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Circularly polarized luminescence (CPL) active materials have attracted much attention due to their
extensive applications in 3D optical displays and encrypted transmission. The switchable regulation of
CPL is of great importance for applications such as spintronics. However, the study of intelligent
regulation is scarce, especially the simultaneous regulation of the color and direction of polarization.
In this paper, we have successfully prepared switchable CPL active Mn-based metal halides (R-/S-Br-
MBA)sMnBrs, whose single crystal displays orange CPL at 634 nm at room temperature. With the
increase of temperature, the CPL displayed by single crystals gradually turns into green at 520 nm and
the CPL signal flips, variable emission color and CPL switch in +/— are achieved in the prepared chiral
manganese halides. This emission switch of wavelength and handedness is reversible. The reversible
transition of CPL emission wavelength is attributed to the change of emission with temperature.
However, the sign reversal of CPL with temperature is due to the change of spin polarization during the
transition from self-trapped emission to Mn?* d-d transition emission. The CPL materials with switch-
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Introduction

Circularly polarized luminescence (CPL) active materials can
directly emit left-handed and right-handed circularly polarized
light with differences, thus avoiding about 50% light loss. CPL
active materials have a wide range of applications in 3D dis-
plays, biosensing, encryption and anti-counterfeiting, photoca-
talytic asymmetric synthesis and other fields."” Therefore,
scientists have been developing CPL active materials with great
enthusiasm. Chiral metal halide perovskite has attracted much
attention due to its excellent photoelectric properties. Most of
the reported CPL-emitting metal halide materials are based on
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Pb**. Zang et al. synthesized new lead-based perovskite single
crystals with chiral R-/S-cyclohexediamine cations® and (R-/S-2-
methylpiperazine)® respectively, both of which showed wide
band CPL. Luo et al. reported a pair of water-resistant 1D hybrid
perovskites (R-CsHy4N,)PbBr,-H,0 and (S-CsH;,4N,)PbBr,;-H,0,
showing opposite yellow-white broadband CPL.'® Wei’s group
reported a OD chiral metal halide (RR-/SS-CcNyHig)oPbo oes-
Sny 03,Bre-2H,0 with both strong CPL and high photolumines-
cence quantum yield (PLQY)."* However, the toxicity of Pb>*
limits the application of these materials. Therefore, the devel-
opment of non-toxic and efficient luminous metal halide
materials is a key problem to be solved. Organic-inorganic
hybrid metal halides based on manganese(u) have become the
focus of many researchers.

A large luminescent asymmetric g factor (gjum) and high
PLQY are important for the technical application of high-
performance CPL materials. Many Mn-based metal halides
show a high PLQY. Zheng et al. reported the organic-inorganic
enantiomorphic  perovskite  (R-/S)-3-(fluoropyrrolidinium))-
MnBr;, which is the first ferroelectric molecule with CPL
activity.'® Zhao’s group reported that a pair of environmentally
friendly lead-free chiral Mn-based metal halides (R-/S-1-
MPA),MnBr, exhibit CPL properties at room temperature.'?
Gao et al. introduced chiral MBA into the manganese bromide
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framework to prepare (R-/S-MBA),MnBr, and (rac-MBA)[Mn,-
Brs(EtOH)], respectively, showing significantly different fluores-
cence emission.'* Mao et al. successfully synthesized four
chiral hybrid manganese bromide materials by using different
chiral ammonium alkoxide cations."® Chiral Mn-based func-
tional materials with CPL have attracted increasing attention
due to their excellent luminescence properties and extensive
application potential in LED devices.'*> However, current
research only focuses on fixed CPL properties, and it is challen-
ging to realize the control of the handedness and color of CPL
light. CPL materials with switchable handedness or emission
wavelengths play an important role in reducing the need for
repeated bottom-up synthesis.

