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Abstract: Exploration of efficient red emitting antimony
hybrid halide with large Stokes shift and zero self-
absorption is highly desirable due to its enormous
potential for applications in solid light emitting, and
active optical waveguides. However, it is still challenging
and rarely reported. Herein, a series of (TMS),SbCls
(TMS =triphenylsulfonium cation) crystals have been
prepared with diverse [SbCls]*" configurations and
distinctive emission color. Among them, cubic-phase
(TMS),SbCls shows bright red emission with a large
Stokes shift of 312nm. In contrast, monoclinic and
orthorhombic (TMS),SbCls crystals deliver efficient
yellow and orange emission, respectively. Comprehen-
sive structural investigations reveal that larger Stokes
shift and longer-wavelength emission of cubic
(TMS),SbCls can be attributed to the larger lattice
volume and longer Sb--Sb distance, which favor suffi-
cient structural aberration freedom at excited states.
Together with robust stability, (TMS),SbCl; crystal
family has been applied as optical waveguide with
ultralow loss coefficient of 3.67-10~* dB um ™, and shows
superior performance in white-light emission and anti-
counterfeiting. In short, our study provides a novel and
fundamental perspective to structure-property-applica-
tion relationship of antimony hybrid halides, which will
contribute to future rational design of high-performance

emissive metal halides. j
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Introduction

Over the past few years, organic-inorganic metal halides
(OIMHs) have attracted enormous attention for their
superior optoelectronic properties and solution-phase proc-
essability, which laid the solid foundation for their wide
applications in display, lighting, and etc.!' Moreover,
excellent structure tunability of OIMHs enabled the con-
struction of multiple low-dimensional counterparts at the
molecular level, including two-dimensional (2D) layers, one-
dimensional (1D) chains, and zero-dimensional (0D)
clusters.”! In contrast to the three-dimensional (3D) OIMHs
usually with narrow-band emission, low-dimensional OIMHs
can exhibit significantly distinct luminescence properties of
large Stokes shift and broadband emission, as a result of the
efficiently radiative recombination from self-trapped exci-
tons (STEs). STEs are generally regarded as photogenerated
transient defects induced by the large lattice distortion in
the excited states.”! The “soft” nature combining with the
strong electron-phonon coupling of the low-dimensional
OIMHs pave the way for the ultrafast structural distortion
upon excitation, conductive to the formation of STEs.
Among the great family of OIMHs, of particular interest is
0D metal halides with isolated metal halide units, which can
reinforce the quantum confinement effect and boost the
exciton radiative recombination.

To address the structural lability issue and toxicity of
lead-based metal halides, a large number of 0D Cu*, Sb**,
and Mn’*-based hybrid halides have been widely reported.”!
Particularly, square-pyramidal structured antimony chlor-
ides have been paid much attention due to its near-unity
photoluminescence quantum yield (PLQY) and outstanding
structural stability.! While after our systematical literature
review (as can be seen in Figure Sla and Table S1), it is
found that most of them exhibit yellow or orange emission
color peaking at 590-620 nm and a Stokes shift about 250 nm
due to restricted structure distortion freedom.” Thus, it is
highly desirable to obtain efficient red emitting antimony
hybrid halide due to the urgent requirement of red
phosphors for applications in solid light emitting, and active
optical waveguides. However, exploration of efficient red
emitting antimony hybrid halide with large Stokes shift is
still challenging.™

Diverse coordination modes have been reported in
antimony halides through altering the organic ligands and
the synthetic method, such as sphenoidal [SbCl,]”, square-
pyramidal [SbCls]*", octahedral [SbCL]*~ and dimeric anions
(e.g., [Sb,CL,]™ and [Sb,Cl;,]*").***) However, most of the
antimony hybrid halides were synthesized by trial and error,
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and the design principle for custom synthesis is still
unclear.®!! This is because understanding of the relation-
ship between intrinsic structure distortion, coordination
environment and optical property behind these highly
emissive antimony halides is still rare.[*!'! Therefore, deeper
understanding of structure—property relationship is still
worth exploration.

