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ABSTRACT:

Lead-based organic—inorganic metal halides (OIMHs) have recently attracted special
attention due to their efficient broadband photoluminescence. However, the toxicity of lead
poses a challenge for their further development. Here, we selected Sn (IV) as the metal center
to synthesize the environmentally friendly and stable luminescent OIMHs (C9H;5N3),SnClg and
(CoH5N3),SnBrg (CoH3N3 is  1-(2-pyridyl)piperazine). Both compounds possess zero-
dimensional structures, crystallizing in the monoclinic space group P2,/c, and their optical band
gaps were experimentally determined to be 3.19 and 2.60 eV, respectively. Under UV excitation
at room temperature, (CoH;sN3),SnClg exhibited double-peak emissions centered at 405 and
688 nm, which were attributed to the organic cation and inorganic octahedra, respectively. Upon
introducing 5s’-lone-pair-containing Sb3* in (CoH;5N3),SnClg, self-trapped emission was
promoted, and the photoluminescence quantum yield increased from ~1% to ~17.84%. This
work suggests effective strategies for finding environmentally friendly stable OIMHs and for

further enhancing the luminescence properties through lone-pair-containing cation doping.
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Introduction

Organic—inorganic metal halides (OIMHs), as a new type of material, can be used in many
fields owing to their diverse structure and semiconducting properties, including in
photoluminescence (PL) applications, light-emitting diodes (LEDs), sensors, and lasers.!-3
Recently, low-dimensional OIMHs have been shown to exhibit excellent PL with efficient
broadband emission covering the entire visible-light range; in addition, they have the potential
to achieve single-component white-light emission.*’ Low-dimensional lead-based OIMHs
have displayed very broad PL;*!1© however, the toxicity of lead hinders their
commercialization.!! To synthesize less toxic OIMHs, the isovalent element Sn(Il) is a good
substitute for Pb?*, and the resulting materials generally exhibit very efficient PL; however,
Sn(II) can be easily oxidized to Sn(IV), indicating poor ambient stability.!>!4 Thus, using Sn**
to replace Pb%" has become a feasible method.!>-!7

Zero-dimensional (0D) OIMHs, with isolated PL centers separated by organic cations and
self-trapped exciton (STE) emission, are emerging as a new class of rare-earth-metal-free solid-
state phosphors.!® Sn(IV)-based OIMHs exhibit excellent stability and are characterized by a
Sn six-coordinate octahedron with excellent PL properties;!® but, there are limited reports on
Sn(IV)-based =~ OIMHs.  Quasi-white  light  emission was  achieved  using
(C12H14N,0,S)[SnClg]-H,O; the shoulder emission peak at 482 nm originated from the
contribution of (C;,H4N,0,S)?* cations, and the strong emission peak at 592 nm was attributed
to the [SnCls]> octahedra.?® Recently, Lin’s group synthesized a new 0D OIMH
(CsN,H4)SnClg that exhibited white-light emission, where the high-energy emission peak (570

nm) was attributed to the (CsN,H;4)?" organic ion and the low-energy emission peak (680 nm)
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was attributed to the [SnClg]*~ octahedra.’!> 2> Nevertheless, given the nearly standard
octahedral configuration and the absence of ns? electrons, the emission intensity of Sn(IV)-
based OIMHs is relatively weak compared to that of lone-pair-containing Sn?*-based
compounds,* 23 and hence enhancing their luminescence performance is a concern.?*

The 5s2-electron-containing six coordinated Sb3" has a cation radii of 0.76 A, which is
comparable to that of Sn** (0.69 A). From the structure point of view, Sb** can share the same
site with Sn*'; therefore, it can be used as a doping ion to enhance the optical properties of
OIMHs.?: 26 The combination of luminescent organic cations and an inorganic luminescent
center can broaden the light-emitting wavelength range and facilitate the realization of single-
component white-light emission. In this study, an organic species with blue emission, CoH;3Nj3
(1-(2-pyridyl)piperazine), was used as an organic cation in an attempt to synthesize Sn(IV)
hybrid halides with the aim of achieving broadband emission. Because the Sb** ion has the
advantages of being non-toxic and stable and exhibiting efficient broadband ns? emission, it
was used as a dopant to improve the PL of the obtained compounds.?’- 28