In this study, we introduced (R)-(+)-4-bromo-alpha-phenyl-
ethylamine (R-Br-MBA) and (S)-(—)-4-bromo-alpha-phenylethyl-
amine (S-Br-MBA) into the manganese bromide framework to
synthesize (R-/S-Br-MBA);MnBr; single crystals. The single crys-
tal has a zero-dimensional structure, containing the isolated
[MnBr,]>~ tetrahedron surrounded by chiral cations, and heat-
ing does not change the crystal structure. Due to the excellent
chirality and tunable emission properties of the material, the
(R-/S-Br-MBA);MnBr; single crystal realized the reversible con-
version of CPL handedness and color, which is temperature-
dependent. At room temperature, it shows orange CPL at
634 nm. With the increase of temperature, the CPL displayed
by single crystals gradually turns into green at 520 nm with the
conversion of the CPL signal. The reversible transition of CPL
emission wavelength is attributed to the change of emission
properties with temperature. At room temperature, the single
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crystal shows two emission peaks at 520 nm and 634 nm,
attributed to the d-d transition of Mn>" and self-trapping
exciton, respectively. The temperature-dependent emission
color variation is attributed to the thermally induced trapping
and detrapping processes of the self-trapping exciton. The sign
reversal of CPL occurs with the increase of temperature because
the polarization state of light changes during the transition
from self-trapped light to Mn>" d-d transition emission, that is,
the spin polarization changes.

Results and discussion

The organic-inorganic hybrid chiral Mn-based metal halides
(R-/S-Br-MBA);MnBr; single crystal was prepared from the HBr
aqueous solution of R-/S-Br-MBA and MnBr, with a molar ratio
of 2:1 by a slow evaporation method, as shown in Fig. 1a. The
newly generated crystals under daylight and ultraviolet lamp
are shown in Fig. S1 (ESIt). The single crystals appear as light
green under natural light and emit orange fluorescence under
365 nm excitation, which gradually changes to bright green
fluorescence after heating. In order to understand the crystal
structure of (R-Br-MBA);MnBrs, single crystal X-ray diffraction
(SCXRD) tests were performed at room-temperature. In the
compound, each Mn atom is surrounded by four Br atoms,
resulting in the formation of a separate [MnBr,]*~ tetrahedral
unit (Fig. 1b). The surrounding space of [MnBr,]* is filled with
R-Br-MBA" cations, forming a unique 0D structure, which is
similar to that previously reported.’** Each (R-Br-MBA);MnBr;
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Fig. 1 (a) Schematic diagram of synthesis. The crystal structure of (R-Br-MBA)sMnBrs at (b) 25 °C and (c) 90 °C; (d) PXRD patterns and simulated XRD

patterns of (R-/S-Br-MBA)zsMnBrs.
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molecule consists of three R-Br-MBA" cations, one [MnBr,]*~
tetrahedron, and one isolated Br~ anion. In particular, two of
the three chiral amines coordinated with the tetrahedron
appear disordered. Four amines in Fig. 1b look like four pairs
of overlapped amines, which are actually disordered. The
Mn-Br has a distance range of 2.4848(14) A to 2.5189(15) A,
and the Br-Mn-Br has an angle range of 103.90(5)° to
114.20(5)°, slightly distorted compared to the ideal tetrahe-
dron’s 109.47°. The crystal structure of (R-Br-MBA);MnBrs is
composed of a monocline crystal system and P1 2, 1 spatial
groups. The lattice parameters are a = 14.2298(1) A, b =
8.0337(1) A, and ¢ = 15.9969(2) A. The relevant crystal structure
parameters are listed in Tables S1-S3 (ESIf).

