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ABSTRACT: Low-dimensional tin-based halide perovskites are consid- @ sn — Erdtatengsis
ered as eco-friendly substitutions of the iconic lead-based perovskites to 8 g'r § § § f;{ 3

host the potential as optoelectronic materials. However, a fundamental @ 1 %) # % _# 1D g ]
understanding of the structure—property relationship of these Sn(II)-based 8 9 :i i iv ﬁw B e
hybrids is still inadequate due to the limited members of this material @ N 1 B R T T
family. To our knowledge, there is still lack of reports on a series of Sn(II)- °k§° b\?’ \?’ ‘\?@ PhAGH
based halide perovskites with the same organic cation but covering so é é é 2D -

chloride, bromide, and iodide. In this work, three new halide perovskites fg’o v”%'o f& §

,,1{

TMPDASnX, (X = Cl, Br, I) (TMPDA = N,N,N’,N’-tetramethyl-1,4-

phenylenediamine) are successfully synthesized, which provide the ideal E ‘é } } " } °

paradigm to study the halogen-dependent evolution of the structure and oé“é % é%v »
c u‘DD.O 0.1 02 03 04 05 06 0.7 08

properties of Sn(II)-based hybrid perovskites. Despite sharing the same

monoclinic lattice (P2;/m space group), it is demonstrated that cer
TMPDASNCI, adopts a one-dimensional structure composed of a five-
coordinated pyramid configuration due to an extremely long Sn---Cl distance, while the typical two-dimensional motif is still
maintained in TMPDASnBr, and TMPDASnKI,. The ambient stability is declined in the order from chloride to bromide and then to
iodide. TMPDASNC]I, exhibits a broad-band bluish-white-light emission (centered at 515 nm, full width at half-maximum (fwhm) =
193 nm) with the Commission Internationale de I’ Elairage (CIE) coordinates as (0.29, 0.34). Further, the correlated color
temperature and color-rendering index were determined as 7617 K and 80.5, respectively. Based on the synthesis of new crystals, our
work sheds light on the composition—structure—property relationship of hybrid Sn(II)-based halide perovskites.
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B INTRODUCTION (CH,CH,NH,),Pb;Br,,_.Cl.** However, the toxicity of Pb
still greatly impedes the commercial application of these 2D
Pb-based halide perovskite materials.

Considering that Sn** is a nontoxic component with the
same electronic configuration as Pb*', eco-friendly Sn(II)-
based perovskites have been considered as ideal substitutions
for Pb-based perovskites.”> >° Focusing on the field of
luminescence, Lanzetta et al. reported the first example of
the Sn(II)-based perovskite LED with 2D (PEA),Snl, (PEA =
phenylethylammonium) as the red emitter.”> Subsequent
works demonstrated that the luminescent properties of 2D
Sn-based iodide can be readily tuned by anions or a spacer
cation substitution strategy.””** Further, strong yellow photo-
luminescence (PL) was discovered in the tin bromide
perovskites (OCTAm),SnBr, (OCTAm = octylammonium)

Low-dimensional hybrid lead halide perovskites have exhibited
multiple advantages including diverse structures, tunable
optical gaps, and improved ambient stability compared to
their three-dimensional (3D) elnalogues,l_6 which make them
extensively attractive for various optoelectronic applications
such as solar cells,” lasers® photodetection,9 light-emitting
diodes,"’ and dielectric switching."' Particularly, two-dimen-
sional (2D) Pb-based perovskites have also emerged as
excellent luminescent materials for solid-state lighting and
displaying."”~"* Owing to the structural quantum confinement
and formation of self-trapped excitons (STEs), the 2D Pb-
based perovskites can emit intense photoluminescence (PL)
across the whole visible spectral region, which can even realize
the single-component white-light emission to replace the
commercial mixed phosphors containing rare earth met-

als."*~*° Dohner et al. firstly reported the broad-band white- Received: February 25, 2024
light emission in (100)-oriented 2D (N-MEDA)PbBr, (N- Revised:  April 24, 2024
MPDA = N-methylpropane-1,3-diammonium) and (110)- Accepted:  April 25, 2024
oriented 2D (N-MEDA)PbBr, (N-MPDA = N-methylethane- Published: May 8, 2024

