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Herein, we present for the first time on the synthesis of two chiral
perovskites with white-light emission and an achiral perovskite
featuring a spectral blueshift. Moreover, the luminescence mecha-
nism of these perovskites is investigated. The direct signals of the
free excitons (FEs) and self-trapped excitons (STEs) were observed
by performing time-resolved nanosecond transient absorption
measurements for our perovskites. This directly verifies that the
broad emission indeed originates from FE and STEs. The time-resolved
transient emission curves manifest that the long-lived component is
assigned to STEs transition and short-lived component is ascribed to FE
transition. This study promotes the development of multifunctional
applications of chiral white-light emissive perovskites.

Introduction

Organic-inorganic hybrid perovskites have drawn increasing
attention for their promising applications in photovoltaic cells,
light-emitting diodes (LEDs), photodetectors, and so on."”
Importantly, low-dimensional perovskites have a common broad-
band emission and large Stokes shifts, which is assigned to
the existence of STEs and provides a probability of generating
white-light emission.'®"® A single-component white-light emissive
phosphor plays an important role in preparing high-quality white-
light-emitting diodes (WLEDs), which is ascribed to resolving two
problems of self-absorption and spectral shift.”*® Therefore,
significant efforts need to be made to obtain single-component
white emissive low-dimensional hybrid perovskites.
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Meanwhile, the low-dimensional organic-inorganic hybrid
perovskites feature the diversity of available ionic compositions
and flexible structure, which makes it possible to achieve
different optoelectronic properties via incorporating functional
organic molecules into these perovskites.””*° For example,
Billing et al. synthesized one-dimensional (1D) chiral perovskites
via the incorporation of chiral organic small molecules for the
first time.>" Ma et al. reported the linear optical properties such as
circularly polarized luminescence (CPL), and corresponding detec-
tion of chiral 2D perovskites.** Xiong et al. reported the synthesis
and ferroelectricity of a series of chiral perovskites.*> Current
studies focus mostly on the linear optical properties,**”> second
harmonic generation (SHG),>***® and electronic properties,
including spintronics® and ferroelectricity.*>*! However, to the
best of our knowledge, there are no reports on the photolumines-
cence mechanism of low-dimensional hybrid perovskites with
combined chirality and white-light emission.

Result and discussion

Here, we first reported the synthesis of chiral 2D perovskites
(R-(+)-B-MPEA),PbBr, and (S-(—)-B-MPEA),PbBr, (B-MPEA =
beta-methylphenethylamine, where S- and R-MPEA represent
the molecules with opposite chirality) with ultra-broadband
white-light emission. The schematic experimental operation
of chiral perovskites is shown in Scheme 1a. Chiral perovskite
crystals are synthesized via a solution method using chiral
organic ligands, in which chiral cations are rationally intro-
duced to achieve the spatial inversion asymmetry. We also
synthesized achiral perovskite crystals ((rac)-MPEA),PbBr,,
(racemic beta-methylphenethylamine) using equal proportions
of R-(+)- and S-(—)-p-MPEA as controls, further details are given
in the ESL{ Scheme 1b displays the schematic structural
illustration of chiral perovskite crystals. Two layers of chiral
molecules sandwich a layer of corner-sharing [PbBre]*~ octa-
hedral layer. Chiral organic cations in the perovskite crystal are
held together by the van der Waals force and were stabilized
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Scheme 1 (a) The schematic experimental operation diagram. (b) The structural illustration of crystals of (R-(+)-p-and S-(—)-B-MPEA),PbBr, (yellow-
green ball = bromide atom, sky-blue ball = lead atom, gray ball = carbon atom, deep-blue ball = nitrogen atom, and pink-white ball = hydrogen atom).

here through n-n packing interactions. The inorganic layers
and organic cations were connected by the hydrogen bonding
of N-H- - -Br. (R-(+)-B-MPEA),PbBr, exhibits a white color and a
needle-like shape (Fig. 1a), and emits white-light under the UV
light of 365 nm (Fig. 1b). The scanning electron microscopy