The crystal structure at 90 °C is the same as that at 25 °C
(Fig. 1c). However, crystallographic data (Table S1, ESIt) show
that the increase of temperature induces lattice expansion and
density reduction. It is speculated that when the heating
temperature is below 300 °C, the lattice expansion and struc-
tural changes are mainly due to the heat-induced ion vibration
in the sublattice, which is mostly a recoverable process.'®"”
During the SCXRD characterization at 90 °C, the high tempera-
ture causes all three chiral amines coordinating with [MnBr,]*~
tetrahedron to become disordered, which results in a sudden
change in bond length and a partially disordered configuration.
According to the crystallographic data (Table S2, ESIT), we find
that the length of the Br1-Mn1 bond is shortened from 2.5189
to 2.4835 A and that of the Br4-Mn1 bond is extended from
2.4848 to 2.5076 A, the bond lengths of Br2-Mn1 and Br3-Mn
changed little. The lattice parameters are a = 14.3055(3) A,
b = 8.0469(2) A, ¢ = 16.0940(3) A. The angle between two
adjacent Br~ and Mn”" (Br-Mn-Br) ranges from 103.99(6) ° to
114.03(6) °, and the bond spacing between the two Br~ and
Mn?* varies from 2.4835(17) A to 2.5171(18) A. The measured
powder X-ray diffraction (PXRD) diagram of (R-Br-MBA);MnBrs
polycrystalline powder is consistent with the corresponding
simulated single crystal data (Fig. 1d), which proves that the
purity and homogeneity of the synthesized crystal are good.
It can be seen from the simulated XRD patterns (Fig. 1d) that
there is no obvious difference between the XRD spectra at 25 °C
and the XRD spectra at 90 °C. Therefore, we can confirm that
there is no structural transformation after heating. PXRD
patterns show that the diffraction peaks of the original and
recovered samples are similar (Fig. S2, ESI{), proving that the
reversible process does not affect the crystal structure.

To demonstrate the chiral properties of the Mn-based metal
halides (R-/S-Br-MBA);MnBrs, the circular dichroism (CD) spec-
tra of the crystal were tested in KBr matrix. Fig. 2a and b (top)
show CD spectra at 25 °C and 90 °C respectively. (R/S-Br-
MBA);MnBr; has an obvious CD signal in the range of 200-
300 nm, which are mirror symmetric. The CD spectra at 25 °C
and 90 °C show no obvious difference. The CD symbol of (R-/S-
Br-MBA);MnBr; changes near the exciton absorption edge,
which is a Cotton effect. It is worth noting that, unlike most
Pb-based organic-inorganic hybrid perovskites, the absorption
and CD signal of the (R-/S-Br-MBA);MnBr; single crystal appear
before 300 nm, which is similar to the extinction spectrum of

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The CD spectra of (R-/S-Br-MBA)zMnBrs at (a) 25 °C and (b) 90 °C.

similar crystal structures.'* The CD spectra (Fig. S3, ESI) of the
chiral ammonium salt (R-/S-Br-MBA)Br have been conducted,
which is obviously different from that of (R-/S-Br-MBA);MnBrs,
indicating that the chirality of R-/S-Br-MBA has been success-
fully imparted to the whole crystal.

The thermogravimetric (TG) and derivative thermogravimetric
(DTG) curves show that for (R-Br-MBA);MnBr; (Fig. 3a), the first
decomposition interval appears at 214-300 °C, and the second
decomposition interval appears at 300-328 °C with the continuous
increase of temperature, which corresponds to the decomposition
of an organic ammonium salt and some carbides. The third
decomposition interval ranges from 512 to 774 °C, and the peak
of the weight change rate curve is 715 °C, corresponding to the
continuous decomposition of carbides and the beginning of the
melting or decomposition of MnBr, (with the melting point of
698 °C). The temperature continues to rise until the test is over
and the weight no longer changes. The TG and DTG curves of
(S-Br-MBA);MnBrs are similar to those of (R-Br-MBA);MnBrs
(Fig. 54, ESIY).

The TG and DTG curves show that the initial weight loss
temperature of (R-Br-MBA);MnBr; is up to 214 °C, which fully
highlights its thermal stability. Next, Fourier transform infra-
red spectroscopy (FTIR) of the (R-/S-Br-MBA);MnBr; crystal was
measured at 25 °C and 90 °C, respectively (Fig. 3b and Fig. S5,
ESIt). The strong peak at 1570, 1518 and 823 cm ' is the
characteristic peak of the benzene ring, the wide peak at 3250-
2850 cm ! is the stretching vibration peak of the protonated
amino group, and the wide absorption in the range of 3000-
3600 cm~ ' is attributed to the H-O stretching vibration of
bound water (vy-o). Mn-based metal halides are generally
hygroscopic and absorb a small number of water molecules

J. Mater. Chem. C, 2023, 11, 5461-5468 | 5463


https://doi.org/10.1039/d2tc05349g

Published on 24 Mart 2023. Downloaded on 28.06.2024 18:10:34.

