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Chirality, an intrinsic property of nature, has received increased
attention in chemistry, biology, and materials science because it can
induce optical rotation, ferroelectricity, nonlinear optical response,
and other unique properties. Here, by introducing chirality into
hybrid rare-earth double perovskites (HREDPs), we successfully
designed and synthesized a pair of enantiomeric three-dimensional
(3D) HREDPs, [(R)-N-methyl-3-hydroxylquinuclidinium],RbEu(NOs)e
(R1) and [(S)-N-methyl-3-hydroxylquinuclidinium],RbEu(NOs3)¢ (S1),
which possess ferroelasticity, multiaxial ferroelectricity, high quan-
tum yields (84.71% and 83.55%, respectively), and long fluorescence
lifetimes (5.404 and 5.256 ms, respectively). Notably, the introduction
of chirality induces the coupling of multiaxial ferroelectricity and
ferroelasticity, which brings about a satisfactory large piezoelectric
response (103 and 101 pC N~ for R1 and S1, respectively). Moreover,
in combination with the chirality and outstanding photoluminescence
properties, circularly polarized luminescence (CPL) was first realized in
HREDPs. This work sheds light on the design strategy of molecule-
based materials with a large piezoelectric response and excellent CPL
activity, and will inspire researchers to further explore the role of
chirality in the construction of novel multifunctional materials.

1. Introduction

Chirality, one of the most important and basic attributes in
nature, can couple with optics, electrics, magnetics, etc., resulting
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New concepts

Materials possessing a large piezoelectric response and circularly polar-
ized luminescence (CPL) have attracted wide attention due to their great
application potential in lighting, displays, sensors, actuators, etc. How-
ever, the realization of CPL in three-dimensional (3D) hybrid perovskites
and the precise design of hybrid perovskites with a large piezoelectric
response have always been significant challenges but highly desired.
Here, we demonstrate an effective design strategy for obtaining hybrid
perovskites with a large piezoelectric response and 3D hybrid perovskites
with excellent intrinsic CPL, that is, introducing chirality into hybrid rare-
earth double perovskites (HREDPs). Following this design strategy, we
successfully synthesized a pair of enantiomeric 3D HREDP luminescent
ferroelectrics,  [(R/S)-N-methyl-3-hydroxyl-quinuclidinium],RbEu(NO;)s,
and therefore the intrinsic excellent CPL was realized in 3D HREDPs
for the first time. Notably, the introduction of chirality achieves the
coupling of multiaxial ferroelectricity and ferroelasticity, which brings
about a large piezoelectric response, and reveals the unique role of
chirality in the realization of large piezoelectric response. This work
highlights that the chiral induction method and 3D HREDP system
provide an efficient strategy and promising platform for the
development of novel multifunctional materials.

in novel properties, such as circularly polarized luminescence
(CPL), ferroelectricity and chiral magnetic effect."> Among them,
CPL possessing numerous potential applications in optical infor-
mation storage, three-dimensional (3D) displays, biological
probes, etc., has been one of hot topics in chiral materials
research.® This is because chiral materials have the potential
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to directly emit different ratios of left and right CP light without
using filters and polarizers.® Organic-inorganic hybrid halide
perovskites (OIHHPs) have been demonstrated to possess high
photoluminescence quantum yields, and they can get chiral
properties by incorporating chiral organic cations.>””® Therefore,
chiral OIHHPs have served as an intriguing and up-and-coming
platform for developing CPL materials.”*'® For instance, 1D
chiral OIHHP (R/S)-3-(fluoropyrrolidinium)MnBr; with ferroelec-
tricity and CPL activity were developed by Gao et al.'* 2D chiral
OIHHP (R/S-MBA),Pbl, was found to possess a high average
degree of CPL of 9.6% and 10.1%, respectively.” However, up to
now, 3D chiral OIHHPs remain in a theoretically predicted stage,
not to mention the 3D chiral OIHHPs with CPL activity, although
they have wider applications, such as second-order nonlinear
optical imaging and CP perovskite lasers.>'>