Using the above ideas, (CoH;5N3),SnClg and (CyoH;sN3),SnBrg were synthesized, both of
which have 0D structures with Sn-based octahedra and halide anions separated by organic
cations. Optical characterization revealed that both compounds exhibited very low PL at room
temperature. Sb*>* doping was conducted to improve the PL properties of (CoH;5N3),SnClg, and
the luminescent mechanism is discussed in detail. (CoH;5N3),(Sng77Sbg»3)Clg exhibited the
highest PL intensity. Our work highlights several environmentally friendly luminescent
materials and suggests an efficient lone-pair-containing cation-doping route to enhance the

luminescent performance.
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Experimental Section
Materials

CoH3N;3 (1-(2-pyridyl) piperazine) with a purity of 97% was obtained from HWRK CHEM.
SnCl, (99.9%), SnBr, (99.9%), and SbCl; (99.9%) were purchased from Aladdin Company.
HCI (3638 wt.% in H,0), N,N-dimethylformamide (DMF; Analytical Reagent, AR), and HBr
(48 wt.% in H,O) were obtained from Beijing Chemical Works.

Synthesis

CoH3N3 (260 pL) and SnX; (SnCl,: 0.189 g, SnBr,: 0.278 g) were dissolved in 2-mL HX (X
= Cl, Br) and 1-mL DMF solution and heated at ~90 °C with continuous stirring until the
solution became clear. The mixed solution was stored in a 90 °C oven for 12 h and then slowly
cooled (0.5 °C/h) to room temperature. Finally, high-quality transparent crystals were obtained.
The reaction yield based on Sn element was ~76% and ~65% for (C9H;sN3),SnClg and
(C9oH5N3),SnBrg, respectively. Sb-doped (CoH;sN3),SnClg was synthesized using the same
method with feeding molar ratios of SbCl;/(SnCl,+SbCls) of 0.09, 0.17, 0.23, 0.28, 0.33, and
0.37.

Characterization

Powder X-ray diffraction (PXRD) measurements were performed on a PANalytical
Empyrean diffractometer operating at 45 kV and 40 mA with Cu Ka radiation. A Rigaku
XtaLAB PRO single-crystal diffractometer with Mo Ka radiation was used for single-crystal
X-ray diffraction, and the SHELXTL software package was used for refinement.?” A JEOL

JSM-6510A scanning electron microscope was used for scanning electron microscopy (SEM)
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and energy-dispersive X-ray spectroscopy (EDS) analyses. Thermogravimetric analysis (TGA)
was performed using a Setaram Labsys Evo instrument with a heating rate of 10 °C/min. A
Hitachi UH4150 was used to collect diffuse reflectance spectra. Agilent 725ES and Agilent
5110 instruments were used for inductively coupled plasma optical emission spectrometry
(ICP-OES). X-ray photoelectron spectroscopy (XPS) was performed using a monochromatic
Al Ka X-ray source (hv = 1486.6 eV) with a power of 150 W (Axis Ultra, Kratos Corporation
of Shimadzu Group). The binding energies were referred to the O-1s binding energy at 529 eV.
A FLS920 (Edinburgh Instruments Ltd., UK) with a 150-W Xenon lamp was used to obtain the
steady-state PL spectra, photoluminescence quantum yield (PLQY), temperature-dependent

spectra, and luminescence attenuation curve.

Calculation

Periodic boundary conditions and a plane-wave basis set implemented in the Vienna ab initio
simulation package were used for the Density functional theory (DFT) calculations.*? Using a
basis set energy cutoff of 500 eV, the DFT calculation converged to ~3 meV/cation, and the

dense k& grid in the Brillouin zone corresponds to 4000 k-points for each reciprocal atom.