View Article Online

Paper Journal of Materials Chemistry C
2.5
(@) 100 — TG (b) —— 90°C (©)
_ — DTG |}y \’? — 25°C o
§ 80 E % @ Cooling
2 15 g g
= 60 X £ ;
= 1.0 k= % Heating
240 - a
2 05° £
20 =
0 0.0
100 200 300 400 500 600 700 800 3600 3000 2400 1800 1200 600 0 20 40 60 80 100120140160180
Temperature (°C) Wavenumbers (cm™) Temperature (°C)
(d) —— Absorbance (e) — PLE @520 nm em (f) — 25°C
1 —— PLE @ 634 nm em
-~ Prompt f \ - - — 60 °C
] Delayed | | 5 = s 90 °C
< Y g 2 =
54 f 2 B £
= Z. £ Z
< I < 17 =
2 — s 2
= \ ® 2 =
2 £ = =
= < = =
< A
.
200 300 400 500 600 700 800 250 300 350 400 450 500 450 500 550 600 650 700 750 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)
10000 i .
(g) 10000 T (h) 35°Ca 1455 ® :;g((][)))) Excited States
oCr. = 60 °C-1,=122.9 ! 22
1000 60 °C-r,,=105.9 s 1000 o "l A0, EBG) ez,
O = -T =
" 90 °C-1,,,=93.75 ps ‘E 90 °C-1,=95.24 ps T,G) \ STE Triplet
E 1,=365 nm | 1,,=365 nm 7
5 100 ex s 100 “T,(G) Y
8 Xy =520 nm : Aem=634 nm 1 \
2 10 = 10 -
~ . - A =
s « =
—— — - 3
1 = 1 A,(S) e
0 500 1000 1500 0 500 1000 1500 Ground State
Time (pus) Time (ps)

Fig. 3 (a) TG and DTG curves of (R-Br-MBA)sMnBrs; (b) the FTIR spectra of (R-Br-MBA)sMnBrs at 25 °C and 90 °C; (c) DSC curve of (R-Br-MBA)zMnBrs
single crystal in the temperature range of 0—-180 °C; (d) absorption, prompt PL, and delayed PL spectra of (R-Br-MBA)sMnBrs; (e) PLE spectra of
(R-Br-MBA)sMnBrs with emission wavelengths at 520 nm and 634 nm; (f) temperature-dependent PL spectra of (R-Br-MBA)zMnBrs; (g) time-resolved PL
spectra of 520 nm at 25 °C, 60 °C and 90 °C, respectively; (h) time-resolved PL spectra of 634 nm at 25 °C, 60 °C and 90 °C, respectively; (i) temperature-

sensitive PL decay mechanism in (R-/S-Br-MBA)zMnBrs.

in the air. The FTIR of the crystals tested at 90 °C show that
the peak disappears at 3428 cm™ ', because adsorbed water
molecules can usually be slightly removed by heating. Then we
conducted differential scanning calorimeter (DSC) tests in the
temperature range of 0-180 °C as shown in Fig. 3c. The curve
shows that (R-Br-MBA);MnBr;s exhibits a typical first-order
phase transition at 146 °C. The emission color changes from
orange to green with the increase in temperature (25-90 °C),
but no phase transition is observed in the temperature range.
Therefore, the thermoresponsive emission variation can rule
out a phase transition."®"°

To further characterize the optical properties of (R-/S-Br-
MBA);MnBr;, we measured its absorption spectrum at room
temperature (Fig. 3d). There are five main absorption bands in
the range of 200-800 nm, concentrated at 234, 268, 365 and
451 nm. The absorption bands at 234 nm and 268 nm are
derived from the amino and phenyl groups of R-Br-MBA,
respectively, and the two peaks at 365 nm and 451 nm can be
attributed to the electronic transition from the °A; ground state