Herein, a series of (TMS),SbCls crystals were synthe-
sized with diverse [SbCls]*" configurations via a facile
solvent engineering procedure. Their structural, optical, and
electronic properties were further systematically analyzed. It
is found that cubic phase (TMS),SbCl; crystals possess the
most symmetrical structure and show highly efficient red
emission, while the distorted two counterparts (i.e., ortho-
rhombic and monoclinic phases) exhibit yellow and orange
emission color. Despite of different emission color, as-
prepared three (TMS),SbCl; crystals exhibited praiseworthy
PLQY and robust stability, thus showing great potential
application in optical waveguide, solid-state light, and anti-
counterfeiting.

Results and Discussion

As depicted in Scheme S1, (TMS),SbCl; single crystals were
prepared via a traditional temperature cooling method using
different solvents (for details, see the Experimental Section).
All precipitated crystals are colorless under ambient light;
however, different colored emission was observed under
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365 nm UV light irradiation (Figure 1a). Red emission was
observed in DMF derived crystals, while yellow and orange
in ACN and DCM derived crystals, respectively. To confirm
the vision disparity, steady state PL spectra were collected
and shown in Figure 1b-d. The maximum emission peak was
located at 664, 628 and 647 nm for DMF, ACN, and DCM
derived crystals, respectively, with PLQY up to 90 %. Three
crystals also showed distinct light absorption behaviors, with
an estimated optical band gap of 2.97, 3.07, 2.94¢eV,
respectively (Figure S2).

To shed light on the above-mentioned optical property
differences, the crystal structures were characterized by
single-crystal X-Ray diffraction (SCXRD) measurements.
Crystallographic details are listed in Table S3-S8. As
depicted in Figure 2a,d,g, three crystals were featured with a
0D periodic structure with isolated antimony chloride
polyhedrons encircled by bulky organic cations. However,
detailed analysis indicated noteworthy difference in anti-
mony chloride polyhedron configurations. As for the DMF
derived crystal, (TMS),SbCl; was crystallized into cubic
phase with cell parameters of a=b=c=16.62 A, a=p=y=
90.0°. Each Sb atom is coordinated with five chlorine atoms,
while six position have 83.3% occupancy factor due to
extremely high symmetry. Similar phenomena have been
previously reported in (C,5H,,P),SbCl; and
(MePPh,),SbCl,.2131 By contrast, highly distorted square-
pyramidal [SbCIL;]*~ units were observed in the ACN and
DCM derived (TMS),SbCls crystals, with orthorhombic
space group of Pnma and monoclinic space group of P21/c,
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Figure 1. (a) Optical images of crystals under 365 nm UV light (up) and ambient light (down). UV/Vis light absorption, PL spectra and PLQY of (b)

DMF, (c) ACN and (d) DCM derived samples.
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Figure 2. Crystal structures and unit cells of (a,b) DMF, (d,e) ACN and (g,h) DCM derived single crystals. Comparison of experimental and
calculated PXRD patterns of (c) DMF, (f) ACN and (i) DCM derived samples. Inset are the optical images of crystals under excitation of 365 nm

UV light.

respectively. In addition, it is interesting to find that ACN
solvent molecular can co-crystallize with (TMS),SbCls
affording a chemical formular of (TMS),SbCl;-2ACN. The
existence of ACN in crystal was further affirmed by infrared
(IR) spectroscopy and hydrogen nuclear magnetic resonance
(HNMR), as shown in Figure S3 and S4. As clearly shown
in Figure 2d, the CI-Sb—Cl bonds oriented to the nitrile
(C=N) groups of ACN exhibited larger bond angles
compared to others, probably due to the electrostatic
repulsion between Cl and N atoms. Detailed comparison of
the bond angles in three crystals can be found in Tables S7-
9. As a result of the same reason, (TMS),SbCl;-2ACN
crystal possesses shortest Sb--Sb distance (10.49 A) between
adjacent [SbCls]* clusters, compared to that of DMF
(11.75 A) and DCM (10.95 A) derived crystals (Figure 2b,e
and h). To quantify the geometry difference in these three
crystals, the size of asymmetric coordination environment
(6%) of the Sb’" center was evaluated using the following
equation:
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where a; represents the angle of CI-Sb—Cl. The calculated ¢