The main challenge in achieving intrinsic CPL activity in 3D
OIHHPs is a structural constraint, ie., the Goldschmidt tolerance
factor rule, which limits the 3D corner-shared framework only to
accommodate relatively small-sized cations, such as MA", FA",'>13
Fortunately, various pseudohalides, such as BF,, NO;,
CH;COO7, etc., have been explored and attempted to substitute
halide anions to increase the cuboctahedral cage for accommoda-
tion of large chiral cation.'* Rare-earth ions feature various
coordination modes conducing to the construction of double
perovskites and outstanding photoluminescent properties, such
as narrow emission bands, high photoluminescence quantum
yields and long luminescence lifetime.">"® Thus, hybrid rare-earth
pseudohalide double perovskites are very suitable for the exploita-
tion of 3D perovskite materials equipped with CPL.

On the other hand, chiral materials generally possess piezo-
electricity naturally (except point group 432) due to the chiral
structure being noncentrosymmetric, as exemplified by the first
piezoelectric material, a-quartz adopting chiral point group 32.
Piezoelectric materials that can convert mechanical energies
into electrical energies, or vice versa, have attracted extensive
attention, owing to their wide application in ultrasonic imaging,
resonators, biological information sensors, and piezoelectric
actuators."”” Among them, inorganic ceramic ferroelectrics repre-
sented by lead zirconate titanate (PZT) have always occupied the
mainstream of fundamental research and application, due to
their large piezoelectric response and excellent environmental
stability.'®>° Recently, molecule-based piezoelectric materials
have emerged as promising supplementary to traditional piezo-
electric ceramics, owing to their lightweight, mechanically flex-
ible, and solution-processing, but the piezoelectric performance
of most of them is unsatisfactory, of which piezoelectric constant
(ds3) less than 40 pC N~ *.>"2* Notably, recent studies have shown
that the coupling of multiaxial ferroelectricity and ferroelasticity
is the key to obtaining large piezoelectric responses.”*>* Never-
theless, how to accurately construct crystalline materials with the
aforementioned features is still a thought-provoking problem.

Among 88 species of ferroelectric phase transition, there is a
class of ferroelectrics (22 species) with a chiral-to-chiral phase
transition feature, which provides a shortcut for the accurate
design of multiaxial ferroelectrics coupled with ferroelasticity.>
This is because 18 of the 22 species of chiral-to-chiral ferroelectric
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phase transitions have multiaxial nature. More importantly,
among these 18 species of multiaxial ferroelectrics, 16 have
ferroelasticity simultaneously (Table S1, ESIt). Therefore, introdu-
cing chirality into OIHPs might be a promising win-win design
strategy for assembling materials with large piezoelectric response
and CPL.

Herein, by molecular engineering strategies for decreasing
symmetry and introducing chirality on quinuclidinium (Q) cations,
we successfully obtained a pair of 3D chiral rare-earth double
perovskite (HREDP) ferroelectrics, [(R)-N-methyl-3-hydroxylquinu-
clidinium],RbEu(NO;)s (R1) and [(S)-N-methyl-3-hydroxylquinu-
clidinium],RbEu(NO;)s (S1). R1 and S1 are multiaxial ferroelectric
and ferroelastic simultaneously, and exhibit high quantum yields
(84.71% and 83.55%, respectively) and long fluorescence lifetimes
(5.404 and 5.256 ms, respectively). Notably, the synergy of chirality
transfers from organic cations to inorganic frameworks and
excellent photoluminescence properties of rare-earth ions
endows 3D HREDPs with excellent intrinsic CPL for the first time.
Moreover, entailing the virtue of order-disorder of orientations of
organic cations and distortion of inorganic octahedra resulting
from chirality transfer enable the coupling of multiaxial ferro-
electricity with ferroelasticity in 3D HREDPs, leading to R1 and
S1 with the exciting piezoelectric responses (103 pC N~ ' and
101 pC N, respectively). The combination of outstanding
attributes of 3D HREDP systems and complementary advan-
tages of chirality has provided an unprecedented insight into
the design of novel multifunctional chiral materials.