5464 | J Mater. Chem. C, 2023, 11, 5461-5468

of Mn”>" with d-electron configuration to the different excited
states of [MnBr,]*>~, such as [*A4(G), “E(G)] (439 nm) and “T,(G)
energy level (472 nm).>>*" Typical absorption is accompanied
by tetrahedral crystal field transitions and ligand field splitting,
which are similar to transitions in other Mn-based crystal
structures.'>>>>* After turning off the excitation, a PL spectrum
with a delay time of 1 ms was recorded for comparison with the
prompt PL spectrum (Fig. 3d). The result shows that the
fluorescence peak intensity of delayed PL is weakened at
520 nm. In the range of 600-800 nm, the peak of the delayed
PL spectrum overlaps perfectly with the prompt PL spectrum,
indicating the emission of (R-/S-Br-MBA);MnBr; feature phosphor-
escence characteristics.>* Fig. 3e shows the PL excitation (PLE)
spectra of (R-Br-MBA);MnBr; powders at room temperature, and
the PLE spectra are consistent with the absorption spectra.

In previous studies, Mn-based metal halides usually have
only one emission band, corresponding to red or green emis-
sion. In the case of A,MnX,, the Mn atom forms a [MnX,]>~
tetrahedral unit with four halide ions. The large distance

This journal is © The Royal Society of Chemistry 2023
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between Mn-Mn eliminates the direct spin-spin coupling, and
the optical transition is dominated by the independent Mn**
ion. Therefore, it usually shows green emissions.>*** In the
case of AMnX;, [MnXg]'™ eight sides share to form a linear
chain. The Mn-Mn distance is greatly reduced, which signifi-
cantly affects the d-d transition rule and transition energy so
that the octahedral coordination of AMnX; shows an orange-to-
red emission."* However, our observations are significantly
different from those reported above. A (R-/S-Br-MBA);MnBrs
single crystal displays orange emission at room temperature.
With the increase of temperature, the single crystal gradually
turns into green emission. From the DSC test results, we have
excluded the emission color change caused by phase transition.
In addition, the single crystal analysis results of (R-Br-
MBA);MnBr; show that the crystal structure remain the same
at 25 °C and 90 °C, both of which are zero-dimensional
tetrahedrons with almost the same crystal parameters (Tables
S1-S3, ESI{). Therefore, the emission color transformation does
not originate from the change in manganese ion coordination
environment. The expansion or contraction of interatomic
distance caused by external factors such as temperature and
pressure may change the band gap of hybrid perovskite.*®*”
Temperature is known to cause lattice thermal expansion and
modify carrier-phonon and phonon-phonon interactions,
which may lead to electronic structure renormalization and
changes in optical properties,”®*° resulting in thermochromic
phenomenon. However, the position of the absorption peak
of (R-/S-Br-MBA);MnBr; did not change with the increase of
temperature (Fig. 2), indicating no change in the band gap.
Therefore, we exclude the possibility that lattice expansion
causes the color change. Recently, some research shows that
the wideband emission of low-dimensional metal halides with
large Stokes shifts are attributed to the emission of self-trapping
excitons (STEs).**** The as-prepared (R-Br-MBA);MnBr; shows
large Stokes shifts and similar thermochromic properties.'**°
So in our case, it is reasonable to attribute the emission peaks at
520 nm and 634 nm of (R-/S-Br-MBA);MnBr; to the d-d transition
of Mn®>" and self-agglutination exciton, respectively.