1,2-diammonium).”’ Mao et al. also described the tunable
white-light emission in a multilayered Pb halide system
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and ODASnBr, (ODA = 1,8-diaminooctane), both of which
could exhibit near-unit photoluminescence quantum yields
(PLQYs) and ultralong lifetimes.”*** A mixed-solvent strategy
was also utilized to synthesize Sn(II) iodide perovskites
(BA),MA,_;Sn,L;,,, with high phase purity, and the crystals
exhibited excellent lasing performance.” Very recently, strong
exciton localization effect was induced in (OA),Snl, by a large
amount of Sn vacancies, resulting in the evidently increased
PLQY (~64%) of orange light emission.”’ However, despite
the advances in photoluminescence efficiency, the members of
low-dimensional hybrid Sn(II)-based halide perovskites are
still limited compared to their Pb counterparts, especially for
the chlorides that are barely reported.”””* This issue leads to
the deficient fundamental understanding of the halogen-
structure—optical property relationship in hybrid Sn(1I)-
based perovskites, which hinders the rational design of these
lead-free photoelectric materials.

In this work, N,N,N’,N’-tetramethyl-1,4-phenylenediamine
(abbreviated as TMPDA) is used as the organic precursor to
synthesize the hybrid Sn(II)-based halide perovskites. It is very
impressive that a series of hybrid Sn(II) perovskites
TMPDASnX, (X = Cl, Br, I) have been obtained by tuning
the feeding ratio of raw materials. To our knowledge, this is the
first time that the hybrid Sn(II)-based perovskites including
chloride, bromide, and iodide are successfully synthesized with
the identical organic ligand. Based on the structure analysis,
highly distorted [SnX,] octahedra were observed in all three
tin halides, and an unusual structural evolution was revealed
from an actual one-dimensional (1D) five-coordinated
configuration in chloride to 2D perovskite type in bromide
and iodide. The halogen dependence of structure, stability, and
optical properties of TMPDASnX, (X = Cl, Br, I) was
investigated. Under UV light, TMPDASNCI, exhibits a broad-
band bluish-white-light emission with a full width at half-

maximum (fwhm) of 193 nm.

B EXPERIMENTAL SECTION

Materials. N,N,N’,N’-Tetramethyl-1,4-phenylenediamine
(CyoH¢N,, 98%, Acros Organics), tin(II) chloride (SnCl,,
99.99%, Macklin), tin(II) bromide (SnBr,, 99%, Aladdin),
tin(I1) iodide (Snl,, 99.999%, Bidepharm), hypophosphorous
acid (H;PO,, 50% weight in water, Aladdin), hydrochloric acid
(HCl, 36% weight in water, Aladdin), hydrobromic acid (HBr,
48% weight in water, Aladdin), and hydroiodic acid (HL, 47%
weight in water, Macklin) were used for sample synthesis in
this work. All of the chemicals were used as purchased without
further purification.

Synthesis of TMPDASnX, (X = Cl, Br, and I). For
TMPDASNCI, crystals, the synthetic route was performed with
the molar ratio between TMPDA and SnCl, as 2:1. Typically, a
mixture of 2 mmol of TMPDA (328.7 mg) and 1 mmol of
SnCl, (189.6 mg) was placed in a bottle containing 2.5 mL of
HCI and 1 mL of H;PO,. A light brown transparent solution
was obtained with continuous magnetic stirring at 110 °C. The
solution was then slowly cooled down to 30 °C with the rate of
1 °C/h. The chloride crystals were finally obtained by
filtration. TMPDASnBr, and TMPDASnI, crystals were
synthesized by a similar process, but a different molar ratio
between TMPDA and SnX, as 1:1 is required, rather than 2:1.

