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ABSTRACT: Chiral organic-inorganic perovskites (COIPs)
have recently attracted increasing interest due to their unique in-
herent chirality and potential applications in next-generation opto-
electronic and spintronic devices. However, COIP ferroelectrics
are very sparse. In this paper, for the first time, we present the
nickel-nitrite  ABXs COIP ferroelectrics, [R- and S-N-
fluoromethyl-3-quinuclidinol]Ni(NO2)3 ([R- and S-
FMQINi(NOz2)3), where the X-site is the rarely seen NO2~ bridg-
ing ligand. [R- and S-FMQ]Ni(NO)s display mirror-relationship
in the crystal structure and the vibrational circular dichroism sig-
nal. It is emphasized that [R- and S-FMQ]Ni(NO2)s show splendid
ferroelectricity with both an extremely high phase-transition point
of 405 K and spontaneous polarization of 12 uC/cm? To our
knowledge, [R- and S-FMQ]Ni(NO2)s are the first examples of
nickel-nitrite based COIP ferroelectrics. This finding expands the
COIP family and throws lights on exploring high-performance
COIP ferroelectrics.

Perovskites, which have the simplest general ABXs (A, B are
cations, and X is the anion) formula, represent a large family of
important functional materials. Among them, the inorganic oxide
perovskites where X-site is the oxygen ion have received great
interest for centuries because of their intriguing physical proper-
ties and wide practical applications.® In recent years, the halide
perovskites (X-site = halogen ions) have shown promising appli-
cations in optoelectronic devices such as photovoltaics, which
aroused significant attention to organic-inorganic perovskites
(OIPs).2 OIPs are structurally derived from the inorganic oxide
perovskites, and their structure generally consists of organic A-
site cation and inorganic framework of BXs octahedral.> Combin-
ing the features of organic and inorganic constituents, OIPs can be
easily solution-processed into nanostructures, thin films and crys-
tals, and they show excellent optical, magnetic, and electric prop-
erties.* For instance, [CHsNH3]* based lead halide OIPs exhibit
high photoluminescence efficiency and absorption coefficient.®
[(CHs)2NH2][B(HCOO)3] (B = Mn?*, Ni?*, Fe?, and Co?") were
found to show weak ferromagnetism and antiferroelectric order.®
[CICH2(CHs)sN]CdCls and its solid solution
[FCH2(CHs)sN]x[CICH2(CHs3)3N]1-xCdCls show larger piezoelec-
tric coefficient than the inorganic perovskite BaTiOs and
Pb(Zr,Ti)Os, respectively. 7

Recently, the incorporation of chiral A-site cation endows OIPs
with the unique inherent chirality, which is very hard to be
achieved in the inorganic oxide counterparts due to the absence of
intrinsic chiral centers.® The inherent chirality of chiral (homochi-
ral) organic-inorganic perovskites (COIPs) brings fascinating
physical features including circular dichroism, chiroptical nonlin-
ear optical effect, circularly polarized photoluminescence, and
spintronic property,® showing potential applications in future opti-

cal and spintronic devices,'® which makes COIPs particularly
appealing. Since five of ten polar point groups for generating
ferroelectricity are chiral-polar (Ci1, Cz2, Cs, Cs and Ce) and 22 of
88 types of paraelectric-to-ferroelectric phase transition are chiral-
to-chiral (Table S1),'! the introduction of chirality into OIPs also
facilitates the realization of ferroelectricity, a functional property
that plays a vital role in non-volatile memories.*? Several halide
ABX3 COIP ferroelectrics were recently constructed based on the
chiral [R- and S-3-fluoro-pyrrolidinium]* cation.® However, they
suffer from a low phase-transition temperature (Tc, 273-333 K)
and small spontaneous polarization (Ps, 4.5-5.79 uClcm?),*® sig-
nificantly smaller than those (393 K and 26 xC/cm?) of the oxide
perovskite ferroelectric BaTiOs,** which hinders their further
applications. Most recently, Shi and coworkers reported the lead
halide ~ ABXsz  COIP  ferroelectrics [R- and S-
cyclohexylethylammonium]Pbls with Tc of 373 K, but the Ps is
only 1.2 uClcm?.35 Although many OIP ferroelectrics have been
discovered,*® the COIP ferroelectrics remain very few, especially
for the both high T and high Ps ones.