Results and discussion

The crystals of (CgH;5N3),SnClg and (CgH;5N3),SnBrg were synthesized by mixing the
organic substance (CoH;3N3) with DMF, adding SnX; (X = Cl, Br), and dissolving the mixture
in HCl (HBr) and cooling slowly to room temperature. Both (CoH;sN;),SnClg and
(C9H;5N3),SnBrg exhibited very good crystal quality, and the crystal size was large (~ 1 cm),

as shown in Figure 1. EDS analysis indicated a metal/halide ratio of ~1:8.11 for
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CoH5N3),SnClg and ~1:7.82 for (CoH;sN3),SnBrg, and SEM elemental mapping of
(CoHsN3),SnClg and (CyH;sN3),SnBrg revealed the homogeneous distribution of the

constituent elements (Figure S1).

Figure 1. (a) Single-crystal structure of (CoH;5N3),SnClg with hydrogen omitted for clarity. (b)
Structure of organic cation (CoH;sN3)?>*. (¢) Two different coordination environments of Sn*'.

(d) Photographs of obtained single crystals in sunlight.

(C9H;5N3),SnClg and (CoH;sN3),SnBrg isostructurally crystallize in the monoclinic space
group P2,/c. The structural details are provided in Table 1 and S1-S8. The inorganic octahedra
composed of Sn cations surrounded by six Cl anions are separated by organic (CoH;sN3)**
cations, and isolated halogen anions coexist to form the 0D structure. The isolated halogen
anions were also reported in other OIMHs.?> 3! For (C9H;5N3),SnClg, the bond lengths of Sn—
Cl range from 2.4136(4) to 2.4431(4) A, and the bond angles of CI-Sn—Cl vary from 87.630(15)°

t0 92.371(15)°. For (C9H5N3),SnBrg, the bond length of Sn—Br is longer, ranging from 2.5752
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(4) to 2.6078 (4) A, and the bond angles of Br—Sn—Br range from 87.670(14)° to 92.330(14)°.
The distortion of the octahedron of (CoH;5N3),SnClg and (C9H;sN3),SnBrg can be calculated

using the following equations:3?

6

Roct = 62 _ 1[(tn— 10} /0]
2= 151 (6,907
where d,, is the bond length between Sn and its surrounding six halogen atoms (Cl, Br), d is
the average Sn—X (X = CI, Br) bond distance, and 6, is the X~Sn—X bond angle. The distortion
of (CoH5N3),SnClg is only Ao = 2.38x107° and ¢?> = 2.52, and similar distortion for
(CoH;5N3),SnBrg of A, = 3.38x107° and ¢> = 2.22 was observed. The inorganic parts of
(C9H;5N3),SnClg and (C9H;5N3),SnBrg form close to normal octahedra, which is similar to the
structure  of reported Sn*" compounds such as (C¢N,H;cCl),SnCls*?> and
(CsH4N,),[SnClg],-5H,0.'% Compared with other reported 5s’-lone-pair-containing Sn*-

based OIMHs, the distortion is much smaller, i.e., (C4N,H4Br)4SnBrg (loe; = 4.57x1073, 6% =

18. 20) and (C4N2H14BI‘)4SHI6 (/10“ 1.57x10~ 3 o’ = 1945)23
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Table 1. Crystal data and structure refinement for (CoH;sN3),SnClg, (CoH;sN3),SnBrg and

(C9H15N3)281’10.25Sb0_75C13 at 150.0 K.