(SEM) image of (R-(+)-B-MPEA),PbBr, shows that the surface is
smooth (Fig. 1c). To confirm the chemical composition of
(R-(+)-B-MPEA),PbBr,, we performed the energy-dispersive
X-ray spectroscopy (EDS) measurement. As shown in Fig. S1
(ESIt), the C, N, Pb, and Br elements are distributed through

(a) (c) (d)
P (002) (R-(+)-B-MPEA),PbBr,
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3 — (S-(-}-6-MPEA),PbBr,
z
b)  UVlight £ l | W
365nm = ~— ((rac)-MPEA),PbBr,
| | A I N
10 20 30 40
2Theta/degree

Fig. 1 The optical image under (a) ambient light and (b) UV light (365 nm), (c) SEM image (scale bar is 5 pm) and element mapping images of (R-(+)-f-

MPEA),PbBr4. (d) The XRD patterns of perovskite crystals.
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the selected areas (marked by a square). The presence of the
O element is assigned to the preparation in air. (S-(—)-B-
MPEA),PbBr, and ((rac)-MPEA),PbBr, have similar properties
(Fig. S2 and S3, ESIt). The X-ray diffraction (XRD) patterns
of these as-synthesized perovskites exhibit sharp peaks with
narrow full-width at half-maximum values, which further indi-
cate that all of our perovskites have good crystallinity (Fig. 1d).
We further investigated the thermal stability of these perovskite
crystals. As shown in Fig. S4 (ESIf), the thermal gravimetric
analysis (TGA) measurements reveal that our perovskite crystals
exhibit thermal stability up to a decomposition temperature of

approximately 220 °C.

To confirm the chirality of our perovskite crystals, we further
carried out circular dichroism (CD). We measured CD using
thin-films of these perovskites. Scheme S1 (ESIt) represents a

spin-coating method to prepare thin-films.

The as-formed

perovskite crystals were spin-coated at 2000 rpm for 30 s on

a clean quartz glass substrate with a 250 mg ml~

! precursor
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solution in dimethylformamide (DMF). After a heat treatment
at 65 °C for 2 min, thin-films were formed (see the methods in
the ESIT). The X-ray diffraction (XRD) patterns of the as-formed
perovskite crystal thin-films are shown in Fig. 2a and Fig. S5
(ESIY). For comparison, the characteristic peak of the thin films
appeared due to successful preparation. When the CD of the
thin films was measured, (R-(+)-B-MPEA),PbBr, and (S-(—)-B-
MPEA),PbBr, were found to have evident CD signals, while
((rac)-MPEA),PbBr, displayed a featureless flat signal (Fig. 3b).
The peaks in the CD spectra of (R-(+)-B-MPEA),PbBr, and
(S-(—)-B-MPEA),PbBr, are observed at the same position at
289 nm, 321 nm, 388 nm, and 398 nm. However, the peaks of
(R-(+)-B-MPEA),PbBr, and (S-(—)-B-MPEA),PbBr, have opposite
signs, as shown in Fig. 2b. The presence of the oppositely
signed CD in (R-(+)-B-MPEA),PbBr, and (S-(—)-p-MPEA),PbBr,
confirms that the incorporation of the chiral organic molecules
can successfully endow perovskites with chirality. In detail,
(R-(+)-p-MPEA),PbBr, and (S-(—)-p-MPEA),PbBr, do not show
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Fig. 3 ns-TA spectra of (a) (S-B-MPEA),PbBr,, (c) (R-B-MPEA),PbBr4, (e) ((rac)-MPEA),PbBr, films upon excitation at 355 nm. TA onsets of (b)
(S-B-MPEA),PbBr4 (d) (R-B-MPEA),PbBry, (f) ((rac)-MPEA),PbBr, films probed at different wavelength.