2. Results and discussion
2.1. Design approach

Fig. 1A presents the summary process for the design strategy of
chiral 3D HREDP ferroelectrics. Q cation with spherical config-
urations possesses minor rotational energy barriers.”®*” Thus,
we first adopted it as the template cations to construct the
HREDPs, aiming to obtain ferroelectric phase transitions. How-
ever, due to the high symmetry for Q cation, the (Q),RbEu(NO;)s
adopts a centrosymmetric space group of Fm3m (point group,
m3m) at 293 K (Fig. 1B and Table S2, ESI{). Then, we sought to
reduce the symmetry by adding a methyl group to the N atom
of Q cation, yielding N-methyl-quinuclidinium cation, MeQ.
The corresponding crystal structure transforms into a space
group of R3 (point group, 3). However, (MeQ),RbEu(NO;)s is
centrosymmetric, which is not allowed for ferroelectricity
(Fig. 1C and Table S2, ESIt). The hydroxyl group was then
added to MeQ, yielding Rac-N-methyl-3-hydroxylquinuclidinium
cation, Rac-M3HQ, to further reduce the symmetry. Nevertheless,
the obtained HREDP, [(Rac)-M3HQ][RbEu(NO;)s] (Rac), is
still non-polar (Fig. 1D and Table S2, ESIf). Therefore, we
adopted the introduction of chirality, i.e., using the homochiral
organic cations, (R)-M3HQ and (S)-M3HQ, to construct the
HREDPs. As expected, R1 and S1 crystallize in a chiral-polar
space group of R3 (point group, 3) at 253 K (Table S3, ESI¥).
The enantiomorphic features for R1 and S1 were confirmed
by circular dichroism (CD) spectra measurements (Fig. S1, ESI).
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Fig. 1 Design strategy and crystal structures of 3D HREDPs. (A) Design strategy for R1 and S1. (B) (Q),RbEU(NO3)e at 293 K. (C) (MeQ),RbEU(NO3)s at
293 K. (D) Rac at 293 K. (E) S1 at 253 K. (F) R1 at 253 K. (G) R1 at 303 K. The NOs™ ions are simplified as balls for clarity.

2.2. Reversible phase transition

The differential scanning calorimetry (DSC) results unambiguously
disclose that R1 and S1 possess a reversible phase transition at
about 285/279 K and 284/279 K in the heating/cooling run,
respectively (Fig. S2, ESIf). Thus, the Curie temperatures (7.) are
determined as 285 and 284 K for R1 and S1, respectively. The small
thermal hysteresis indicates that reversible phase transitions of R1
and S1 should belong to the second-order one. For the sake of
simplicity, the phases above and below the T are labelled as high-
temperature phase (HTP, corresponding to paraelectric phase) and
low-temperature phase (LTP, corresponding to ferroelectric phase),
respectively. From Fig. 1E and F, we can see that R1 and S1 adopt
the elpasolite (K,NaAlF¢) type of 3D double perovskite structure,
where Rb(NO;)s and Eu(NOs)s octahedra adopting corner-sharing
connectivity mode construct the 3D framework, and (R)-M3HQ and
(S)-M3HQ organic cations were confined in the cages surrounded
by the octahedra (Fig. S3, ESIT). In the LTP, the polar structure
of R1 and S1 gives rise to a spontaneous polarization along the
c-axis direction. In the HTP, the R1 and S1 adopt a chiral-non-
polar space group of P2,3 (point group, 23), as shown in Fig. 1G.
The number of symmetric elements changes from three (E, 2C;)

2452 | Mater. Horiz., 2022, 9, 2450-2459

to 12 (E, 8Cs, 3C,), and thus R1 and S1 should belong to
multiaxial ferroelectrics.>® There are four equivalent sponta-
neous polarization along the four C; axes in the HTP (Fig. S4,
ESIY). According to Aizu notation, R1 and S1 possess 23F3 type of
multiaxial ferroelectric and ferroelastic phase transition simulta-
neously, which meets conditions for ferroelectrics with a large
piezoelectric response proposed by pioneers.>*

2.3. Ferroelasticity

Taking R1, for example, we demonstrate its ferroelastic, ferro-
electric, and piezoelectric properties. Ferroelastic domains with
different orientations possess different birefringence under
perpendicular polarized light, which results in a contrast of
light and dark patterns between them.>® Therefore, we adopted
polarized light microscopy with transmission mode to observe
the evolution of the ferroelastic domains of R1 in the phase
transition process. As shown in Fig. S5a (ESIt), the crystal of
R1 displays uniform contrast in the HTP, agreeing well with
that R1 belongs to the optically isotropic cubic system in the
HTP.> When the crystal of R1 is in the LTP, the distinct
striped ferroelastic domain pattern can be observed (Fig. 24A).