(CoH5N3),8n¢ 255bg 75Clg

Empirical formula (CoH{5N3),SnClg (C9H;5N3),SnBrg
Formula weight 732.77 544.22 733.53
Temperature 150.0 K 150.0 K 150.0 K
Wavelength 0.71073 A 0.71073 A 0.71073 A
Crystal system monoclinic monoclinic monoclinic
P2,/c P2,/c P2/c
a=8.9165(4) A,

Space group

Unit-cell
dimensions

Volume

Z

Density

(calculated)
Absorption

coefficient

F (000)

0 range for data
collection

Index ranges

Reflections
collected
Independent
reflections
Completeness to 9
=25.242°
Refinement
method
Data/restraints/par
ameters

Goodness-of-fit

Final R indices
[1>2a(D]

R indices [all data]
Largest diff. peak

a=8.9022(2) A,
b=12.7690(3) A,
¢ = 12.5449(3) A,

B=101.299(1)°

1398.37(6) A3
2
1.740 g/cm?
1.699 mm-!
732

2.299° to 26.383°

-10<h<l11,
15<k<15,
-15<1<15

22895
2865 [Rine = 0.0260]

99.9%

Full-matrix least-
squares on F?

2865/0/151

1.048

Rops=0.0164,
WRps = 0.0406
Ra1=0.0190,
wR,; =0.0416

0.362 and -0.169 e-A-

a=9.2518(4) A,
b=13.1386(6) A,
¢ = 12.8258(6) A,

B =101.206(2)°

1529.33(12) A3
2
2.364 g/cm3
11.306 mm!
1020

2.728° to0 26.397°

-10<h <11,
-15<k<15,
-15<1<15

27092
3121 [Rin = 0.0713]

99.6%

Full-matrix least-
squares on F?

3121/0/151

1.023

Ryps =0.0271,
WRps = 0.0632
R =0.0353,
wR,; = 0.0664

0.683 and -0.469 ¢-A-

b=12.7460(5) A,
c=12.5181(5) A,
B=101.122Q2)°

1395.96(10) A3
2
1.745 g/em’
1.720 mm!
732

2.824° to 24.997°

-10<h< 10,
-15<k<15,
-14<i<14

19412
2434 [Rip = 0.0433]

99%

Full-matrix least-
squares on F?

2434/0/151

1.140

R =0.0303,
WRaps = 0.0712
R =0.0334,
wR, = 0.0730

0.478 and -0.716 e- A3

and hole
For (CoH1sN3),SnClg, R = X[|Fo|—|F[[/Z|Fo|, wR = {Z[W(|Fo|* - |[F[*)2/Z[w(|F,*)]} " and calc
w= 1/[0'2(F02) + (O.OZOSP)2 + 0.4281P], where P = (F02+ 2Fc2)/3;
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For (CoHisN3),SnBrg, R = Z||Fo|FC[l/Z|Fo|, wR = {Z[W(|Fo|” - [F?) VE[w(Fo*)]} ' and cale
w = 1/[6*(Fy?) + (0.0349P)?], where P = (F,> + 2F%)/3;
For (CoH5N3);Sng sSbo sCls, R = Z||Fo|—|Fe[|/ZIF|, wR = {Z[W(|Fo|? - [Fe[>V/E[w(|Fo[*)]} 2 and
calc w = 1/[6*(F?) + (0.0327P)* + 1.5196P], where P = (F,>+ 2F.2)/3.
The XPS spectra of the two compounds both reveal two peaks near 487.3 and 495.7 eV, which
were attributed to the 3d orbital of the Sn** cation, thus verifying the sole existence of the +4

valence state of Sn (Figure 2).2> The band valence sums of the Sn cation in (CoH;5N3),SnClg and

(CyH;5N3),SnBrg were calculated to be 3.97 and 3.54, respectively, further verifying the +4 valence

state of Sn.
(a) 120000 (b)
Sn-3d
160000 4 sn e
Sn 3d,,
w ] w
~ 800gg ~ 120000 O-ts
"g‘ "g 500 480 480
o] 3 80000 C1s
© 40000+ O
Br-3p
400004 Mle
0 s . : . 0 - - . .
0 200 400 600 800 1000 0 200 400 600 800 1000
Binding Energy (eV) Binding Energy (eV)

Figure 2. XPS spectra of (a) (CoH5N3),SnClg and (b) (CoH;5N3),SnBrg. The insets show the high-

resolution Sn 3d peaks.