absolutely mirror-imaged CD signals with a weak dissymmetry
factor. A comparison of the CD spectra and absorption spectra
of the chiral films reveal that the CD peaks are located before
the absorption band edge. The peak observed at 390 nm was
extrapolated to 402 nm. It is found that the CD signal of
(R-(+)-B-MPEA),PbBr, and (S-(—)-B-MPEA),PbBr, change the
sign close to the absorption band edge. This phenomenon
can be interpreted as the Cotton effect.”” Furthermore, the
observed CD could be ascribed to the transition of electrons in
the electronic bands, which in turn supported the observed
Cotton effect. In addition, the changes in the CD signal in the
wavelength region ranging from 250 to 325 nm can be attri-
buted to additional excitonic transitions, whereas the CD signal
in the longer wavelength region of the band edge actually
originates from circular differential scattering according to
the previous report.*® All of these findings support that chirality
has been transferred from the solely organic cations to the
overall (R-(+)-B-MPEA)2PbBr, or (S-(—)-B-MPEA),PbBr, perovs-
kite crystals, while chirality exists only in organic cations for
((rac)-MPEA),PbBr, perovskite crystals. These results contribute
to further optical properties of chiral and achiral perovskites.
Next, the photophysical properties of the perovskite system
were measured via photoluminescence excitation (PLE) and
PL emission spectra. As shown in Fig. 2c¢ and d, (R-(+)-B-
MPEA),PbBr, and (S-(—)-B-MPEA),PbBr, both exhibit ultra-
broadband emission spectrum ranging from 385 nm to 800 nm,
and two emission peaks: a narrow emission located at 402 nm and
a broad emission centered at 535 nm with an excitation wavelength
of 360 nm. The origin of the unusual dual-peak emission is
ascribed to free exciton (FE) and self-trapped exciton (STE)
recombination, which will be discussed in detail in the later analysis
of the ultra-fast spectra. Compared with (R-(+)-B-MPEA),PbBr,,

5676 | J Mater. Chem. C, 2020, 8, 5673-5680

the intensity of the 402 nm emission of (S-(—)-p-MPEA),PbBr,
remains unchanged, while the intensity of the 537 nm emis-
sion of (S-(—)-B-MPEA),PbBr, increased. Therefore, (R-(+)-B-
MPEA),PbBr, and (S-(—)-B-MPEA),PbBr, perovskite exhibit
white-light emissions with the CIE chromaticity coordinates
of (0.312, 0.361) and (0.326, 0.374), respectively, as shown in
Fig. 2e. Meanwhile, both chiral perovskite films could emit
white-light under UV light photoexcitation of 365 nm, as shown
in Fig. 2a and b inset. Two chiral perovskites have a photo-
luminescence quantum yield (PLQY) of approximately 1%.
According to the previous reports,***° the low-dimensional
perovskites, particularly 1D or 2D perovskites emitting from
both FE and STE excited state, rarely achieve high PLQY due
to electronic band formation and aggregation-induced self-
quenching in the solid-state. It is not difficult to understand
that two chiral perovskites have a low PLQY. In addition, the PL
spectrum of (rac-MPEA),PbBr, perovskite exhibits a non-Gaussian
distribution emission located at 408 nm, as shown in Fig. S6
(ESIf). Compared with chiral perovskites, ((rac)-MPEA),PbBr,
emits much stronger light with CIE chromaticity coordinates of
(0.260, 0.290) and has a much higher PLQY of 5%. Therefore, the
difference between R- and S-configure chiral cations may change
the weak interactions existing in the perovskite crystal structure
such as the hydrogen bonding and van der Waals force, which
results in the optical difference, as shown in the CIE chromaticity
coordinate and PLQY. Table S1 (ESIf) lists some reported PLQY
and CIE chromaticity coordinates for white-light-emitting perovs-
kites. Through comparison, the PLQY for our white-light-emitting
perovskites is comparable and not particularly low. Besides, the
presence of the same PbBr,>~ frameworks and cross-sectional
aromatic area indicates a similar structure and is further attri-
buted to optical similarity, as shown in the absorption spectra.