Characterization. Single-crystal X-ray diffraction
(SCXRD) measurements were performed on a Bruker
APEX-II CCD diffractometer and determined at 150 K. The
structure was analyzed using a direct method and refined using

the Olex2 package, and the space group and twin law were
checked using PLATON.’*”® Powder X-ray diffraction
(PXRD) was collected at room temperature on a PANalytical
Empyrean diffractometer equipped with Cu K radiation (1 =
1.541 A). The morphology of the samples was investigated via
Regulus8100 scanning electron microscopy (SEM). Compo-
nent analysis was performed by energy-dispersive X-ray
spectroscopy (EDS). X-ray photoelectron spectroscopy
(XPS) studies were performed by using a Thermo Scientific
K-Alpha spectrometer. UV—vis reflectance spectroscopy was
performed by using a Shimadzu UV-3600 UV—vis-NIR
spectrometer. PL spectra and PL lifetimes were obtained
using a PLSP920 fluorescence spectrophotometer equipped
with a PMT detector at room temperature and a 150 W Xe900
lamp as the excitation source.

Calculation. All calculations were performed using density
functional theory (DFT) using the Vienna Ab initio Simulation
Package (VASP) and the projector-augmented wave (PAW)
scheme. Perdew—Burke—Ernzerhof generalized gradient ap-
proximation (PBE-GGA) was used for the exchange
correlation functional.**~>* The wave functions were expanded
into plane waves up to a cutoff energy of 600 eV. The
structures were relaxed with an energy convergence criterion of
1075 eV, ensuring that the maximum force on an atom was
<0.02 eV A7,

B RESULTS AND DISCUSSION

Synthesis and Crystal Structure. Single crystals of all
three Sn-based perovskites were synthesized by directly
reacting the raw materials TMPDA and SnX, (X = C|, Br, I)
in a mixture solution of HX and H;PO,, as shown in Figure la.

(@) (b) e s bl ek 5L 7
£ N TMPDA i !
! NL +
TMEDA H3C™ "CHs
SnX,(X=Cl/Br/l RDASRE TMPDASNI;
+
HX/H;PO4/H,0 7
&
$

Heating Cooling

Figure 1. (a) Schematic illustration of the synthesis of TMPDASnX,
(X = Cl, By, and I). (b) Structural formula of TMPDA and optical
images of TMPDASnX,.

It should be mentioned that the chloride crystal was first
prepared with the molar ratio between TMPDA and SnCl, as
2:1, but the synthesis of bromide and iodide failed using the
same molar ratio. When the molar content of TMPDA was
reduced to the same level as SnBr, (Snl,), the crystals were
successfully obtained, suggesting that the feeding ratio of raw
materials is dependent on the halogen to synthesize the Sn(II)-
based hybrid perovskites. As shown in Figure 1b, all of the
products are plate-like and transparent. The chloride and
bromide are colourless and the iodide is light brown. The SEM
images of all three crystals are shown in Figure S1, together
with the EDS spectrum, showing the ratio of Sn and X as
around 1:4.

The crystal structures of these three Sn(II)-based perov-
skites were determined by SCXRD, and the obtained
crystallographic data are presented in Tables S1-S7.
According to the low R values, the three solved structures

https://doi.org/10.1021/acsomega.4c01835
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Figure 2. (a) Crystal structure of TMPDASNCI,. The unit cell is shown by a black rectangle. (b) Sn—X bonding lengths in TMPDASnX, (X = Cl,
Br, I). (c) Variation trend of the Sn—X bonding distances in order from TMPDASnCl, to TMPDASnBr, to TMPDASnI,. Inset shows the actual
five-coordinated pyramid configuration of the pseudooctahedron in TMPDASNCI, with the longest Sn—Cl bond unformed. (d) In-plane Sn—X—Sn

bond angles in TMPDASnX, (X = C}, Br, I).