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Multiaxial ferroelastic and ferroelectric properties for R1. (A) Ferroelastic domains of R1 in the LTP. (B) The variable-temperature real part of
dielectric constant (¢) measured on a single-crystal plate along the [111]-direction of HTP at different frequencies. (C) P—E loop measured on a single-
crystal along the [111]-direction of HTP at 250 K. (D) Topography image. Vertical PFM amplitude (E) and phase (H) images. Lateral PFM amplitude (F) and
phase (I) images. (G) Amplitude and phase as a function of bias voltage on a selected point.

The angles between intersecting domain patterns in R1 are
close to 120°, which is should due to disappeared C; axes,
confirming a multiaxial ferroelastic.?® As crystal of R1 regressed
from LTP to HTP, ferroelastic domains gradually diminished
until they disappeared completely, indicating a reversible phase
transition (Fig. S5b and c, ESIY).

2.4. Ferroelectricity

The reversible phase transitions, especially ferroelectric ones,
commonly lead to anomalous dielectric responses at around
phase transition temperature.*’*> Thus, we performed the
variable-temperature real part of complex dielectric constant
(¢") measurements on a large-sized single-crystal of R1 along the
[111]-direction of HTP at different frequencies to confirm the
phase transition behavior. As shown in Fig. 2B, the curve of ¢’
versus temperature displays the A-shape dielectric peaks at
around T, indicating a second-order phase transition. Notably,

This journal is © The Royal Society of Chemistry 2022

the maximum value of the dielectric peak at different frequen-
cies appears at different temperatures, which should result
from the relaxation of phase transition behaviours.****

Due to the restriction of Kleinman symmetry, only 18 non-
centrosymmetric point groups except three chiral point groups,
422, 432 and 622, have the second harmonic generation (SHG)
signal response.*>*® Therefore, we recorded the temperature-
dependent SHG signal response to examine the symmetry
breaking of the R1. As shown in Fig. S5d (ESIt), the SHG signal
intensity at 210 K is 0.18 times as strong as that of KDP
(KH,PO,), in line with R1 adopting a chiral-polar point group
of 3 in the LTP. As the temperature increases to around the T,
the SHG signal intensity exhibits a gradually decreasing trend,
suggesting a second-order phase transition. Theoretically, R1
should possess SHG signal response in the HTP. However,
when the temperature is above the T, the SHG signal intensity
detected by the instrument is almost close to zero, which

Mater. Horiz., 2022, 9, 2450-2459 | 2453
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should because weak SHG signal intensity did not reach the
lower detection limit of the instrument. Moreover, the SHG
signal response intensity exhibits nice reversibility in the cooling
run, demonstrating that the phase transition is reversible.

Ferroelectrics also possess pyroelectricity, which can trans-
form the change of electric polarization induced by temperature to
pyroelectric currents.’” We implemented pyroelectric measurements
on a large-sized single-crystal of R1 along [111]-direction of
HTP in the heating mode. As depicted in Fig. S5e (ESIt), the
pyroelectric current appears below T, corresponding to the
chiral-polar point group of 3. As shown in Fig. S5f (ESIt), with
the increase of temperature below T, the polarization values by
integrating the pyroelectric current decrease gradually, accord-
ing with the second-order phase transition feature.

To further confirm the ferroelectricity of R1, the double-
wave method was employed to obtain the polarization-electric
field (P-E) hysteresis loop. The obtained current density-electric
field (J-E) curve presents two opposite peaks, ascribed to the
polarization reversal caused by the electric field exceeding the
coercive field (E.) (Fig. S6, ESIt). As shown in Fig. 2C, the P-E
loop calculated from the j-E loop displays well-shaped, which
confirms the ferroelectricity of R1. The P (spontaneous polariza-
tion) and E. of R1 are determined to be 0.38 pC cm > and
19.65 kV em ™! at 250 K, respectively.