values are 0.02, 11.8 and 5.30 for DMF, ACN and DCM
derived crystals, respectively. It suggests that the [SbCls]*~
unit in ACN derived crystal is most distorted, while least
distorted for DMF derived sample. Coincident conclusion
can be further drawn from the comparison of Sb—Cl bond
lengths (Figure S5). All Sb—Cl bonds in DMF derived crystal
are in the same length of 2.553 A. In the case of DCM
derived crystals, the length of equatorial Sb—Cl bonds is
similar about 2.600 A, slightly longer than the axial position
Sb—Cl bonds (2.380 A). While as for (TMS),SbCls-2ACN
crystal, four equatorial Sb—Cl bonds are even highly differ-
ent, ranging from 2.551 A to 2.730 A. The Sb—Cl bonds
closer to the nitrile (C=N) groups are much shorter due to
electrostatic repulsion. The experimental powder XRD
patterns agree well with the simulated patterns, confirming
the reliability of the SCXRD refinement results (Figure 2c,f,
and i). The inset are the optical images of crystals under
excitation at 365 nm. Figure S6 represents the morphological
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simulation data of three crystals, which agree well with
experimental morphology. DMF derived crystals are almost
equal in all directions, which facilitate an isotropic growth,
while ACN and DCM derived crystals are rodlike, in accord
with their different crystal systems. The phase purity could
be verified by the homogeneous distribution of elements in
these three crystals without phase separation (Figure S7).
Furthermore, other organic solvents, such as methanol,
chlorobenzene, toluene, acetone, ethyl acetate were also
trialed (Figure S8a). As presented in Figure S8b, the
resulted (TMS),SbCl; exhibited a maximum emission peak
at 648 nm, similar to the DCM derived crystals. Therefore, it
can be inferred that monoclinic phase is thermodynamically
preferred product, but slightly distinct crystallization kinetics
appear in the ACN and DMF solvents system, thus leading
to cubic and orthorhombic phase. The emissive properties of
three crystals were further characterized via comprehensive
wavelength-dependent PL and photoluminescence excita-
tion (PLE) tests. As presented in Figure 3a-c, three crystals
displayed tunable dual emission under high energy (HE)
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light excitation, with additional low energy (LE) band
peaking at 496, 475, 485 nm for the DMF, ACN and DCM
derived crystal, respectively. The bimodal emission confers
three crystals tunable PL colors under different energy light
excitation (Figure S9a,d,g).

To confirm the nature of dual emissions, the correspond-
ing PLE spectra are collected and depicted in Fig-
ure S9b,e,h. Three crystals showcased a broad PLE profile
for LE emission band, while a sharp PLE band probed at
HE emission band. The distinct difference of the PLE
profile suggests that the dual-emission bands originate from
different excited states. This conclusion can be further
supported via the time-resolved PL tests. As shown in
Figure S9c f,i, the PL decay curves of two emission bands
were fitted by a monoexponentially function, suggesting that
the observed two emission bands possessed a single-exciton
radiation, respectively. The lifetime of the LE emission band
is 4.6, 3.8 and 4.4 ps for DMF, ACN and DCM derived
crystal, respectively, while the HE emission lifetimes of
three crystals are in the range of nanoseconds. Similar dual-

(d)

2x10%+

1x10%

PL Intensity

500 600 700 800
Emission Wavelength (nm)