Table 1. Summary of Structural Distortion Parameters, Band Gaps, and PL Characteristics for TMPDASnCl,, TMPDASnBr,,

and TMPDASnI, and Other Reported Sn-Based 2D Halides**"

compound Ad s
(PEA),Snl, 3.44 x 107° 1.31
(BA),Snl, 448 x 107° 4.96
(HA),Snl, \ \
(0A),Snl, \ \
(C¢H3NH;),SnBr; \ \
(C12H,NH;),SnBr, \ \
(C13sH;3sNH;),SnBr, \ \
TMPDASnCI, 2.12 X 1072 83.25
TMPDASnBr, 1.44 x 1072 76.45
TMPDASKI, 8.11 x 1073 63.69

E, (eV) Aem (nm) PLQY (%) ref.
2.02 624 1.06 26
2.04 621 0.22 26
2.05 617 0.54 26
2.06 615 0.17 26
3.48 618 35.0 41
3.20 603 60.2 41
3.36 623 S1.S 41
3.5 515 <1 this work
3.19 435 \ this work
2.35 408 \ this work

are considered reliable, which are all isostructural in a
monoclinic system, P2,/m (No. 11) space group. The chemical
compositions are refined as (C;oH;(N,)SnX, (X = Cl, Br, I)
based on SCXRD, which are in agreement with the EDS
results. As a representative, the structures of TMPDASNCI, are
shown in Figure 2a, showing a typical (100)-oriented 2D
perovskite nature with corner-sharing [SnCl] octahedral
configuration. The [TMPDA]*" cations stack alternately with
the inorganic layers, and the benzene rings are highly ordered,
with the aromatic planes parallel to each other in organic
ligands. The detailed Sn—X bonding distances are shown in

22354

Figure 2b, and it can be seen that the two axial Sn-X bonds are
equal with the bonding length as 2.870, 3.015, and 3.211 A for
chloride, bromide, and iodide, respectively. It is worth noting
that the four equatorial Sn—X bonds in each 2D Sn-based
perovskite exhibit strong distortion with two extremely long
Sn—X distances, especially in TMPDASnCl,, implying that the
chemical bond may not be formed between the Cl and Sn
atoms. To further investigate the bonding condition in this
Sn(1I)-based perovskite system, the five Sn—X bonding lengths
in three hybrid halides are plotted in Figure 2c, where the axial
Sn—X bonds (Sn—X (1)) and two short equatorial bonds

https://doi.org/10.1021/acsomega.4c01835
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Figure 3. PXRD patterns of (a) TMPDASnCl,, (b) TMPDASnBr,, and (c) TMPDASnI, compared to the simulated ones from SCXRD. High-
resolution XPS spectra of Sn for (d) TMPDASnCl,, (e) TMPDASnBr,, and (f) TMPDASHL,

(Sn—X (2) and Sn—X (3)) are monotonously elongated from
chloride to bromide and then to iodide due to the increased
radius of anions. Focusing on the two long Sn—X bonds, the
Sn—X (4) bond is still monotonous as expected, but the Sn—X
(5) bond shows an abnormal trend (marked by gray color)
with the bonding distance decreased from TMPDASnCI, to
TMPDASNBr,, indicating that this bond does not actually form
in the chloride. Hence, the inorganic polyhedron in
TMPDASNCl, is a five-coordinated [SnCl;] pyramid, as
shown in the inset of Figure 2c, leading to a one-dimensional
(1D) structure in this compound. For TMPDASnBr, and
TMPDASnI,, the structures are still 2D, which are isostructural
with their Pb analogue TMPDAPbBr, as reported previously.””
Furthermore, the structural distortion of [SnX]*™ octahedra is
also evaluated by calculating the bond length distortion Ad and
octahedral angle variance ¢* using the following equations’:

6 2
1 & (d—d
Ad== Y |=—
6,.( d)

(1)