Piezoresponse force microscopy (PFM) has been amply
proved to be a realizable tool that can non-destructively image
and manipulate the domain structure of ferroelectrics at the
nanoscale.*® The vertical and the lateral PFM are utilized to
detect the out-of- and in-plane polarization components, respec-
tively. The amplitude and phase reflect the intensity of the piezo-
electric response and direction of polarization, respectively. We
employed the PFM to investigate the domain structure for R1 at
263 K. As shown in Fig. 2D, the domain patterns observed by the
lateral and vertical PFM are not in agreement with topography,
indicating that the response of signal results from the polarization
state rather than topography. Taking the selected area as an
example (green box), for the vertical PFM, the domain patterns
observed from the amplitude and phase images display the stripe
pattern with sharp contrast, revealing that out-of-plane polariza-
tion components of adjacent domains are in opposite directions
(Fig. 2E and H), while, for the lateral PFM, the in-plane direction of
polarization component of adjacent domains is the same (Fig. 2F
and I). This result implies that the domains in this area are non-
180°, suggesting that R1 belongs to multiaxial ferroelectrics.>**° To
confirm R1 possessing switchable P, we performed the switching
spectroscopy PFM (SS-PFM) on a selected point. The amplitude
(blue line) and phase-bias loop (red line) are illustrated in Fig. 2G.
The bias voltage exceeding the coercive voltage will give rise to
phase reversal, indicating that R1 enjoys switchable Ps. The
polarization switching with hysteresis behavior results in a
butterfly-like amplitude-bias loop.

2.5. Origins for ferroelasticity and ferroelectricity in chiral
HREDPs

In general, ferroelectrics are classified into two types, namely,
order-disorder and displacive, which stems from polarization

2454 | Mater. Horiz., 2022, 9, 2450-2459
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resulting from freezing and ordering of dipole moments that
point in random directions in the HTP, and lattice instability
resulting from long-range cooperative interaction produces a
local polarization below the phase transition temperature,
respectively. Traditional ferroelectricity is usually attributed to
the displacive movement of a group of atoms. To understand
the possible origins of ferroelectricity and ferroelasticity, the
structure of Rac, R1 and S1 is investigated in detail. The intra-
octahedral distortion of perovskites is further measured by the
bond length distortion (Ad) and bond angle variance (¢%) (Fig.
S7a and b, ESIf). Here, Ad is defined as Ad = (1/6)X(d; — d,)*/
do®, whereas ¢’ is defined as ¢ = i(@i —90)?/11.** Where d;
i=1
represents the M—N bond length (M = Rb, Eu), d, represents the
average M-N bond length, and 0; represents the N-M-N bond
angles. Compared to Rac, R1 and S1 possess enhanced intra-
octahedral distortions (Table S4, ESIt), which suggest that chiral
molecules induce asymmetry of chiral perovskites (Fig. 3A).
Notably, the perovskite framework of R1 and S1 still adopts a
space group of R3, revealing that the chirality is successfully
transferred from organic molecules to the perovskite framework
(Fig. 3B). Therefore, the ferroelectricity of R1 and S1 might
originate from both the orientation of organic molecules and

Introducing

Chirality

Removing

M3HQ

R3

(©)
N ' Introducins
i ~; Q\ §  Chirality

@ Eu ® Rb ® NoOy

Fig. 3 Transfer of chirality in HREDPs. (A) The distortion originated from
the introduction of chiral molecules. (B) The structure of R1 and R1 without
M3HQ. (C) The displacive movements of atoms in octahedra originates
from the rotation of M3HQ. The dashed circles represent atom positions
before introducing chirality.

O MmsHQ
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off-center displacement of metal cations in octahedra, in agree-
ment with the previous study.*?