2x10%*4 4
>
=
(2] 4
c
[}]
€
—1x104— 4
|
o
0l— ‘ ‘ ‘
0.003  0.006 0009  0.012
T (K"

() ' '

0.36

FWHM (eV)
o
8

0.28 -

0.24

150 200 250

Temperature (K)

50 100 300

Figure 3. Excitation wavelength-dependent PL spectra of (a) DMF, (b) ACN and (c) DCM derived samples. (d) Temperature-dependent PL emission
spectra of DMF derived crystal under excitation at 320 nm. (e) Plot of low energy (orange) and high energy (blue) band PL intensity versus
temperature. (f) Comparison of the plot of low energy band PL FWHM versus temperature.
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band emission behaviors were previously observed in Sb**
-based metal halides, and the HE and LE emissions have
been attributed to the transitions from singlet and triplet
STEs, respectively.*!?

To gain deeper insight into the STE dynamics in the
excited energy levels, femto-second transient absorption (fs-
TA) spectra characterization was further carried out. As
shown in Figure S10a, broad photo-induced absorption
(PIA) was observed nearly covering the whole visible region
when exciting at 400 nm laser, indicating the formation of
additional excited-states in the below-gap region.™ When
pumping with high energy laser (320 nm), two PIA signals
were witnessed, corresponding to singlet and triplet STEs
(Figure S10b). To shed light on the emissive mechanism,
excitation power dependent PL tests have been carried out
and the power exponent (k) was calculated via power-law
equation (Figure S11):

Ip, =nlL* 1)

where Ip; is PL intensity; L represents excitation power, and
n is emission efficiency, k is power exponent and represents
the recombination mechanism. Firstly, as the PL intensities
exhibited linear dependence with respect to the excitation
powers, the possibility of emission from permanent defects
was ruled out.”! Due to the limited permanent defect
concentration and long radiative recombination lifetime,
typical permanent defects will easily approach to saturation
point as excitation power increases, resulting in the non-
linear power dependent photoluminescence with k<1.
Then, as the parameter k is fitted to be 1.02 (Figure S11b),
the emission of (TMS),SbCls is originated from exciton-type
recombination with intrinsic feature of STE rather than
typical defect related recombination.'® STEs are self-
trapped excitons because of intense coupling between
excited excitons and structure lattice, and they will not easily
get saturated under moderate range of excitation power,
different from the easily saturated typical defects.'”! In the
case of highly emissive (TMS),SbCls with a high PLQY, the
typical permanent defects will be saturated under low
excitation power and thus play a negligible impact to power
dependence curve.

To further elucidate the distinctive luminescence activ-
ities of these three crystals, their PL emission spectra were
obtained from 40 to 300 K (Figure 3d, S13 and S14). It is
worth noting that the PLQY value is excitation wavelength
dependent, and it reduces from near unity to 50 % when
excited at 320nm, as can be seen in Figure S12. When
excited at 320 nm, excitons will be generated in high energy
states (singlet states), and in this case, trap states capture
process will fiercely compete with self-trapping and inter-
system crossing transiting processes, thus leading to a
moderate luminesce efficiency. When excited at 400 nm,
excitons will be generated in lower energy states, and easily
be self-trapped to STE; states, and thus the PLQY value is
much higher. As shown in Figure 3d, both two band
emission intensities increase monotonously as temperature
decreases due to the subdued nonradiative recombination
rate. In addition, the LE emission peak red-shifted slightly
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for three crystals at low temperature, because of the
competitive effects of the thermally induced crystal lattice
expansion and electron-phonon coupling interaction.!'”! The
exciton binding energy (E;) can be calculated according to
Arrhenius formula:

