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ABSTRACT: Organic—inorganic hybrid metal halides with broad-band
emission are currently receiving an increasing interest for their unique light
emission properties. Here we report a novel lead-free zero-dimensional (0D) tin
halide, (CgH4N,),SnBrs, in which isolated [SnBrg]*” octahedrons are
cocrystallized with organic cations, 1,3-bis(aminomethyl)benzene (CgH,,N,*").
Upon photoexcitation, the bulk crystals exhibit broad-band green emission
peaking at 507 nm with a full width at half-maximum (fwhm) of 82 nm (0.395
eV), a Stokes shift of 157 nm (1.09 eV), and a photoluminescence quantum
yield (PLQY) of 36 + 4%. Combined structural analysis and density functional
theory (DFT) calculations indicate that the excited state structural distortion of
[SnBrg]*™ octahedral units account for the formation of this green emission. The
relatively small Stokes shift and narrow fwhm of the emission are hence caused
by the reduced distortion of [SnBrg]*” octahedrons and rigid molecular
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structure. The discovery of lead-free (CgH;,N,),SnBry and insight into the mechanism of green emission provide an essential
platform toward unveiling the relationship between structure and property for OD metal halide perovskites.

B INTRODUCTION

Organic—inorganic hybrid metal halide perovskites, as a new
generation of functional materials, have recently attracted
extensive attention for various optoelectronic applications,
such as solar cells, photodetection, light-emitting diodes,
etc.'™ Tt is found that the degree of electron localization of
these hybrid metal halides is closely related to the structural
dimensionality: the lower the structural dimensionality, the
higher the degree of electron localization.® Then the electronic
localization culminates in zero-dimensional (0D) metal halide
perovskites.”™'! Accordingly, photoexcited electron—hole pairs
are confined in metal halide polyhedron, and the appearance
and following relaxation can be taken as electron transitions in
central metal atoms, enabling isolated metal halide polyhe-
drons to exhibit inherent light emission.'”'” 0D metal halide
perovskites with ns” metals, such as Ge(II), Sn(1I), Pb(II), and
Sb(I1I), generally show broadband emissions with large Stokes
shift, which are affected by the chemical reactivity of ns* ion
pairs and the degree of organic cations rigidity.””"*

There exists a previous report on the 0D tin-based hybrid
metal halide (C4NH,,),SnBr,, of which the typical broadband
emission peaking at 695 nm with a full-width at half-maximum
(fwhm) of 146 nm and large Stokes shift of 332 nm is found."’
Moreover, a variety of 0D hybrid metal halides with ns* metals
have been developed, and their spectra cover the whole visible
region and even the near-infrared region,é’lo’ls_22 with the
photoluminescence quantum yields (PLQY) even reaching
near unity.” As a result, those target compounds can be
regarded as remarkable candidates of highly efficient multicolor
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broadband emitters.'® Recently, our group reported a OD
green-emitting compound (CyNH,,)¢Pb;Br),, peaking at about
522 nm with a fwhm of 134 nm and a large Stokes shift of 151
nm. For this phase, face-sharing PbBry trimer clusters are
cocrystallized with organic cations (C,NH,,") in the 0D
framework.'"” Ma and co-workers reported a new blue emitter
(C13HgN,),PbBr,, peaking at 460 nm with a fwhm of 66 nm
and a Stokes shift of 111 nm and the luminescence
mechanisms were discussed.” They also reported a green
emitter (bmpy),[ZnCl,],[Pb;Cl,,], peaking at 512 nm with a
fwhm of 61 nm and a Stokes shift of 164 nm.”” It is of interest
to note that although one can achieve multiple color
broadband emissions, such as broadband green, yellow, red
(deep red) and near-infrared emission, it is a challenge to
obtain relatively narrow band emissions with small Stokes
shifts in 0D hybrid halides, while it is important for display
applications as the backlights. Moreover, the reported green-
emitting 0D hybrid halides either have large Stokes shift or
contain toxic Pb elements, which further limit their practical
applications. Therefore, to design lead-free OD green-emitting
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Figure 1. (a) Optical photograph of (CgH,N,),SnBrg crystals under 365 nm UV irradiation and the inset shows the as-grown crystals in the
daylight. (b) Calculated and experimental X-ray powder patterns of (CgH,N,),SnBrg. Crystal structure diagrams of 0D (CgH,4N,),SnBr; (c) and
the organic cation (CgH,N,)** (d) (blue, tin atoms; violet, bromine atoms; red, nitrogen atoms; dark gray, carbon atoms; light gray, hydrogen
atoms; sky blue polyhedron, [SnBrs]*~ octahedron). (e) Individual [SnBrs]* unit and nearest neighbor organic cations. (f) Schematic crystal