Owing to the structural flexibility of OIPs, beyond the most
commonly seen halogen ions, the X-site ions can be extended to
other bridging ligands such as the formate ([HCOO]"), hypophos-
phite ([H2POO]"), cyanide (CN-), thiocyanate (SCN), dicyana-
mide ([N(CN)2]"), perchlorate (ClO4"), tetrafluoroborate (BF4),
and nitrate (NO3") ions.*»1” However, the COIP ferroelectrics are
mainly found in the halide OIPs.**'” Herein, we reported unprec-
edented nickel-nitrite  COIP ferroelectrics [R- and S-N-
fluoromethyl-3-quinuclidinol]Ni(NO2)3 ([R- and S-
FMQ]Ni(NO2)3), where the X-site is the NO2™ ion. They show
mirror-related vibrational circular dichroism (VCD) response.
More importantly, the Tc and Ps of [R-FMQ]Ni(NO2)s and [S-
FMQ]Ni(NO2)s reach up to 405 K and 12 xCl/cm?, respectively,
which greatly exceeds those of recently documented halide ABX3
COIP ferroelectrics,*®*5 and is one of the highest value in molecu-
lar ferroelectrics.'3168 [R-FMQ]Ni(NO2)3 and [S-FMQ]Ni(NOz2)3
are the first nickel-nitrite COIP ferroelectrics, which broadens the
class of COIPs and provides promising platforms for achieving
excellent COIP ferroelectrics.

Single-crystal ~ structural measurements reveal that [R-
FMQ]Ni(NO2)3 and [S-FMQ]Ni(NOz2)s have the identical mono-
clinic chiral-polar P21 crystal symmetry with Cz point group in
the ferroelectric phase (FP) at 293 K (Table S2). [R-
FMQ]Ni(NO2)s has the typical hexagonal ABXs perovskite struc-
ture (Figure 1a),*® where the A, B, and X represents the [R-FMQ]*,
Ni%*, and NOz™ ions, respectively, and the [R-FMQ]* cations
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Figure 1. Crystal structure of (a) [R-FMQ]Ni(NOz)z and (b) [S-FMQ]Ni(NO3)s at 293 K viewed along the a-axis.

reside in the space between adjacent one-dimensional
(Ni(NO2)3)n~ anionic chains of face-sharing Ni(NOz2)s octahe-
dral. In the Ni(NO2)s octahedron, the center Ni atom is surrounded
by 3 N and 3 O atoms from 6 NO2z" ligands with the Ni-N and
Ni—O distances in the range of 2.060(7)-2.098(7)A and 2.053(6)-
2.061(7)A, respectively (Table S3). Such octahedron thus has the
O-Ni-N angles (83.5(2)-176.7(3)9, N-Ni-N angles (91.1(3)-
94.9(3)9, and O-Ni-O angles (94.0(3)-97.9(2) 9 (Table S3),
implying a significant distortion. The [R-FMQ]* cation is ordered,
which has a chiral center with the “R” configuration (Figure 1a).
Structurally, [S-FMQ]Ni(NOz)z presents the mirror-image rela-
tionship with [R-FMQ]Ni(NO2)s (Figure 1a and b).

VCD is a spectral technology widely applied to identify the chi-
ral properties of the enantiomers. Figure 2a shows the VCD spec-
tra of [R-FMQ]Ni(NO2)s and [S-FMQ]Ni(NOz2)s, displaying sev-
eral couples of obvious signals at around 1376, 1363, 1350, 1330
and 1312 cm*. These VCD signals are consistent with the absorp-
tion peaks observed in the infrared spectra (Figure 2b). Their in-
frared spectra match well with each other. Whereas, the VCD
spectra almost present a mirror image. This demonstrates the en-
antiomeric  characteristics of [R-FMQJNi(NO2); and [S-
FMQ]Ni(NO)s crystals. We also calculated the VCD and infrared
spectra of [R-FMQ]Ni(NO2)s and [S-FMQ]Ni(NO2)s by density-
functional theory (Figure 2c). The obtained VCD signal show
mirror-relationship as well. There is a minor peak shift between
the experimental and calculated spectra because of the molecular
configuration variation when optimizing the geometry.