This journal is © The Royal Society of Chemistry 2020
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To further verify that the ultra-broadband emission of the
perovskites originates from FE and STE, we subsequently
performed nanosecond time-resolved transient absorption
(ns-TA) spectroscopy to directly observe the signal of FE and
STE, as presented in Fig. 3. The ns-TA spectra of (S-(—)-B-
MPEA),PbBr,, (R-(+)-B-MPEA),PbBr,, and ((rac)-MPEA),PbBr,
are shown in Fig. 3a, b, ¢, d, e and f, respectively. The ns-TA
spectroscopy was carried out by conforming to the above-
excitonic-peak excitation at 355 nm with pulse energy of 7 m].
The characteristic bleach peak of 395 nm and a remarkable
broad absorption with energy below that of excitons are
observed in Fig. 4a-c, which support that the emission of our
perovskites originates from FE and STE. The same position of
the bleach peak exhibits similar exciton absorption for these
perovskites, which is assigned to the presence of the same
PbBr,>” frameworks. In addition, it is reported that the for-
mation time of STE demonstrates itself in the rise time of the
observed induced absorption.’®'***%° The formation time of
STE in (rac-MPEA),PbBr, is shorter than that of two chiral
perovskites (Fig. 3b, d and f), which show a low potential
barrier between the FE and STE states for ((rac)-MPEA),PbBr,.
(S-(—)-B-MPEA),PbBr, and (R-(+)-B-MPEA),PbBr, have the same
formation time of STE, which indicates that there was no
difference in the potential energy barrier between the FE and
STE states for the two perovskites. To further comprehend the
photoluminescence mechanism, we performed a Gaussian
curve fitting and nanosecond time-resolved PL emission (ns-TE)
spectroscopy.

The ns-TE spectra and Gaussian curve fitting of the PL spectra
of these perovskites are shown in Fig. S6, ESIT and Fig. 4. These
Gaussian peaks were found to give the optimal fit to the
corresponding spectrum in Fig. S7a (ESIf). Compared with
the chiral perovskites, the distribution of high-energy peaks
increased for ((rac)-MPEA),PbBr,. We assume that the self-
depth of ((rac)-MPEA),PbBr, may be smaller than chiral
perovskites. The comparison of ns-TE with the corresponding
reverse-normalized PL spectra of three perovskites is shown in
Fig. S7b-d (ESIt). The distribution of high-energy peaks in
((rac)-MPEA),PbBr, increases, while the distribution of low-
energy peaks decreases, in accordance with the Gaussian curve
fitting analysis. This further supports the previous assumption
for the self-trapped depth. Another remarkable observation is
that there is a common maximum emission peak at 435 nm.
For all three perovskites, the PL decay monitored at 435 nm can
be satisfactorily fitted with a biexponential decay (Fig. 4). The
fast decay process (t;) corresponds to the FE transition, while
the slower decay process (t,) is assigned to the STE transition.
More explicitly, for (S-(—)-B-MPEA),PbBr,, a biexponential decay
has a 16 ns component (92%) and a 120 ns component (8%) in
Fig. 4a. For (R-(+)-B-MPEA),PbBr,, a biexponential decay has a
19.5 ns component (95%) and a 108 ns component (5%) in
Fig. 4b. For ((rac)-MPEA),PbBr,, a biexponential decay has a 60.1 ns
component (62%) and a 351 ns component (38%) in Fig. 4c. The
proportion of the STE component for (R-(+)-B-MPEA),PbBr,
decrease in contrast to that of (S-(—)-p-MPEA),PbBr,. The
ns-TA data analysis shows the same potential barrier between

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Nanosecond time-resolve emission (ns-TE) decays and fittings

of the (a) (S-B-MPEA),PbBrs, (b) (R-B-MPEA),PbBrs, and (c) ((rac)-
MPEA),PbBr, emission at 435 nm.