structure along the b axis showing [SnBre]*~ octahedrons.

hybrid halides with relatively narrow band emissions and small
Stokes shifts is indispensable.

Here, we report the discovery of a new lead-free 0D hybrid
metal halide (CgH4,N,),SnBrg, which presents green emission
peaking at 507 nm with a PLQY of 36 + 4% under the
excitation of 365 nm UV light. It is worth noting that this
green emission shows relatively narrow fwhm of 82 nm (0.395
eV) and small Stokes shift of 157 nm (1.1 eV). The density
functional theory (DFT) calculations indicate that the small
excited state structural distortion accounts for the lumines-
cence behavior. In addition, 7—7 stacking of benzene rings in
organic cations and more efficient hydrogen bonding in
(CgH,4N,),SnBrg restrain the metal halide anions and further
result in the reduced Stokes shift. As far as we know, there is
no report about the green emission of 0D hybrid tin-based
metal halides. Herein, the discovery of (CgH,N,),SnBr
compound not only adds a new member for 0D tin-based
metal halides for potential application in optoelectronic fields
but also provides a fundamental principle for studying the
relationship between structure and properties for 0D metal
halide materials.

B EXPERIMENTAL SECTION

Materials. Tin(1I) bromide (SnBr,, 99.9%), hydrobromic acid
(HBr, 48 wt % water solution), 1,3-bis(aminomethyl)benzene,
(CgH5N,, 99.9%), and ethanol (C,H;OH, 99.8%) were purchased
from Aladdin. All reagents and solvents were commercially purchased
and used without further purification.

Synthesis of (CgH,4N,),SnBrg Polycrystalline Powder. First,
0.001 mol of SnBr, was dissolved in 15 mL of 48% HBr solution and
dropwise added of 0.002 mol (1,3-bis(aminomethyl)benzene at 110
°C to form clear solution. Upon cooling to room temperature, the
polycrystalline powder was separated out and repeatedly washed using
ethanol. Finally, the obtained powder was dried under vacuum at 60
°C overnight.
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Growth of (CgH,4N,),SnBrg Single Crystals. (CsH,N,),SnBrg
single crystals were grown in a sealed stainless-steel Parr autoclave by
the programmed temperature lowering method. First, 0.001 mol
SnBr, was dissolved in 15 mL 48% HBr solution at 110 °C for 5 min,
followed by dropwise adding of 0.002 mol 1,3-bis(aminomethyl)-
benzene to form clear solution. Subsequently, the hot solution was
transferred into a preheated Teflon autoclave and then sealed in a
stainless-steel Parr autoclave, which was subsequently placed in a
drying oven and kept at 110 °C for 30 min. The temperature was
lowered with a rate of 5.0 °C/day, and the rod-like crystals of
(CgH4N,),SnBr¢ were obtained after about 3 weeks. Finally, the
obtained crystals were filtered out and washed with ethanol and dried
at 60 °C overnight.