12
2 1 02
c*=— ) (6 —90°
1121-: )

where d is the average Sn—X bond length, d; is the individual
Sn—X bond length, and 6, is the individual bond angle. The Ad
and 6* of [SnX4]*" octahedral in three halides are listed in
Table 1, and it is found that all the three compounds are highly
distorted, suggesting the strong structural strain in them. It is
noted that the high distortion was also observed in
TMPDAPbBr, as previously reported,”” but the distortion
degree is relatively smaller than that of its Sn analogue. The in-
plane Sn—X—Sn bond angles in three compounds were also
plotted in Figure 2d, where the angles decreased along the a
direction (179.07, 162.85, and 163.36°) but increased along ¢
(162.87, 168.31, and 169.29°) from chloride to bromide and
then to iodide. The structural distortion parameters of some
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reported 2D Sn-based halides are also given in Table 1 for
comparison.

Stability and Chemical States. PXRD patterns of the
three halide samples were measured based on the grounded
powders, and the results are shown in Figure 3a—c. The
experimental PXRD patterns agreed fairly well with the
simulated patterns from SCXRD results, indicating the high
purity of the samples. The stability of these tin halides in
ambient conditions was also studied by measuring the PXRD
patterns of the samples that were exposed to air for 1 month.
No visible change could be observed in the pattern of
TMPDASNCI, compared to its fresh sample, indicating the
satisfactory stability of this chloride. However, a diffraction
peak from unknown impurity appears for TMPDASnBr, after
one month exposure (see the peak at around 9.5° as shown in
the inset), and this scenario is intensified in TMPDASnI,,
which totally decomposed after exposure to air. This
demonstrates that the ambient stability is declined from
chloride to bromide and iodide, despite the same rigid organic
cations in their structures.

XPS measurement was carried out to study the chemical
states of Sn in the three samples. The full XPS spectra are
shown in Figure S2, confirming the coexistence of Sn, Cl(Br/
I), C, and N elements in the crystals. Figure 3d shows the high-
resolution XPS spectra of Sn for TMPDASNCI,, and refined
peaks located at 486.7 and 495.1 eV are ascribed to Sn** 3d;,
and 3ds),,”® indicating the pure bivalence of Sn in chloride.
However, these peaks shifted to the higher binding energy
ranges in bromide (487.0 and 495.4 eV) and iodide (487.1 and
495.6 eV) shown in Figure 3e,f, suggesting the higher chemical
valence of Sn in these two tin halides. In addition, the peak of
Sn®* located at 485.7 eV was also observed for TMPDASnBr,
and TMPDASnI,,* further confirming the decomposition of
these two compounds. In brief, the XPS results confirm the
declined ambient stability of the TMPDASnBr, and

https://doi.org/10.1021/acsomega.4c01835
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Figure 4. (a) UV—vis absorption spectra, (b) extracted band gap values, and (c) emission spectra of TMPDASnX, (X = Cl, Br, I). (d) Excitation
and emission spectra and (e) CIE coordinates of TMPDASNC],. Inset is the photograph of crystals under 365 nm UV light, showing bluish white
light. (f) Schematic illustration of the emission mechanism for TMPDASnCl,.

TMPDASII, crystals, which are consistent with the PXRD
results.

Optical Properties. UV—vis absorption spectra of the
three compounds are shown in Figure 4a. As expected, the
adsorption band edge of TMPDASnX, shows the red shift in
order from Cl to Br and then to I. Meanwhile, the absorption
band tail can also be observed for three samples especially for
the iodide, which is mainly associated with intense distortion
of the lattice.””** The band gaps of TMPDASnX, were
extracted by Tauc plots, as shown in Figure S3,* where the
chloride was treated as an indirect gap semiconductor, while
the bromide and iodide were treated as the direct one which is
based on the theoretical calculation, and the details can be seen
in the next section. The results are plotted in Figure 4b,
together with the band gap of TMPDAPDBr, taken from the
literature.”” Tt can be seen that the optical band gap of
TMPDASKCI, is determined as 3.50 eV, and it reduces for
~0.3 eV in TMPDASnBr, (3.19 eV), supporting the
transparent nature shown in Figure 1b. It is also noted that
compared to its Pb-based analogue (2.93 eV),” the Sn-based
bromide exhibits a larger optical band gap due to the lower
orbital energy of Sn(Ss) compared to that of Pb(6s). For
TMPDASnI,, the band gap is significantly reduced to 2.35 eV,
corresponding to the light brown color of the crystals. The
calculated band structures of TMPDASnX,, will be discussed in
detail below.