We then adopted DSC (differential scanning calorimetry) anal-
yses for [R-FMQINi(NOz)s and [S-FMQ]Ni(NO2)s to trace the
phase transition. Their DSC curves present reversible anomaly
peaks in the heating-cooling process (Figure 3a and b), reflecting
the presence of phase transition. The T. deduced from the peak
position of the heating curve is 405 K for the enantiomers. This
value exceeds the Tc of the majority of OIP ferroelectrics, such as
the chiral halide perovskite [R-3-fluoro-pyrrolidinium]MnBrs
(273 K),1% the lead halide perovskite [ICH2N(Me)s]Pblz (312
K),16¢ the metal-formate perovskite [(N2Hs)x(CH3NHa3)1-
xIMn(HCOO)s (287 K-355 K),f and also surpasses the T of the
inorganic oxide perovskite BaTiOs (393 K).** The high T feature
ensures [R-FMQ]Ni(NO2)s and [S-FMQ]Ni(NO2)s could work at a
wide temperature range.

We further collected the crystal data of [R-FMQ]Ni(NO2)z and
[S-FMQ]Ni(NO2)s at 423 K above Tc in the paraelectric phase
(PP), the obtained cell parameters indicate a trigonal or hexagonal
crystal system with a = 10.7360 A, b = 10.7360 A, ¢ = 6.8249 A,
a==90%and y = 120°for [R-FMQ]Ni(NO2)3 and a = 10.7093
A b=10.7093 A, c=6.8345 A o= =90°, and y = 120for [S-
FMQINi(NO2)s. However, the crystal data are poor, and it is hard
to solve the crystal structure well. We also recorded the powder
X-ray diffraction (XRD) data at various temperatures for [R-
FMQ]Ni(NO2)s (Figure S1). The XRD
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Figure 2. (a,b) Measured and (c) calculated VCD and infrared (IR)
spectra of [R-FMQ]Ni(NOz)s and [S-FMQ]Ni(NO2)s.

peaks at 293 K are consistent with those obtained by the crystal
structural simulation. They experience no apparent variation with
temperature rising in FP. Nevertheless, when the temperature goes
up to the PP, the XRD peak number lessens obviously, which
means a higher crystal symmetry.

The phase transition course is normally along with the dielec-
tric anomaly. As expected, the real part ¢’ of dielectric constant
versus temperature for [R-FMQ]Ni(NOz2)s and [S-FMQ]Ni(NOz2)s
displays an abruptly jump as the temperature increases near Te.
Generally, the ferroelectric-to-paraelectric phase transitions obey
Curie-Weiss law:

X= C/(T-Tc)
in which X; C, T, and Tc represents the electrical susceptibility, a
constant, an absolute temperature and the Curie temperature, re-
spectively. However, in our case, the ¢ shows a step-fashion
curve rather than a typical A peak shape of the dielectric anomaly
for ordinary proper ferroelectrics based on the Curie-Weiss law.
This manifests that [R-FMQ]Ni(NO2)s and [S-FMQ]Ni(NO2)s are
improper ferroelectric, where the ¢’ does not follow the Curie-
Weiss law. We thus used a model based on the Landau-Ginzburg
theory (supporting information), which is applicable to describe
dielectric behaviors of improper ferroelectrics,™ to fit the &’ versus
temperature curve. The obtained fitting curves match well with
the measured ones in the FP region (Figure 3c and d), but not very
well in the PP region, as observed in the improper ferroelectric
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[CICH2(CH3)sN]MnCls.7 This is due to that for realistic improper
ferroelectrics, the measured dielectric constants in PP are always
temperature-dependent while not the theoretically temperature-
independent (see supporting information).”®% The & of [R-
FMQINi(NO2)3 and [S-FMQ]Ni(NO2)s exhibits an enhancement
in PP, as found in other improper ferroelectrics like
[(OH)N(CHs3)3]2KFe(CN)s, % which may be attributed to the sig-
nificantly disordered dipolar organic cations in PP (see below).