Characterization. Single-crystal X-ray diffraction (SCXRD) was
conducted on a SMART APEX II X-ray single crystal diffractometers
(Bruker AXS, analytical equipment of Krasnoyarsk Center of
collective use of SB RAS) equipped with a CCD-detector, graphite
monochromator and Mo Ka radiation (4 = 1.5406 A) at 150 K. The
absorption corrections were applied using the SADABS program. The
structures were solved by the direct methods using package SHELXS
and refined using the SHELXL program.”® All the hydrogen atoms of
the CgH,N, ligand were positioned geometrically as riding on their
parent atoms with d(C—H) = 0.97 A for the C—H bonds and d(N—
H)=0.89 A for all other N—H bonds and U,,,(H) = 1.2Ueq(C,N). The
structural tests for the presence of missing symmetry elements and
possible voids were produced using the PLATON program.”* The
supplementary crystallographic data of (CgH;4,N,),SnBrg was
provided in CCDC 1997096. Powder X-ray diffraction (PXRD)
measurement was performed on a Aeris PXRD diffractometer
(PANalytical Corporation, Netherlands) operating at 40 kV and 15
mA with monochromatized Cu Ka radiation (1 = 1.5406 A). The
diffuse reflection spectrum was collected by SolidSpec-3700 Shimadzu
UV—vis—NIR spectrophotometer at room temperature, in which
BaSO, was used as the reference standard. The photoluminescence
excitation (PLE) and photoluminescence emission (PL) spectra were
performed on an FLS1000 fluorescence spectrophotometer (Edin-
burgh Instruments Ltd, U.K.) The PLQY was recorded by an
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integrated sphere, which was attached in the FLS1000 spectro-
fluorometer. The lifetimes were measured on an Edinburgh FLS1000
fluorescence spectrometer using a picosecond pulsed diode lasers.
The dynamics of emission decay were monitored by using the
FLS1000s time-correlated single-photon counting capability (1,024
channels; 1 us window) with data collection for S000 counts in the
maximum channel.

Computational Methodology. The first-principles electronic
structure was caluculated by CASTEP based on plane-wave
pseudopotential density functional theory (DFT).”® The exchange
and correlation effects were carried out by the Perdew—Burke—
Ernzerh (PBE) method.”® In order to calculate the structure in the
excited state, the structural optimizations based on the GGA method
with PBE functional were carried. The plane-wave energy cutoff was
set as 700 eV. The k-point separation was set as 0.07 A™' in the
Brillouin zone leading to corresponding Monkhorst—Pack k-point
meshes of 1 X 1 X 1. The lattice parameters were fixed at the
experimentally measured values while the atomic positions were
optimized until the force on each atom is less than 0.05 eV/A. The
more stable spin-triplet exciton is considered when calculating the
excited state structure. In addition, we chose 10 electrons to transition
from the ground state to the excited state and obtained the excited
state structure.

B RESULTS AND DISCUSSION

Figure la describes the optical photograph of
(CgH4N,),SnBrg single crystals upon the excitation of a 365
nm UV lamp, which shows bright green emission. The inset of
Figure la demonstrates the selected (CgH;4N,),SnBr; crystals
under ambient light and it possesses relatively large size (~1—2
cm) and shows the body color of light green. The single crystal
structure was determined, which exhibits monoclinic P2,/c
symmetry with lattice parameters of a = 10.7308(3) A, b =
14.41940(4) A, and ¢ = 8.50350(2) A.

The crystallographic information file (CIF) of
(C4H4N,),SnBrg is demonstrated in the Supporting Informa-
tion, and the main crystallographic data is given in Table 1 and

Table 1. Main Structure Parameters and Crystallographic
Data of (CgH,,N,),SnBr;

chemical formula C,6H,3BrgN,Sn
molecular weight 874.57
temperature (X) 150

space group, Z P2,/¢, 2

a (A) 10.7308 (3)
b (A) 14.4194 (4)
c (A) 8.5035 (2)
B (deg) 103.570 (3)
vV (A%) 1279.03 (6)
Peite (g/cm’) 2271

20,y (deg) 58.964

Rl [F, > 40(F,)] 0.0180
wR2 0.0342
Goof 1.047

the fractional atomic coordinates and isotropic or equivalent
isotropic displacement parameters are shown in Table S1. The
experimental X-ray diffraction (XRD) pattern is also in good
agreement with the calculated data based on the single-crystal
structure data of (CgH4N,),SnBrg (Figure 1b). The crystal
structures of (CgH,,N,),SnBry and (CgH,,N,)>" are described
in parts ¢ and d of Figure 1, respectively. There are only one
type of Sn site and three types of Br, and the [SnBrs]*”