FE and STE for (R-(+)-B-MPEA),PbBr, and (S-(—)-B-MPEA),PbBr,.
Both results manifest that some different defects tune radiative
or nonradiative transitions and further change luminescence.
Some defects that promote nonradiative transition between STE
and ground state (GS) existed in (R-(+)-3-MPEA),PbBr,, which is
consistent with the decrease in the long-lived STE emission
component. In addition, the significant increase in the long-
lived component proportion for ((rac)}MPEA),PbBr, suggests
that the transition from STEs to FEs has a low potential energy
barrier, and more FEs were trapped to generate STEs, in accor-
dance with the result of the ns-TA measurement. According to
the previous reports,”™** the inorganic and two kinds of chiral
organic components couple to electronic subsystem and induce
much rapid coherence loss for ((rac)-MPEA),PbBr,. The rapid
loss of coherence also explains the significant increase in the
long-lived component proportions. Meanwhile, the PLQY of
((rac)-MPEA),PbBr, was much higher than that of chiral perovs-
kites, which is ascribed to the removal of some defects that are in
favor of nonradiative transition.

The photophysical mechanism of the ultra-broadband emis-
sion in the perovskite systems can be depicted, as shown in
Fig. 5, based on the above discussions. Detail follows: upon
photoexcitation, electrons in the GS were motivated to the FE
state for the chiral perovskite systems. Some FEs can return to
GS via radiative or nonradiative transition forms directly. Some
FEs were trapped by the STE states to further produce the STE
emission or non-radiative transition. Some FEs trapped by the
STE states undergo back energy transfer to return to the FE
state first, and then return to GS after emitting light. All the
transitions happened in the chiral system simultaneously. The
presence of chirality can generate some defects, which is in
favor of nonradiative transitions (particularly STE nonradiative
transition). It is not difficult to understand that the chiral
perovskites have a PLQY of approximately 1% and lack a
long-lived component. Compared with the chiral perovskites,
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Fig. 5 Diagram of luminescence processes in the as-formed perovskite crystals. (GS: ground state, FE state: free-exciton state, STE state: self-trapped

exciton state.)

the achiral perovskite has a low energy barrier between FE and
STE and a higher proportion of the long-lived components,
both manifesting that the transitions between the FE state and
STE state are not restricted. The luminescence of achiral perovskite
exhibits a blueshift. Moreover, the high energy emission peaks of
the achiral perovskite increased. Both of them indicate that the
self-trapped depth of the achiral perovskite was smaller than that
of chiral perovskites, as shown in Fig. 5. In addition, the dis-
appearance of chirality may remove some defects, which promotes
the radiative transition. These all support that the PLQY of the
achiral perovskite was much higher than that of two chiral
perovskites. Finally, the ultra-broadband emission of our perovs-
kites indeed originates from FE and STE.

Conclusions

In summary, we synthesized two chiral perovskites with broad-
band white-light emission and a remarkable CD signal, and an
achiral perovskite ((rac)-MPEA),PbBr, with a featureless flat CD
signal and spectral slight blue shift. The difference between
R- and S-configure chiral cations may change the weak inter-
action existing in the perovskite crystal structure, which results
in the optical difference, as shown in the luminescence and
PLQY. In addition, the presence of the same PbBr,*>~ frameworks
and cross-sectional aromatic area suggests a similar structure
and is further attributed to optical similarity, as shown in the
absorption spectra. Moreover, the overall photoluminescence
mechanism of these perovskites was formulated by a compre-
hensive analysis of the steady-state spectra and ultra-fast spectra.
The direct signal of FE and STE was observed in the ns-TA
spectra, which verifies that the ultra-broadband emission of our
perovskites indeed originated from FE and STE. Meanwhile, the

5678 | J Mater. Chem. C, 2020, 8, 5673-5680

ns-TA spectra show that the formation time of STE in the achiral
perovskite was shorter than that of chiral perovskites, which
reveals a low potential barrier between the FE and STE states and
the decrease in the self-trapped depth in the achiral perovskite.
The ns-TE curves further manifest that the long-lived component
is assigned to the STE transition, and the short-lived component
is ascribed to the FE transition. These all support our lumines-
cence mechanism. Thus, this study not only provides a new
design by combining white-light emission and chirality but also
promotes the development of the multifunctional application of
white-light emissive perovskite materials.
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