First, excitation wavelength-dependent PL spectra were mea-
sured to verify the hypothesis (Fig. S6, ESIT). The normalized PL
spectra show little change in the 268-451 nm excitation wave-
length, which excludes the possibility of the emission from
impurity. Considering that the formation of STEs is a thermal
activation process, we expect that temperature may influence the
relative PL intensity of the two emissions of the (R-Br-MBA);MnBr;
single crystal. To test this conjecture, temperature-dependent
PL spectra were collected (Fig. 3f). Clearly, there is a competi-
tion of PL intensity between the two emissions with varying
temperature. As the crystal is gradually heated from 25 °C to
90 °C, the orange emission is gradually weakened and the green
emission is enhanced, resulting in a significant reduction of
Iszs nm/Is20 nm (Fig. S7, ESIT), resulting in the single crystal
emission color changing from orange to green (Fig. 3f). In addi-
tion, when the temperature is lowered, both the luminescence
spectrum and the emission color recover, which indicates that the
heat-induced emission changes have good reversibility.

This journal is © The Royal Society of Chemistry 2023
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Subsequently, as shown in Fig. 3g and h, we obtained the PL
lifetime of (R-Br-MBA);MnBr; at room temperature and 90 °C
by using time-resolved photoluminescence (TRPL) spectra with
an excitation wavelength of 365 nm. The lifetime of TRPL
emitted at 520 nm shows a double exponential attenuation of
about 38.79 us at 25 °C, which significantly increases to 105.9
ps at 60 °C and 93.75 ps at 90 °C. The relatively long fluores-
cence lifetime verifies that the emission is phosphorescence
and it indicates that the spin of Mn>" prohibits the d-d
transition.>* In contrast, the TRPL emitted at 634 nm shows
single exponential attenuation of 145.5 us, 122.9 ps, and
95.24 us at 25 °C, 60 °C and 90 °C, respectively (Fig. 3h). The
long PL lifetime is consistent with the reported values of STE
emission in low-dimensional metal halides, indicating that the
orange emission at 634 nm may be from a triplet state.>* " The
fluorescence quantum yield (PLQY) of (R-Br-MBA);MnBr; was
determined to further evaluate the emission efficiency. The
PLQY is 6.47% at room temperature and 4.23% at 90 °C (Fig. S8,
ESIT), respectively. It is known that the dipole-dipole inter-
action at the interface Mn>* center of the [MnBr,J* unit is very
important. It significantly affects the energy transfer center
between Mn”*, and the coupling strength depends on the
Mn-Mn distance. The longer average Mn- - -Mn distance favors
a higher PLQY because the energy transfer process between
adjacent Mn centers is reduced.’® For (R-Br-MBA);MnBrs;, the
Mn- - -Mn distance is 6.1477 A at room temperature and 6.1610 A
at 90 °C, respectively. Due to the compact configuration of
the organic cation R-Br-MBA, the distance between adjacent
manganese ion centers is small both at room temperature and
90 °C. Therefore, there is a stronger dipole-dipole coupling
interaction between neighboring [MnBr,J*~ in (R-Br-MBA);MnBr;.*
This enhances nonradiative energy transfer between adjacent
[MnBr,]* centers. In addition, in our (R-/S-Br-MBA);MnBr;
structure, there is an isolated Br~ anion in the structure due
to the formation of a hydrogen bond with organic cations, and
the existence of additional Br~ ions may affect the PLQY.*
Ultimately, we obtained a low PLQY.

The underlying mechanism of temperature-sensitive PL is
shown in Fig. 3i. Under ultraviolet irradiation, the ground state
electrons are excited from °A, to Ty, “E(G), or even higher
energy than “E(D) in the Mn** d-d orbital.* At room tempera-
ture, either structural recombination or local excitons of excited
states may lead to the formation of triplet STEs.?® In this way,
an efficient broadband phosphorescence emission with a large
Stokes shift at 634 nm is produced at room temperature when
the exciton relaxes to the ground state. As the temperature
increases, STE obtains enough energy to escape the trap state,
resulting in the increase of thermal quenching of STE. Therefore,
excitons are more easily captured by the “T;(G) level of Mn*",
inducing the radiation transition of T,-°A; Mn?" jons and
resulting in phosphorescence emission at 520 nm."®