octahedrons are isolated from each other and surrounded by
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bulky organic cations (Figure le), forming the typical 0D
framework. The Sn—Br distances fall in the range of 2.9713(2)
- 3.0101(2) A (Table S2). The nearest distance between
adjacent Sn ions along the b axis is about 8.37 A (Figure 1f),
indicating that there is no electronic interaction between
adjacent [SnBry]*” units, as also verified by the theoretical
calculation discussed below. There are six N—H---Br hydrogen
bonds, and the hydrogen-bond geometries in the
(CgH4,N,),SnBry structure are shown in Table S3. It is
worth noting that all H atoms of two NH; groups are involved,
and these hydrogen bonds joint the CgH,;,N, with [SnBry]*"
form 3D net (Figure S1). One can find that the more efficient
hydrogen bonding can provide a constrained environment for
[SnBr]*~ octahedrons. In addition, the offset face-to-face 7—x
stacking of phenyl rings in the organic molecule (Figure S2)
can also improve the rigidity of the molecular structures. Thus,
they help to form a relatively narrow-band emission with
relatively small Stokes shift in (CgH;4;N,),SnBrs compared
with other reported 0D hybrid metal halides, as discussed
below.

The photophysical properties of (CgH4N,),SnBrg were
investigated in detail. As shown in Figure 2a, the strongest
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Figure 2. (a) Excitation (4., = 507 nm) and emission (4, = 350 nm)
spectra of (CgH,N,),SnBrs at room temperature. (b) Photo-
luminescence stability of (CgH;,N,),SnBrs bulk crystals under
continuous illumination using a 365 nm UV lamp. Temperature-
dependent emission spectra (c) and decays (d) of (CgH4N,),SnBr
under 350 nm excitation in the temperature range of 77—300 K.

excitation peak at 350 nm (3.54 eV) is observed in PLE
spectrum. Upon the excitation at 350 nm, (CgH4N,),SnBr;
single crystals display green emission peaking at 507 nm with a
Stokes shift of 157 nm (1.09 eV) and a fwhm of 82 nm (0.395
eV). The power density-dependent emission intensity (Figure
S3) cannot reach the saturation values, indicating that this
green emission band does not stem from permanent defects or
doped activators.'” We measured the excitation wavelength-
dependent emission spectra at room temperature, demonstrat-
ing that the emissions remain unchanged upon excitation at
different wavelengths (Figure S4). Moreover, we compared the
photophysical properties of some selected 0D metal halides in
the references, as shown in Table 2. For example, Cs,SnBrg4
exhibits typical green broadband emission at 540 nm with a
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Table 2. Comparison of the Photophysical Properties for Selected 0D Metal Halides

0D metal halides emission peaks (nm) fwhm (nm)

(Cy5H,oN,),PbBr, 460 66 (0.4 eV)
Cs,SnBrg 540 -
(C,N,H,,Br),SnBr, 570 105
(Ph,P),SbCl, 648 136
(CsNHy,),SnBr, 695 146
Bmpip,Snl, 730 -
(CgH4N,),SnBryg 507 82 (0.395 eV)

Stokes shift (nm) PLQY/100% ref
111 (0.85 eV) 40 9
200(1.20 V) 15.5 27
215(1.32 eV) 95 8
273 (141 eV) 87 19
332 (1.63 eV) 46 15
317 (1.8 eV) 75 6
157 (1.09 eV) 36 + 4 this work

Stokes shift of 200 nm and a PLQY of 15.5%. By varying Cs or
Br, the analogous compositions can be obtained, and the
emission wavelengths can be changed from 500 to 620 nm.”’
Compared to all inorganic 0D metal halides, hybrid 0D metal
halides not only have relatively higher PLQY with the highest
value of up to 95%, but also have broader spectrum ranges,
which cover the whole visible light and even near-infrared
region. In this work, (CgHy4N,),SnBrs shows relatively
narrow-band green emission with a PLQY of 36 + 4%, and
also presents excellent photostability with the integral
intensities remain >90% of that at initial stage under
continuous UV-light irradiation of 80 min. (Figure 2b). In
addition, (CgH 4N,),SnBrg presents excellent air stability, and
one can use and observe Sn(II) in the synthesis and the final
products. As discussed above, [SnBrg]*” octahedrons are
protected by organic cations, so that the Sn®* is hard to be
oxidized to Sn*'. Moreover, intermolecular interactions
including hydrogen bonding and 7-stacking capabilities further
stabilize the oxidation resistance of Sn** ion.