Moreover, the rotation of aspherical organic cations in
hybrid organic-inorganic perovskites can induce displacive
movements of atoms in octahedra, leading to the ferroelasticity
in perovskites.*> The ferroelasticity of R1 and S1 could be
attributed to the displacement of atoms derived from the
rotation of M3HQ, which is a natural aspherical cation
(Fig. 3C). In addition to chiral molecules, we speculated that
the Coulomb repulsion between Eu 6s> lone pair and nearby
bonding electron pairs might lead to enhanced distortion of
Eu(NOs)s octahedra (Fig. S7C and Table S5, ESIf).** Further
electronic structure analysis shows that the s orbital of Eu has a
slight contribution to the charge density of HOMO-11,
HOMO-12, and HOMO-13 (Fig. S8 and S9, ESIt). Through
above analysis, it is significant that the transfer of chirality
from organic cations to inorganic framework trigger coupling
of multiaxial ferroelectricity and ferroelasticity in chiral per-
ovskites, which provide effective strategy to rational design of
materials with large piezoelectric responses.

2.6. Piezoelectricity

Using the PFM technique, we first performed the local piezo-
electric response measurements to evaluate the piezoelectric
properties of R1. The results of measurements were compared
with those of widely used piezoelectric materials, PVDF and
LiNbO;. A conductive probe tip with a bias voltage of 1 V was
adopted to drive each film across the resonant frequency. The
piezoelectric response curves are shown in Fig. 4A. The clear
resonance peaks for R1, PVDF, and LiNbO; are observed at 352,
311, and 366 kHz, respectively. The effective amplitudes were
obtained by dividing amplificatory amplitude by quality factor
(Q factor).?® As shown in Fig. 4A, the resonance peak in R1 film
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Fig. 4 Piezoelectric properties of R1. (A) PFM response peaks of PVDF, R1,
and LiNbOs. (B) PFM amplitude signal of PVDF, R1, and LiNbOs at different
drive voltages. (C) Piezoelectric constant (dz3) measurement of R1, using
quasi-static (Berlincourt) method. (D) Piezoelectric coefficient of R1 compared
with that of other piezoelectrics. Including TMCM-MnCls (trimethylchloro-
methyl ammonium trichloromanganese), ImClO, (imidazolium perchlorate),
PVDF, DIPAP (diisopropylammonium bromide), LiNbO3, Rochelle salt, croco-
nic acid and ZnO.
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is the highest, indicating that R1 possesses a stronger intensity
of piezoelectric response than PVDF and LiNbO;. The amplitude
plots as a function of bias voltage present good linear relation,
confirming that the response results from inherent piezoelec-
tricity (Fig. 4B). The quasi-static (Berlincourt) method was
employed to determine the reliable and accurate piezoelectric
properties (Fig. 4C and Fig. $10, ESIt).>® In measurement, the
normal stress was applied on a large-sized and high-quality
single crystal of R1 along the [111]-direction of HTP. As shown
in Fig. 4C, the single crystal of R1 possesses a large piezoelectric
coefficient (ds3) up to about 103 pC N, superior to that of the
most recently reported molecule-based and quite a few conven-
tional piezoelectric materials (Fig. 4D).>**>*® We also measured
the piezoelectric properties for S1, the obtained ds; is about
101 pC N * (Fig. S10, ESI¥).

Compared to the uniaxial ferroelectrics, whose polarization
only can be reversed, multiaxial ferroelectrics can have multiple
alternative directions. Therefore, when the external stress is
applied, the polarization will select a direction with the mini-
mum energy barrier to switch. Meanwhile, R1 having 23F3 type
of phase transition belongs to fully ferroelectric/fully ferroelas-
tic, indicating its ferroelectric and ferroelastic domains to be
identical.>®> When external stress gives rise to the switch of
strain state, the polarization state is also switched. Such switch
of low energy barriers, and coupling effect of ferroelectricity
and ferroelasticity significantly promotes the polarization
change, which results in a satisfactory piezoelectric response.