I,

) = e B @

where I is the PL intensity at 0 K, and kg is the Boltzmann
constant. As shown in Figure 3e, S13c and Sl4c, the
calculated E, for singlet and triplet STEs are 87 and
126 meV for DMF derived crystal, 30 and 35 meV for ACN
derived crystals, 63 and 90 meV for DCM derived crystals.
The E, values are larger than the thermal energy at room
temperature (26 meV), which enables the STEs to overcome
the thermal quenching. Notably, the emission spectra were
broadened gradually with the temperature increasing be-
cause of the enhanced electron-phonon interaction in the
soft crystal lattice of 0D hybrid halides. Furthermore, the
electron-phonon interaction strength could be roughly
evaluated by the Huang-Rhys (S) factor, which could be
calculated through fitting the temperature-dependent
FWHM curve according to the following equation,

hwphomm
FWHM = 2.36V'S K9 p0n | | cOth 2k, T ®

where T is the temperature, and A®pponen 18 the phonon
energy. S factor was extracted as 11.3, 9.5 and 8.9 for DMF,
ACN and DCM derived crystals, respectively (Figure 3f,
S13d and S14d). In general, S>5 signifies that strong
coupling exists between electron and phonon.'¥ Here, all
three crystals are demonstrated with strong electron-phonon
interaction, which is beneficial for the STE formation. In
addition, DMF derived crystal is characterized with larger S
values, indicating relatively stronger electron-phonon cou-
pling than the two other crystals. This is probably due to
DMF derived crystal is featured with largest lattice volume
and longest Sb--Sb distance, which offers a large lattice
relaxation and distortion freedom. For this reason, it
possesses a largest Stokes shift and lowest emission energy.
Distinctively, ACN and DCM derived crystals possess larger
ground-state structural distortion and smaller motion free-
dom at excited states, thus their Stokes shifts and FWHM
are smaller than DMF derived crystal. Based on the above
discussion, the comparison between structures and emissive
properties of these three crystals are listed in Table 1.

Table 1: Comparison between of the three

(TMS),SbCl; crystals.

optical properties

Crystal Eg PL 1t/pus FWHM/nm Stokes shift/ev o> S
system /eV  [nm

cubic 297 664 4.6 130 1.65 0.02 11.3
orthorhombic 3.07 628 3.8 116 1.59 11.8 9.5
monoclinic ~ 2.94 647 4.4 116 1.22 53 8.9

© 2024 The Authors. Angewandte Chemie published by Wiley-VCH GmbH
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Generally, it is expected that larger structural distortions
may lead to larger Stokes shifts and broader emissions for
LMHP. However, here, we offered a new insight into the
relationship between the distortion degree of the intrinsic
metal halide units and the broadband emission. To further
highlight the uniqueness of cubic (TMS),SbCls, we have
compared its emission peak and Stokes shift with previously
reported square pyramidal [SbCls]*~ based antimony halides
(Figure Sla and Table S1). Most of the previously reported
A,SbCl;s crystals own a maximum emission peak at about
600-620 nm, while in a sharp contrast cubic phased
(TMS),SbCls could emit red colored emission peaking at
664 nm. In addition, we also compared the emissive param-
eters of cubic (TMS),SbCls with other red lead-free metal
halides. As shown in Figure S1b and Table S2 and S12, it
can be inferred that our material demonstrates a commend-
ably high PLQY, demonstrating great potential in solid state
light emitting applications.

Based on the above results and discussion, the simplified
emission mechanism of these three crystals is described in
Figure 4a. Upon excitation, electrons will jump from ground
state (GS) to singlet (1P') and triplet (3P') excited states.
and then they undergo ultrafast self-trapping to singlet and
triplet STE states, because of photo-induced deforming
[SbCls]>~ pyramid.”*'”! Finally, a HE and LE emission band
can be witnessed simultaneously due to the radiative
recombination of STEs. Precise control of the excitation
wavelength could result in a dynamic population distribution
in these two independent STE states, thus leading to tunable
luminescence. This is the reason why only a single broad LE
emission band can be observed under LE excitation. Three
crystals shine different emission color under photoexcita-
tion, which should be caused by their different crystal
structures.