Temperature-dependent emission spectra and decay curves
of (CgH,N,),SnBrg were investigated from 77 to 300 K
(Figure 2c,d). With the temperature decreasing from 300 to 77
K, the fwhm of the corresponding emission peaks decrease
from 82 nm (0.395 eV) to 59 nm (0.27 V). Moreover, the
emission peaks slightly shifted from 507 to 512 nm and the
average lifetimes increase from 1.04 to 1.42 us. It is of interest
to note that the emissions also remain unchanged with the
change of excitation wavelength at 77 K (Figure SS),
demonstrating that the green emissions have the same
luminescence mechanism in the temperature range from 77
to 300 K. The large Stokes-shifted emission and relatively long
luminescence lifetime with microsecond level belong to the
symbolic features of the 0D metal halide perovskites,”*®
indicating that the emissions are attributed to the radiative
relaxation of localized excitons on the isolated metal halides
from the excited state to the ground state. As discussed below,
this luminescence mechanism is also confirmed by the
theoretical calculations.

DFT calculations were carried out to deeply analyze the
electronic structures and understand the Iuminescence
mechanisms in (CgH;4N,),SnBrs. The flat band structure
(Figure 3a) is observed, revealing the highly localized
electronic states in (CgH,,N,),SnBry.”” This result indicates
that there is almost no electronic interaction between adjacent
[SnBrg]*™ units, which is in consistence with previously
mentioned conclusion derived from the distance of adjacent
[SnBrg]*~ units.® Therefore, isolated [SnBrg]*~ units exhibit
the intrinsic luminescence properties as found. Both the
valence band maximum (VBM) and the conduction band
minimum (CBM) have contributions from the localized
electronic states resulting from the [SnBrg]*” octahedron
units, which were verified by the calculated projected density
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Figure 3. (a) Electronic band structure of (CgH,N,),SnBrg
calculated using the PBE functional. Note that the band gap is
underestimated. (b) PDOS of (CgH,N,),SnBr; calculated using the
PBE functional. The HOMOs (c) and LUMOs (d) associated charge
density maps of (CgH,4N,),SnBr.

of states (PDOS). As shown in Figure 3b, VBM is made up of
Br-4p and Sn-6s orbitals, while the CBM is made up of mixed
Sn-6p and Br-4p characters, which also agree with the other 0D
tin halide perovskites.’ In addition, the contribution of organic
cations at CBM cannot be ignored, the partial PDOS on the
CgH4,N,*" organic cations is originated from the 7 orbitals of
phenyl rings. However, pure CgH,,N,>" organic cations have
no photoluminescence. The partial charge density of highest
occupied molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) are described in Figure 3c,d,
indicating that the contributions of electronic states are mostly
originating from inorganic [SnBr¢]*” octahedron units. The
band gap is direct, and the PBE band gap at the B point is 2.96
eV, which is probably underestimated because of the
acknowledged PBE band gap error.'” The band gap value
calculated by the diffuse reflection spectrum is 3.0 eV (Figure
S6), which is in agreement with the PBE band gap.
Considering the effect of distortion degree of [SnBry]*~
octahedron wunits on the optical properties of
(CgH4N,),SnBrg, the geometric variations of [SnBrg]*~
octahedron units before and after photoexcitation have been
compared to analyze their contributions (Figure 4a). In the
ground state, the bond lengths between Sn** and Br~ are
29713 (2), 2.9926 (2), and 3.0101 (2) A, corresponding to
Sn—Brl, Sn—Br2, and Sn—Br3, respectively. The bond angles
between Sn** and Br~ are 94.041, 93.869, and 97.718°,
corresponding to Br1—Sn—Br2, Br2—Sn—Br3, and Br1—Sn—
Br3, respectively. After photoexcitation, compared to the
slightly shortened bond length of Sn—Brl (2.9605 A), the
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Figure 4. (a) Geometric variations of [SnBrg]*~ octahedron in