The experimental and simulated PXRD patterns of both compounds are consistent (Figure S2),
with no extra peaks observed, indicating that pure phases were obtained. The thermal stabilities of
(C9H15N3),SnClg and (C9H;5N3),SnBrg were explored, with decomposition temperatures of 264 °C
and 276 °C, respectively, as shown in (Figure S3). (CoH;5N3),SnClg and (CyH;5N3),SnBrg exhibit
better thermal stability than Sn**-based compounds.* 23 For (CoH;sN;),SnClg, a two-step

decomposition process is clearly observed. The first decomposition step resulted in a total mass
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loss of ~54%, which can be attributed to the volatilization of CoH;4N5Cl; the calculated value is
54.64%. After the second step of decomposition, only 15% of the mass remained. Similarly,
(CyH5N3),SnBrg underwent a two-step decomposition process, with 44% of its total mass lost in
the first decomposition step, which is nearly equivalent to the volatilization of CoH4N3;Br (the
calculated value is 45.04%). After the second decomposition step, almost all of the mass was lost.
The thermal stabilities of the two compounds are similar to that of the reported Sn*‘-based

compound (CsN,H14)SnCls, which had a decomposition temperature of 264 °C.?!

L

4 0 1 2 3 3 2 41 o0 1 2 3
E-Ef (6V) E-Ep (eV)

Figure 3. Band structures of (a) (CoH;s5N3),SnClg and (b) (CoH;sN3),SnBrg. DOS of (c)

(C9H15N3)QSI'1C13 and d) (C9H15N3)QSIIBI'8.

The optical band gaps of (CoH;5N3),SnClg and (C9H;5N3),SnBrg were determined from UV—vis

diffuse spectra (Figure S2). (CoH;5N3),SnBrg has a relatively small band gap of 2.60 eV, whereas
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(C9H;5N3),SnClg has a larger one (3.19 eV), which is consistent with the transparent crystal color.
The electronic band structure and density of states (DOS) of (CoH;5N3),SnClg and (CoH;5N3),SnBrg
were calculated using DFT (Figure 3). For both compounds, the energy band is not very diffuse,
indicating the formation of isolated centers. The characteristics of indirect band gaps for both
(C9H5N3),SnClg and (CoH;5N3),SnBrg were determined, with band gaps of 2.21 and 1.48 eV,
respectively. Usually, the calculated DFT value underestimates the band gap, which was also the
case for the title compounds.®? For (CoH;5N3),SnClg, the valence band maximum (VBM) at X is
composed of N 2p, CI 3p, and C 2p states, and the conduction band minimum (CBM) at " is
composed of Sn 5s and Cl 3p states. Similarly, the VBM of (CoH;5N3),SnBrg is mainly composed
of N 2p, Br 4p, and C 2p states, and the CBM at /" is composed of Sn 5s and Br 4p states.

The optical properties of (CoH;5N3),SnClg and (CoH;5N3),SnBrg were explored. Under 365-nm
excitation, (CoH;sN3),SnClg exhibited two emission peaks centered at 405 and 688 nm (Figure
S4). The best excitation peak monitored at 405 nm was located at 328 nm, with a Stokes shift of
77 nm (0.72 eV). The best excitation peak monitored at 688 nm emission band was located at 378
nm with a Stokes shift of 287 nm (1.48 eV). The PL spectra of the organic raw material CoH;3Nj3
were collected, and under excitation of 328 and 378 nm, a PL peak centered at 405 nm appeared,
which matches well with the high-energy PL peak of (CoH;5N3),SnClg (Figure S5). The organic
ions involved in the PL are also consistent with the calculated band-edge compositions obtained
by the DFT calculations. Therefore, the high-energy emission peak is attributed to the organic