In order to understand the Mn-Mn coupling and ferromag-
netism of the sample, a SQUID-VSM magnetic measurement
system was used to characterize the magnetic properties of the
prepared Mn-based metal halides (R-/S-Br-MBA);MnBr; single
crystal. The magnetic fields of -2T to 2T were uniformly applied

J. Mater. Chem. C, 2023, 11, 5461-5468 | 5465
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Fig. 4 (a) Hysteresis loops of (R-Br-MBA)sMnBrs crystal at 25 °C and
90 °C; (b) ESR spectra of (R-Br-MBA)sMnBrs single crystal at 25 °C.

to the two samples, and the magnetic hysteresis (M-H) loops of
(R-/S-Br-MBA);MnBr; single crystals were measured at 25 °C
and 90 °C, respectively. As shown in Fig. 4a and Fig. S9 (ESIT),
the hysteresis loops of (R-/S-Br-MBA);MnBr; single crystal at
25 °C and 90 °C show a linear M-H relationship, and
the coercivity and remanence are negligible, indicating that
(R-/S-Br-MBA);MnBr; is a paramagnetic material at 25 °C and
90 °C. Compared with the hysteresis loops at 25 °C, the
magnetic properties at 90 °C are decreased. However, although
the M-H loop of (R-/S-Br-MBA);MnBr; is a straight line through
the first and third quadrants, the enlarged region near the zero
magnetic fields of the M-H loop clearly shows that the M-H
loops do not coincide exactly (Fig. 4a, illustration). It indi-
cates that (R-/S-Br-MBA);MnBr; still has weak ferromagnetic
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coupling species, and the nearest Mn-Mn distance is 6.1477 A,
which is less than the critical distance between the paramag-
netic and ferromagnetic phases of Mn ion in Mn-based metal
halides (6.6 A).** In addition, X-band ESR spectroscopy was
used to study the surrounding environment of Mn>* ions in
room-temperature samples, as shown in Fig. 4b. It can be seen
that a continuous wide dipole peak replaces the hyperfine
splitting mode of a single Mn** ion, indicating the presence
of weak ferromagnetic interaction between adjacent Mn** in
the compound.**** ESR results are consistent with M~H curves,
indicating that Mn-Mn pairs or clusters with weak ferro-
magnetic coupling exist in (R-/S-Br-MBA);MnBr; single crystals.
Generally speaking, the increase of temperature will cause
lattice expansion, which will further increase the Mn-Mn
distance, thus reducing concentration quenching between
locally adjacent Mn ions. According to the single crystal struc-
ture, the minimum Mn-Mn distance increases from 6.1477 A at
25 °C t0 6.1610 A at 90 °C, which is consistent with the variation
trend of the hysteresis loop.

Since the synthesized Mn-based metal halides have unique
emission reversible transformation characteristics and chiral
signals, the CPL dynamic switching property has been investi-
gated. The CPL spectra of (R-/S-Br-MBA);MnBr; powder were
recorded at 0 °C, 25 °C, 60 °C and 90 °C respectively (Fig. 5). The
emission of CPL further indicates that the chirality of chiral
organic cations has been successfully introduced into the entire
(R-/S-Br-MBA);MnBr; crystal. As shown in Fig. 5, for (R-Br-
MBA);MnBrs (Fig. 5, solid line), the sample shows orange
CPL emission at 634 nm at 0 °C and 25 °C, and the CPL sign
is positive ((+)-CPL). When the temperature increases to 60 °C,
the CPL signal transforms to green CPL emission at 520 nm,
and the CPL sign is negative ((—)-CPL). When the temperature
rises to 90 °C, it completely transforms into green CPL emission
at 520 nm. That is, the increase of temperature induces the blue
shift of CPL emission wavelength (from 634 nm to 520 nm) and
the flip of CPL signal (from (+)-CPL to (—)-CPL). For (S-Br-
MBA);MnBr; (Fig. 5, dashed line), the sample exhibits orange
negative (—)-CPL emission at 634 nm at 0 °C and 25 °C. When
the temperature increases to 60 °C, it transforms into green

CPL/mdeg
(]
-!