(CgH4N,),SnBr, under the optimized ground state (left) and excited
state (right). (b) Schematic energy level diagram of (CgH ,N,),SnBrg.

bond length of Sn—Br2 shortens to 2.9698 A, while the bond
length of Sn—Br3 slightly increases to 3.0162 A. For the
variation of bond angles, the Br2—Sn—Br3 slightly increases to
94.558°, and Brl—Sn—Br3 slightly decreases to 96.596°,
moreover, Br1—Sn—Br2 decreases to 89.873°. The compar-
isons of bond lengths and bond angles before and after
photoexcitation are listed in Table S4 and Table SS,
respectively. The distortion degree of the [SnBr¢]*™ octahe-
drons is quantitatively evaluated using eqs 1 and 2:*°

6
1
Ao = = D, 1(d; = do)/do’
6§ v (1)

52—iiw—wf
oct — i
115 ()

where d, is the average Sn—Br bond length, d; are the six
individual Sn—Br bond lengths, and 6, are the individual Br—
Sn—Br bond angles of the octahedron. The 4, and §,* values
of the ground state are 0.28 X 107* and 32, while the
corresponding values in the excited state are 0.67 X 107* and
24 respectively. By comparing the values of 4, and §,* before
and after photoexcitation, one can find that the [SnBrs]*”
octahedrons are slightly distorted in the excited state, which
conforms to the relatively small Stokes shift for this green
emission.”> As discussed above, the more efficient hydrogen
bonding and the m—n stacking of benzene rings further
improve the degree of organic cations rigidity, and result in a
more rigid environment for [SnBrg]*” octahedrons.’
CgH,N,** organic cation is composed by benzene ring and
methylamino, which is more rigid than that of flexible organic

cations comprised of alkyl chains in 0D metal halides.'® For

example, the organic cations of (C,N,H,Br),SnBrs are
composed of soft alkyl chains without the #-stacking
capabilities, which are more flexible than CgH;,N,*" organic
cation. As a result, the emission of (C,N,H,,Br),SnBr, shows a
large Stokes shift of 215 nm. And thus the combined effects
from the reduced distortion of [SnBr]*~ octahedrons and rigid
molecular structure account for the fact that the green
emission of (CgH,N,),SnBr has relatively small Stokes shift
and narrow fwhm.

In general, we attribute the origin of photoluminescence to
self-trapped excitons (STE) in corrugated-two-dimensional or
one-dimensional structures and to molecular excited state
structural reorganization (ESSR) in 0D structure with similar
process.”’ ~** Since the 0D metal halides possess periodic
crystal structure arrangement and there is no interaction
between luminescent molecular species, the photolumines-
cence of them is believed to originate from isolated metal
halide polyhedrons, such as [PbX,]*7, [SnX4]*", and
[SbX]*"."" The configuration coordinate diagram (Figure
4b) illustrated the typical photophysical processes in
(C¢H;4N,),SnBrs. Under the UV photoexcitation, the
[SnBrg]*~ octahedron units are excited from the ground state
to high energy excited state, which undergoes fast excited state
structural reorganization to the lower energy excited state, and
then returns to ground state to generate Stokes-shifted
emissions with microsecond decay times as found above.

B CONCLUSIONS

In summary, we reported a novel lead-free hybrid tin-based
metal halide (CgH4N,),SnBrs, demonstrating broad-band
green emission peaking at 507 nm with a Stokes shift of 157
nm, a fwhm of 82 nm, and a PLQY of around 36 + 4%. The
detailed photophysical properties, including temperature-
dependent emission spectra and decay curves, excellent
photostability, and air stability have been demonstrated. The
combined experimental and theoretical studies also suggest
that the intermolecular interactions including hydrogen
bonding and 7z-stacking capabilities endow [SnBry]*™ octahe-
drons with a rigid environment, which take effect for a small
Stokes shift in (CgH,N,),SnBrg, as further confirmed by the
reduced excited state structural distortion in octahedral units.
Our work not only provides a new lead-free green emission for
hybrids metal halides for future emerging optoelectronic
applications but also provides an essential platform to
understand the relationship between structure and properties
for OD metal halide materials.
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