moiety. This type of organic ion contributing to the PL has been reported in many 0D OIHM:s,
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including [(N-AEPz)ZnCl,]C1 (N-AEPz = N-aminoethylpiperazine),** (TAE),[Pb,Cl,0](Cl), (TAE
= tris(2aminoethyl)ammonium),” and TPP,ZnCl, (TPP = tetraphenylphosphonium).?> Similar to
other reported compounds, both title Sn**-based OIMHs exhibited poor luminescent properties.3°
The luminous performance of (CoH;sN3),SnClg was poor, with a PLQY of only 1%. For

(C9H5N3),SnBrg, the emission and excitation spectra were too weak to be detected at room

temperature.
@ I I P T o % i
;M J\-‘—"AJLA ;
| o v B
g /] . we| [ A E
B T N
T gt e

Figure 4. (a) PXRD patterns of Sb**-doped (CoH;5N3),SnClg and selected diffraction peaks in the
range of 9°-14°. (b) Emission spectra of (CoH;5N3),SnClg powder with different Sb doping contents
under 383-nm excitation. (c) Image of Sb**-doped (CoH;5N3),SnClg powder with different Sb

doping contents under sunlight and 365-nm lamp. (d) Normalized excitation and emission spectra
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Because the cation radii are very similar (Sb3" can share the same site with Sn*") and the lone
electron pair of Sb3" can enhance the PL of (CoH;5N3),SnClg,’”> 3®  Sb-doped
(C9oH 5N3),(Sn;—Sb,)Clg (x =0.09, 0.17, 0.23, 0.28, 0.33) were synthesized. The PXRD patterns of
this series of samples are consistent with that of (CoH;5N3),SnClg, and no impurity was observed
until the doping level reached x = 0.37 (Figure 4a). Diffraction peaks are shifted to lower angles
due to larger lattice parameters as the doping level increases, in accordance with fact atomic radii
size (Figure 4a). The relevant EDS analysis data of Sb3"-doped (C9H;sN3),SnClg is shown in
Figure S6. EDS elemental analysis proved that Sb/Sn increased linearly with increasing feed ratio
(Figure S7a). Elemental mapping of the (CoH;s5N3)»(Sng77Sbg,3)Cls sample confirmed the
successful doping of the Sb element, and further ICP-OES measurements gave a Sb/Sn ratio of
0.22 (Figure S7b). Under 383-nm excitation, (CoH;5N3)2(Sng77Sbg,3)Clg exhibited the most
intense PL (Figure 4b) and also showed the strongest absorption, as given by the absorption spectra
of different doping levels (Figure S7¢). Figure S8 shows the CIE color coordinate change of Sb>*-
doped (CyH;5N3),SnClg. Under 365-nm light (Figure 4c¢), the samples with different doping levels
exhibited clearly different luminescence intensities. Similar to the undoped sample, two emission
peaks were observed for all the doping levels (Figure 4d). Through Sb doping, the PLQY of
(CyH5N3),SnCly is significantly increased from ~1% to 17.84%. To investigate the stability of the
samples before and after doping, the PXRD patterns after storage in air for three months were

consistent with those of the fresh samples, indicating that both (CyH;sN3),SnClg and
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(C9H15N3),(Sng.77Sby23)Clg had good air stability. (CoH;5N3),(Sng77Sbg 23)Clg is stable at 262 °C
(Figure S9).