A _________

B e —e—
450 500 550 600 650 70
Wavelength (nm)

— (R-Br-MBA);MnBr; 0°C
........ (S-Br-MBA);MnBr; 0°C
— (R-Br-MBA);MnBr; 25°C
we+e++ (S-Br-MBA);MnBr5 25 °C
— (R-Br-MBA);MnBr; 60 °C
........ (S-Br-MBA);MnBr; 60 °C
(R-Br-MBA);MnBr; 90 °C
(S-Br-MBA);MnBr; 90 °C

Fig. 5 The CPL spectra of (R-/S-Br-MBA)sMnBrs powder at 0 °C, 25 °C, 60 °C and 90 °C.
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CPL emission with positive (+)-CPL at 520 nm. When the
temperature rises to 90 °C, it completely transforms into green
CPL emission at 520 nm with positive (+)-CPL. Therefore,
variable emission color and CPL switching in +/— are achieved
in the prepared chiral manganese halides.

_ CPL [mdeg] x In 10 (1)
§lum = 7377980 x DC (V)

The luminescent asymmetrical g factor (gj,m) is an impor-
tant parameter for quantifying CPL emission. The gy, of chiral
Mn-based metal halide was calculated using eqn (1) (Fig. S10,
ESIT). At 0 °C, the gum of (R-Br-MBA);MnBr; and (S-Br-
MBA);MnBr; at 634 nm are 9.1 x 10 * and —4.8 x 10™%
respectively. When the temperature is 25 °C, the gj,m of (R-Br-
MBA);MnBr; and (S-Br-MBA);MnBrs at 634 nm is 3.6 X
107" and —4.2 x 10~* respectively. At 60 °C, the gim of
(R-Br-MBA);MnBr; and (S-Br-MBA);MnBrs at 520 nm is
—5.2 x 10" and 7.1 x 10~ respectively. When the tempera-
ture is 90 °C, the gjum of (R-Br-MBA);MnBr; and (S-Br-MBA);-
MnBr; at 520 nm is —5.8 x 10~ * and 5.6 x 10~ *, respectively.
The (R-/S-Br-MBA);MnBr; single crystal at room temperature
has dual emission, which originates from the radiative recom-
bination of Mn>* d-d orbital transition and STE. The competi-
tion between the two radiation paths produced a significant
and reversible transition of CPL emission wavelength in (R-/S-
Br-MBA);MnBr; single crystal. The CPL spectrum has a sign
reversal with the increase in temperature, but the CD spectrum
does not change significantly with the increase in temperature.
With the increase of temperature, the polarization state of light
changes during the transition from self-trapped light to Mn>*
d-d transition phosphorescence, that is, the spin polarization
changes during the transition from excited state to ground
state. Therefore, the CPL spectrum has sign reversal with the
increase of temperature. The chirality of the electron transition
from the ground state to the excited state does not change with
temperature. Thus, the CD signal has no obvious change.

Conclusions

In conclusion, we successfully synthesized a pair of environmen-
tally friendly chiral Mn-based metal halides (R-/S-Br-MBA);MnBr;
with CPL activity. The chiral crystals realize intelligent regulation
of CPL property, with the simultaneous regulation of color and
direction of polarization. (R-/S-Br-MBA);MnBr; display orange
CPL at room temperature and turn to green CPL with the increase
of temperature, along with the reversal of the CPL direction.
The transition of CPL emission wavelength is attributed to the
temperature-dependent phosphorescence behaviour, which
comes from two competitive radiation paths: the radiative recom-
bination of the Mn>" d-d orbital transition and STE emission. The
temperature-dependent emission color variation is attributed to
the thermally induced trapping and detrapping processes of the
self-trapping exciton. The sign reversal of CPL occurs because
the polarization state of light changes during the transition from
self-trapped light to Mn*" d-d transition phosphorescence, that is,

This journal is © The Royal Society of Chemistry 2023
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the spin polarization changes. Our results show that the material
can be used for reversible conversion of CPL handedness
and color, which opens up new possibilities for improving the
function of the material.
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