As is generally known, solid materials crystallizing in the non-
centrosymmetric point groups (except for D4, Ds, and O based on
Kleinman’s symmetry transformation®) are SHG (second har-
monic generation) responsive. Both [R-FMQ]Ni(NO2)s and [S-
FMQINi(NO2)z (Figures 4a and b) are SHG-responsive in FP,
which corresponds to the chiral-polar Cz point group. When the
temperature is raised, the SHG signals drop to background value
at around Te. Thus, in view of the chirality and the trigonal or
hexagonal crystal system, the PP of [R-FMQ]Ni(NO2)s and [S-
FMQI]Ni(NO2): may take the SHG-unresponsive chiral-nonpolar
Ds point group. In this high symmetry phase, the [R-FMQ]* and
[S-FMQ]"* cations will become significantly disordered, of which
the order-disorder transition contributes to the phase transition, as
found in other OIP ferroelectrics.”*36 The large [R-FMQ]* and
[S-FMQ]* cations need a large energy barrier to accomplish the
order-disorder transition, being responsible for the high Tc.*?

The ferroelectricity of [R-FMQINi(NO2)3 and [S-
FMQINi(NO2)s is directly ascertained by characterizing the P-E
(polarization-electric field) loop. Figure 4c and d reveal a clear
P—E loop, which is the crucial evidence for ferroelectricity. The
Ps at 293 K of [R-FMQ]Ni(NO2)s and [S-FMQ]Ni(NO2)s equals
to 12 puC/cm?, which is one of the largest value in molecular fer-
roelectric.*68 This value also surpasses the Ps of the recently
documented halide ABXs COIP ferroelectrics (1.2-5.79
uClcm?),1315 and other OIP ferroelectrics including the halide
(CsH12NO)2PbBr4 (5.6 uC/cm?),160 the cyanide
[(OH)N(CH3)3]2KFe(CN)s (1.25 uC/cm?),*®* and the formate
(N2Hs5)Mn(HCOO)3 (3.58 uC/cm?).?° Structurally, the alignment
of dipole moments of the NOz~ ions within the (Ni(NOz2)3)»~ chain
of distorted Ni(NO2)s octahedral and the [R- and S-FMQ]* cations
contributes to the large Ps of [R-FMQINi(NO2)s and [S-
FMQ]Ni(NO)s. To further estimate the saturated polarization, the
point charge model is employed for calculation (supporting in-
formation). The calculated Ps is in line with the measured value.

We also synthesized other nickel-nitrite COIPs, [R- and S-N-
methyl-3-quinuclidinol]Ni(NO2)s ([R- and S-MQ]Ni(NO2)s),
which are structurally analogous to [R- and S-FMQ]Ni(NO2)s,
respectively (Figure S2). [R- and S-MQ]Ni(NOz2)s adopt chiral-
polar P21 crystal symmetry in FP as well, and own a high Tc
reaching 372 K and high Ps reaching 11.7 pC/cm? (Table S2, and
Figures S2-S6). [R- and S-FMQ]Ni(NOz)s have a higher Tc than
[R- and S-MQ]Ni(NOz)s because of the larger fluorinated [R- and
S-FMQ]* cations.

In summary, we reported the first nickel-nitrite ABX3 COIP
ferroelectrics. They have the typical hexagonal ABXs structure
with the NOz™ ion as the X-site and show VCD response. Intri-
guingly, [R-FMQ]Ni(NO2)s and [S-FMQ]Ni(NO2)s possess both
an exceptionally high Tc reaching up to 405 K and high Ps reach-
ing up to 12 uC/cm?, which is outstanding in OIPs, and signifi-
cantly surpasses those of the recently documented halide ABX3
COIP ferroelectrics. We anticipate that by incorporating more
chiral organic A-site cations into nickel-nitrite OIPs, more new
splendid COIPs can be assembled.
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