2.7. Photoluminescence and CPL properties

One of the advantages of HREDPs is possessing excellent
photoluminescence properties. As shown in inset of Fig. S1la
(ESIY), the colorless crystal of R1 emits red photoluminescence
under UV light (365 nm). The excitation and emission spectra
for R1 are presented in Fig. S11a (ESIt). There are two strong
emissions at 592 and 616 nm, respectively. The 592 and 616 nm
emissions are derived from °D, — “F; magnetic dipole transi-
tion, and °D, — ’F, electric dipole transition, respectively. S1
possesses similar photoluminescence properties (Fig. S12,
ESIT).*” R1 and S1 possess superior photoluminescence proper-
ties. For one thing, R1 and S1 exhibit relatively high quantum
yields, 84.71%, 83.5%, respectively (Fig. S11b and S13, ESI¥).
For another, the fluorescence lifetime of R1 and S1 is 5-30
times that of reported Mn-based molecular luminescent ferro-
electric materials (Fig. S11c and S13, ESI{).>**%7"

Motivated by the excellent photoluminescence and homo-
chiral characteristics, we further explored chiroptical properties
in the excited state of R1 and S1 by testing the CPL spectra.
As illustrated in Fig. 5A and B, crystals of R1 and S1 show
mirror-image CPL signals from 580-630 nm excited by 397 nm
light from a Xe lamp. The emission peaks located at 588 nm
and 613 nm are attributed to Eu** °D, — “F; and °D, — ’F,
transitions, respectively, which is consistent with the photo-
luminescence spectra. To verify the authenticity of the CPL
signals, we have measured the CPL spectra by rotating the
crystals at different angles (90°, 180°, 270°) perpendicular to the
testing direction (Fig. S14, ESIt). The obtained CPL signals are
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Fig. 5 CPL properties measured at room temperature and DFT results of CPL in HREDPS. (A) CPL spectra of S1 (blue line) and R1 (red line) crystal samples
excited by 397 nm. (B) The gium vs. wavelength curves of crystal samples. (C) CPL spectra of S1 (blue line) and R1 (red line) powder samples excited by
397 nm. (D) The gum vs. wavelength curves of powder samples. The DFT-calculated band structure of (E) R1 and (F) S1. (G) The mechanism of CPL.

almost the same in different testing angles without obvious
change. These results indicate that the CPL signal is indepen-
dent of the testing angle of the crystals. Thus, the obtained CPL
signals of the crystals were plausible.

Besides, R1 and S1 powder could also be used to confirm the
chiroptical properties in an excited state. We have measured
the CPL spectra of the corresponding powders made by grinding
the crystals. Clearly, the powders also showed identical mirror-
image CPL signals (Fig. 5C and D), although the intensity seems
a little weaker than the crystals. Luminescence dissymmetry
factor (gium) can be used to evaluate the level of CPL property,
Zlum = 2 X (I, — IR)/(I, + Iy), where I, and I are the intensity of
the left- and right-hand CPL, respectively.”> The gi.m, factors of
R1 and S1 crystals are calculated as —2.9 x 10 and 3.6 x 10~°
at 588 nm, 4.4 x 10 ° and —3.3 x 10~ at 613 nm, respectively
(Table S6, ESIt). In comparison, the g, factors of R1 and S1
powder are —3.9 x 10" * and 5.9 x 10 * at 588 nm, 4.9 x 10~*
and —7.7 x 10”* at 613 nm, respectively, which are smaller than
crystalline state. This might be due to the strong scattering in
powder samples, as well as the less ordering stacking.

2456 | Mater. Horiz., 2022, 9, 2450-2459

To investigate the origin of chiroptical properties of R1 and S1,
we performed spin-polarized density functional theory (DFT)
calculations (Fig. 5E and F). R1 and S1 possess a wide bandgap
of 3.37 and 3.50 eV, respectively. It is noted that the conduction
band and the valence band near the Fermi level are both flat
bands, suggesting the localization of electrons and holes. More
importantly, electronic structures in spin-down and spin-up
channels are separate, leading to the opposite spin polarization
between the valence band maximum (VBM) and the conduction
band minimum (CBM). Previous studies revealed that the different
rates of spin-polarized emission resulted in the selected polarized
photoluminescence, corresponding to the CPL (Fig. 5G).> In this
case of R1, the spin flipping from spin-up to spin-down is
energetically favorable, leading to the emission of the right (c*)
CPL. As for S1, the photophysical process is similar. From a
material design perspective, a vital question is what role chiral
molecules play in the CPL of chiral perovskites. We replaced chiral
organic cations with a background charge density and calculated
the electronic structure of the octahedral corner-sharing frame-
work of R1 and S1 (Fig. S15, ESIt). The opposite spin polarization
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between VBM and CBM suggested that the CPL originates from
the perovskite framework. Moreover, for small molecules, the
emission of circularly polarized light is proportional to the g factor,
4|p||m| cos 0
P +mP
transition electric dipole moment and transition magnetic dipole
moment, respectively.>* Table S7 (ESIt) shows that the CPL of R1
and S1 is mainly contributed by Eu(NO,)s>~, suggesting the
successful chirality transfer from organic cations to perovskite
framework.

