very few thin needle-like crystals
lead to the third polymorph, 1C, as discussed above. However, due
to the insufficient amount of this minor phase (not traceable in
DSC) here we study only the crystal structure of 1C. Furthermore,
the PXRD pattern recorded upon crushing the solid sample (1P'),
recovered after the first heating and cooling cycle in DSC (Fig. 2a),
matches exactly with that of 1N (Fig. S9a, ESIf) and it differs
significantly from the PXRD of 1P (Fig. S9b, ESI{). PXRD of 1P’ was
found to match exactly with that of phase II (Fig. 2a), a sample of
which was recovered after the 1st cycle of heating of 1P up to
550 K, in a separate DSC experiment (Fig. S8b, ESIt). Therefore, it
is concluded that 1P’ and so the phase II are of non-polar form 1N.
Corroborating these results from DSC, HSM and PXRD (details in
ESIt) we infer that the polar form 1P persists up to a very high
temperature (HT) of 521.2 K, after which it transforms irreversibly
into the non-polar form 1N and also to the centrosymmetric form
1C. Whereas, 1N retains its phase upon heating and cooling.
However, similar to the other single-component molecular ferro-
electric crystals, the T, and hence the paraelectric phase of 1P also
remain hidden due to the thermal robustness of its ferroelectric
phase.”” Distinct experimental PXRD patterns of 1P and 1N
(Fig. S9, ESI) and their exact match with the corresponding
simulated PXRD patterns (Fig. S9¢ and S9d, ESIt) confirm the
purity of the respective phases. Furthermore, thermogravimetric
analysis (TGA, details in the ESIY) confirms that the thermal
decomposition temperature of the 1P crystal is as high as
658.2 K whereas that of the 1N crystal is 675.2 K (Fig. S10, ESIT).

Temperature-dependent dielectric measurements along the
polar c-axis of the 1P crystal display slow increment of
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the dielectric constant (¢’) with an anomalous behaviour near
515-521 K at 100-20 KHz (Fig. S1la, ESIT). Furthermore, the
low dielectric loss in 1P indicates its insulating nature until
the phase transformation temperature (Fig. S11b, ESIT), after
which the dielectric loss increases sharply. This is due to the
loss of crystallinity of 1P at HT as observed from the HSM
(Fig. S8a at 533 K, ESIT). However, the crystal structure of 1P is
conveniently determined up to 473 K and refined with reason-
able reliability factors (Table S2, ESIt).

Ultimately, the evidence of ferroelectricity in 1 is established
through P-E hysteresis loop measurements at RT along the
c-axis of the 1P crystal. At 1 Hz and 600 V, 1P displays a typical
rectangular loop4d"” with P, and P, values of 3.9 pnC cm™2 and
3.0 uC em 2, respectively and E, of 6.2 kV em ™" (Fig. 3). In our
present single-component all-organic molecular crystal containing
an enamine unit, while the polarization values are notable the E.
value is much lower than that of BI*? and CA.*” For the two PTM-
type ferroelectrics, BI* forms butterfly like structures via linear
N-H- - N hydrogen bonds, whereas 1P forms a helical structure
with comparable N- - -N distances (2.9235 A on an average) and
experiences displacive molecular motion within the A---B---A
trimeric unit (Fig. 1b), leading to polarization switching under a
low E.. Furthermore, fatigue measurements on 1P demonstrate
that 98% of its P, along with the rectangle hysteresis loop is
retained even after 10° switching operation cycles as shown
in the remnant polarization loop (Fig. 3, top blue and bottom
red curves). Reasonably low leakage currents along with peaks
associated with domain switching at 600 V are shown in Fig. S12
(ESIT). Measurements of the P-E loop at HT did not show any
significant changes in their characteristics in comparison with
those obtained at RT. Nevertheless, in this case, a very low value
of E. is achieved at RT.

Moreover, first-principles calculations indicate negligible
variation in Ps with temperature (Tables S5-S7, details in the
ESIf). The P value (~3.8 uC cm™?) estimated from these
calculations agrees well with that obtained from the P-E loop
measurement (3.0 uC cm™?) at RT. A similar increment of ~27%
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Fig. 3 The rectangular P-E hysteresis loop of the 1P crystal and the
corresponding fatigue characteristics for 10° switching cycles. The P, data
points in blue (top) and red (bottom) are recorded in forward and reverse
bias, respectively.
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from the experimental P to the theoretical estimation is noticed in
the case of CA as well."” Additionally, the calculation at 0 K based
on the optimized geometry of 1P, starting with the 100 K crystal
geometry and upon complete relaxation of the cell parameters,
resulted in a P, value of 3.3 uC cm™2. For these calculations, the
protons of the N-H groups are shifted from their ordered
(ferroelectric phase, degrees of polar distortion 1 = 1) position
(Na-H,- - -Np and NB-HB- - -NA) to the disordered (hypothetical
para-electric phase, /4 = 0) position (NA---HA:- - -NB---HB-: - -NA),
as typically followed for PTM-type ferroelectrics.*® The quantita-
tive agreement between the experimental and theoretical values
of P, confirms the ferroelectric characteristic of 1.

Second harmonic generation (SHG) activity measurements
on homogeneous powdered samples of both 1P (polar) and 1N
(non-polar) crystals reveal that 1P is almost as active as KDP, an
inorganic ferroelectric material, giving rise to an SHG signal of
18 mV (Table S8, ESIt). Whereas, as expected, the non-polar 1N
displays a much reduced SHG signal of 5 mV. Furthermore, the
estimation of SHG properties based on periodic calculations'*®
using crystal geometry as obtained from the SCXRD experiment
at RT suggests similar trends (Table S9, details in ESIT).

In conclusion, here we report phenanthroimidazole deriva-
tive, 1, a novel single-component all-organic crystal, which
persists in its ferroelectric phase up to a record-high tempera-
ture of ~521 K. Moreover, the ferroelectric crystal exhibits a
significantly high thermal decomposition temperature (~ 658 K).
Indeed, migrating from benzimidazoles to phenanthroimidazoles
with extended benzene rings helped in achieving the ferroelectric
phase up to a much higher temperature. Furthermore, we believe
that although the generation of polarization and polarity switching
is triggered by the PTM via RAHB in 1, the low E, is achieved due to
molecular displacements in its crystal lattice. The notable yet stable
polarizations, low E. and record-high thermal stability make 1 a
potent organic ferroelectric material for promising applications in
non-volatile memory devices such as FeRAM and memristors.
Here we also discover that 1 undergoes polymorphic transitions at
high temperatures to form non-polar and centrosymmetric crystal
structures - the first study of its kind in a single-component
ferroelectric crystal.
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