To gain atomic insights into the mechanism of the dual
emission behavior in these antimony halides, we performed
DFT calculations by taking ACN and DCM derived crystals
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Figure 4. (a) Configuration diagrams of dual emission processes of
three crystals. (b) DFT calculated band structures of ACN (top) and
DCM (bottom) derived crystals. Calculated HOMO (left) and LUMO
(right) for the ground states of (c) ACN and (d) DCM derived crystals.
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as examples. As shown in Figure 4b, both two crystals
possess relatively flat band dispersion, indicating weak
coupling effect between [SbCls]*™ clusters due to long Sb--Sb
distance. Thus, light-generated excitons are completely
confined to the isolated pentahedron, which is beneficial for
efficient radiative recombination and high PLQY. In
addition, the highest occupied molecular orbital (HOMO)
of these two crystals is mainly composed of Sb-s and Cl-p
characters, while lowest unoccupied molecular orbital
(LUMO) consists mainly of organic counterpart (Figure 4c
and d). Consistent result was found in the calculated density
of states (DOS), which was presented in Figure S15. Clearly,
the hybridization of Cl p and Sb s states dominantly
contribute to the valence band maximum (VBM), while the
conduction band minimum (CBM) is mainly dominated by
the TMS™* cations. Additionally, ACN molecule has an
ignorable contribution to the LUMO and HOMO. There-
fore, the underlying reason behinds the emission difference
between ACN and DCM derived crystals is that after the
ACN molecule entering the (TMS),SbCl; crystal lattice, the
bond length and bond angle of the individual [SbCls]*~ will
accordingly change, which in turn leads to different degrees
of excited-state structural reorganization and thus different
optical properties.

Inspired by the zero self-absorption and high PLQY as
well as the long strip shape, DCM derived (TMS),SbCl;
crystal was further applied as optical waveguide. The
schematic of the experimental setup is depicted in Figure Sa.
As shown in Figure 5b, distance-dependent spatially re-

(a) /'4\

Laser source

Spectrometer
I—,f
CCD l

051 In (l/lbody) = -3.67-10 D - 0.451

\—

Sample stage

‘ In (Itlf/{body)
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]

2(I)0 460 660 860 1600 12‘00 14‘00
Distance (um)

Figure 5. (a) Schematic illustration of the experimental setup for
acquiring optical loss coefficient R. (b) The PL microscopy image of
microrods obtained by excitation at different positions. (c) Fitted plot
of In (lp/lheay) versus the distance between the excited site and the
emitting tip. Scale bar: 200 pm.
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solved PL images of the (TMS),SbCls single-crystalline
microrod were recorded. Figure S16a, b show the PL spectra
collected at the left emitting tip (I;,) of the microrod. As
shown in Figure 5c, the intensity ratio between the tips and
bodies (I;/Ipoay) against the propagation distance reveals a
nearly single exponential decay. To evaluate the waveguide
activity, the optical loss coefficient (R) was estimated by
using the function I;/Iy.q,=Aexp(-RD), where A is a
constant and D is the distance between the excited body and
the emitting tip.”” As a result, the optical loss coefficient R
was calculated to be 3.67-10* dBum™', which is superior
than that of most previously reported antimony halide
crystals.”! Such low loss coefficient indicates efficient trans-
mission of light-generated photon along the microrod with
minimal optical loss, which can be attributed to negligible
self-absorption and light scattering as a result of the large
Stokes shift and high crystallinity. To further highlight the
superior performance, we have compared the optical loss
coefficient of (TMS),SbCls with other type metal hybrid
halide crystals (Table S13).1%

In addition to the outstanding emissive properties,
(TMS),SbCl; crystals also exhibited exemplary resistance to
heat and UV light. As shown in Figure S17, the initial PL
intensity could be well remained after continuous heating at
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70°C for 240 mins or under continuous UV light illumina-
tion for 180 mins. Of note is that a reversible transformation
processes between ACN and DCM derived crystals is
observed after heating (TMS),SbCls-2ACN crystals at 70°C
for about 10 mins or exposure in air for hours (Figure S18
and S19). The XRD patterns and PLE results of the
transformed crystal are in well accord with fresh DCM
derived crystals, which indicates that stripping of acetonitrile
molecular transformed the (TMS),SbCls-2ACN into
(TMS),SbCls (Figure S18b,c). The phase-transformed crystal
also exhibited a superior PLQY (Figure S18d).