To date, endowing 3D perovskites with CPL activity remains a
big challenge. Several strategies have been proposed, including
co-assembly with chiral matrix in nonpolar solvents, surface-
lattice distortion of chiral amine, capping chiral ammonium on
the surface of perovskite nanocrystals by ligand treatment.”>>’
Lattices of these kinds of perovskites are achiral, that is, they
don’t have intrinsic chirality. Here, we have successfully con-
structed intrinsic chiral bulky crystals with bright photolumines-
cence and CPL properties. A-site chiral organic cations could
induce perovskites to form chiral-polar space groups, and the
luminescent Eu®** ions are in an intrinsic chiral environment,
enabling R1 and S1 with excellent CPL activity.

which is defined as g = . Where p and m are the

3. Conclusions

In summary, we have successfully achieved a pair of chiral 3D
HREDP ferroelectrics, R1 and S1, possessing large piezoelectric
response (103 and 101 pC N, respectively), and CPL activity,
by introducing chirality and selecting photoluminescent
RbEu(NO3)s scaffold to assemble crystal lattice. Variable-
temperature single-crystal X-ray diffraction disclosed that R1
and S1 belong to the 23F3 type of full ferroelectric/full ferro-
elastic phase transition. Utilizing polarized light microscopy,
the evolution of the ferroelastic domain in the phase transition
process was observed. Vectorial PFM well demonstrated multi-
axial ferroelectricity. The coupling of multiaxial ferroelectricity
and ferroelasticity endows R1 and S1 an impressive piezo-
electric response. In addition, chirality induced the CPL activity
of the R1 and S1 with excellent photoluminescence properties.
This work illustrates the important role that chirality plays in
the piezoelectricity and CPL properties of ferroelectrics, and
will encourage more researchers to investigate the effect of
chirality on other related properties.

4. Experimental section
4.1. Synthesis

Quinuclidinium (Q) nitrates (4 mmol, 0.7 g), Eu(NO3); 6H,0
(2 mmol, 0.892 g), and RbNO; (2 mmol, 0.295 g) were dissolved
in a water solution (20 mL). The solution was stirred at room
temperature until completely dissolved, and then evaporated at
room temperature. After 2-3 days, the colorless bulk single-
crystal of (Q),RbEu(NO;)s precipitated at the bottom of the
beaker. The synthesis method and large-sized crystal preparation

This journal is © The Royal Society of Chemistry 2022
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of (MeQ),RbEu(NO3)e, [(Rac)-M3HQJ],[RbEu(NO;)¢], R1, and S1
were the same as that for (Q),RbEu(NO3)e.

4.2. Experimental characterization

Detail information on crystal structure determination, CD
spectrum measurement, CPL measurements, polarized light
microscopy measurements, SHG measurements, variable-
temperature dielectric permittivity measurements, pyroelectric
property measurements, P-E hysteresis loops measurements,
piezoresponse force microscopy measurements, piezoelectric
measurements, photoluminescence measurements and DFT
calculations is included in ESI.{

4.3. Computational methods

The first-principles calculations for R1 and S1 were performed
based on density functional theory implemented in the Vienna
ab initio Simulation Package.’® The projector-augmented wave
method with the generalized gradient approximation of the
Perdew-Burke-Ernzerhof exchange-correlation functional was
used.”®®° The transition electric dipole moment and transition
magnetic dipole moment of MA, R-M3HQ', S-M3HQ'", and
Eu(NO3H)¢** were calculated in the framework of time-
dependent density functional theory by using the Gaussian
code.®’ The orbitals of Eu(NO;H)s>" are plotted by utilizing
the Multiwfn software.®>

4.4. Single crystal structure information

CCDC 2096217-2096223 contains the supplementary crystal-
lographic data for this paper.¥
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