In (CoH;5N3),SnClg, Sn (IV) (4d'°5s°) lacks stereochemical-activity outermost electrons, and the
material exhibits poor luminescence. After doping, due to the highly active 5s? lone pair of Sb(III),
the probability of electron transition to the excitation state was enhanced, resulting in more
effective emission.?® Alternatively, from the perspective of the widely accepted STE emission,
which can be alternatively expressed as ns? emission in lone-pair-containing isolated cations, the
octahedral distortion plays a crucial role in the formation of self-trapped excitons.3*-*! The structure
of (CoH;5N3)2(Sng 77Sbyg 23)Clg, with a nominal formula of (CoH;5N3)2(Sng 75Sbg 25)Clg from single-
crystal diffraction (Table 1), exhibited greater distortion (A, = 7.64x107> and o> = 3.06) than the
undoped sample (Figure S10). This result indicates that Sb3" doping can be used as an effective

way to enhance the emission intensity of Sn*"-based compounds.
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Figure 5. a) Temperature dependence of PL spectra of (CoH;5N3),(Sng77Sbg,3)Clg. b) PL decay
curves of (CyH;5N3)2(Sng 77Sbg23)Clg at 100 K. ¢) Emission intensity versus excitation power for

(C9H5N3),(Sng 77Sbg 23)Clg. d) Configuration coordinate diagram of (CoH;sN3),(Sng 77Sbg 23)Cls.

To better understand the emission mechanism, low-temperature spectra of both (CoH;5N3),SnClg
and (CoH;sN3),(Sng77Sbg23)Clg were collected. With decreasing temperature, the emission
intensity of both compounds monotonously increased due to the non-radiative process decreasing
(Figure 5a). From the normalized PL peaks of (CoH;5N3)(Sng77Sbg»3)Cls, it is obvious that the
positions of the low-energy emission peak (667 nm) remain unchanged with increasing temperature,

and the broadening is due to the increased thermal vibrational dynamics at higher temperatures
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(Figure S11). These results indicate that the emission mechanism of the low-energy peak is more
in line with STE emission.*? The long decay lifetime at 100 K (6.52 ps) also confirmed this finding
(Figure 5b).2> 24 With decreasing temperature (Figure S11b), the emission peak position of
(CyH 5N3),SnClg moved from 675 (100 K) to 688 nm (320 K), which is due to the bandgap decrease
resulting from the increased temperature, a very common phenomenon in semiconductors. Unlike
in the undoped sample, the low-energy emission peak of (CoH5N3),(Sng 77Sbg 23)Clg did not change
significantly at 667 nm, indicating more stable optical properties. The PL spectra of
(C9H5N3),2(Sng 77Sby 23)Clg were collected with different excitation power levels (Figure 5c¢), with
the excitation energy increasing linearly with no saturation observed, indicating that the broadband
emission does not originate from permanent defects. Therefore, it is further proved that the low-
energy peak originates from the ns?> emission of lone-pair-containing Sb3*. This photophysical
process (Figure 5d) can be described as follows: under the excitation of higher energy (328 nm),
the electron will be promoted to a higher excited state and then returned to the ground state by
radiation, resulting in an emission in the range of 380—550 nm. For undoped parent, Sn*" (5s°) lacks
a stereochemical active lone pair and exhibits poor luminescent performance. After Sb3* doping,
because Sb3" has a highly active 5s2 lone pair, the probability of exciton self-trapping to form the
STE emission of Sb*" increases, peaking at 667 nm.
Conclusion

Two novel OIMHs (CyH;sN3),SnXg (X = Cl, Br) with 0D structure were synthesized using

environmentally friendly Sn*" as the metal cation. The decomposition temperatures of the two
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compounds were above 260 °C, indicating remarkable stability. (CoH5N3),SnClg exhibited double-
peak emission at 405 and 688 nm, which was attributed to emission from organic cations and
inorganic octahedra, respectively. After the introduction of Sb cations with active 5s? lone-pair
electrons in (CyH;5N3),SnClg, the PLQY greatly increased, form 1% to 17.84%. The highly
efficient emission of the Sb-doped (CoH;5N3),SnClg samples is attributed to the enhanced distortion
of the inorganic octahedra caused by ns? electrons resulting in promoted STE emission. This work
provides a new route for the design of more stable and environmentally friendly luminescent
materials and paves the way for optimizing the optical properties via doping with lone-pair
containing cations.
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