To demonstrate the above properties (high PLQY,
robust stability and tunable PL color), we fabricated a
WLED device by mixing DCM derived (TMS),SbCls with
two commercial phosphors (blue emissive BaMgAl,,O,;: Eu
and green emissive (SrBa),SiO, Eu). As presented in
Figure 6a, the WLED showed efficient warm white light
with the derived color coordinates at (0.34, 0.34) under
exciting with a 365 nm chip. (TMS),SbCl; and these two
commercial phosphors can nearly completely cover of the
CIE diagram of the National Television System Committee
(NTSC) standard color (Figure 6b). Furthermore, Figure 6¢
shows the films prepared by the (TMS),SbCl; (left) and
phosphor mixture (right) under 365 nm UV light. Figure 6d

0.8 4

0.2 4

Figure 6. (a) The EL spectra of the WLED. Inset is the mixture under ambient light and 365 nm UV light. (b) The CIE chromaticity coordinate of the
EL spectra (star) of WLED. and the CIE coordinates of the three phosphors (squares) compared to the NTSC color standards (circles). Inset is the
photograph of WLED under operation. (c) The films prepared by the (TMS),SbCl; (left) and mixture phosphor (right) under 365 nm UV light. (d-i)

Application of (TMS),SbCls luminescent ink for anti-counterfeiting.
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displays a misleading pattern encrypted with DCM and
ACN derived crystals. Upon excitation at 365 nm, an orange
“F” and a yellow “ ” appears, while it evolves into orange
“E” after heating at 70°C for 10 mins (Figure 6¢). This is
because the pattern “ ” that filled with ACN derived crystal
will transform into (TMS),SbCl; due to the release of ACN
molecular. Furthermore, (TMS),SbCl; powder could be
further prepared as a luminescent ink, based on which,
information can be readily encrypted on wiper. As shown in
Figure 6f and h, the printed code “UNIVERSITY OF
MACAU?” and handwritten cope “UM” are invisible under
ambient light due to the wide optical band gap of
(TMS),SbCls, while these codes are readily observable with
strong orange emission color under 365 nm excitation (Fig-
ure 6g and i).

Conclusion

In summary, three novel (TMS),SbCl;s crystals have been
successful prepared with distinct emission color, red, orange,
and yellow, respectively. With the in-depth structure-
emission properties analysis, it is found that higher coordi-
nation symmetry and longer Sb--Sb distance are favor for
the larger Stokes shift and lower energy emission. Thus,
among the (TMS),SbCl; crystal family, cubic phase emits a
lowest energy emission with a largest Stokes shift. Further-
more, reversible transformation was witnessed between
yellow and orange emissive (TMS),SbCls crystals upon the
release/uptake of the ACN molecular. Due to exemplary
emissive properties and stability, our proof-of-concept
experiments demonstrated that (TMS),SbCl; family showed
good performance in ultralow-loss optical waveguide, stable
white light-emitting diode device, and anti-counterfeiting.
This work not only provides a useful handle to directly
achieve highly illuminative lead-free metal halide crystals,
but also sheds mechanistic insights into the structure-photo-
luminescence-application relationship towards future devel-
opment of highly efficient optoelectronic materials.

Supporting Information

Experimental procedures, and compound characterization
data as well as computational details that support the
findings of this study are available in the online version of
this paper in the accompanying Supporting Information.
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