The PL spectra of TMPDASnX, are plotted in Figure 4c
with peaks centered at 515, 435, and 408 nm for chloride,
bromide, and iodide, respectively. The PL emissions of these
three tin halides are all very weak. Interestingly, under 405 nm
excitation (the best excitation wavelength as shown in Figure
S4), the TMPDASNCI, crystals show a broad-band emission
with the peak basically crossing the whole visible-light region
(400—800 nm) with the fwhm as 193 nm (Figure 4d). The
Commission Internationale de IEclairage (CIE) coordinates of
TMPDASNCI, were determined to be (0.29, 0.34), which is
located on the white-light region, as shown in Figure 4e, and
the crystal as shown in the inset exhibits a bluish-white-light

emission. Additionally, TMPDASnCl, corresponds to a
correlated color temperature (CCT) of 7616 K and a color
rendering index (CRI) of 80.5. However, the internal PLQY of
TMPDASNCI, is very low (<1%) upon 405 nm excitation
(Figure SS), which may be resulted from the defect state and
strong exciton—phonon coupling.”® The luminescence lifetime
of TMPDASNCI, was determined by using time-resolved PL
decays (Figure S6), and the data can be fitted by a single
exponential equation, resulting in a lifetime of 2.55 ns. Based
on our structural analysis, we speculate that the broad-band
emission of TMPDASnCI, could be ascribed to its highly
distorted octahedral geometry associated with self-trapped
excitons (STEs). It should be mentioned that the weak
emission of the bromide TMPDASnBr, is contradictory with
the previous works, in which the 2D hybrid Sn-based bromides
generally show strong yellow emission.”**® This is probably
due to the incompetent stability of TMPDASnBr,, but the
specific reason is still unclear at the current stage.

To investigate the interaction between the inorganic and
organic moieties in TMPDASnCl,, the PL spectrum of
TMPDA was also measured. Upon 358 nm excitation, the
organic TMPDA shows an emission band at around 382 nm, as
shown in Figure S7, which overlaps with the absorption band
tail of TMPDASNCI,. This spectral overlap implies the energy
transfer behavior in TMPDASnCIl,, in which the organic
cations act as donors and the inorganic polyhedra act as an
acceptor. A similar scenario was also observed in the Pb
isologue TMPDAPbBr,.”” The UV—vis absorption spectra of
the organic precursor in Figure S8 show an absorption peak in
the high-energy region (~300 nm), which corresponds to the
high energy emission in Figure S7. The PL lifetime of the
organic precursor was also measured (Figure S9), and the
value (4.96 ns) is different from that of TMPDASnCI,.

Based on these results, the emission mechanism of
TMPDASNCI, can be described in Figure 4f. The electrons
in the ground state were immediately promoted to the excited
states of both organic and inorganic moieties upon photo-
generation, inducing an electron transition crossing the
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Figure 5. Electronic band structures for (a) TMPDASnCl,, (b) TMPDASnBr,, and (c) TMPDASnL, Total and partial DOS of (d) TMPDASnCl,,

(e) TMPDASnBr,, and (f) TMPDASHL,

electronic band. The high-energy emission caused by bound
excitons (BEs) in [TMPDA]** was quenched due to the
energy transfer. In the meantime, the [SnClg]*” octahedra
undergo distortion, and the STEs were formed within a short
period of time when the confined excitons promptly
reorganized and were self-trapped by the distorted lattice.
Finally, the radiative transition of these STEs led to the broad-
band bluish-white-light emission in TMPADSnCI,.

Theoretical Calculations. The electronic structures and
density of states (DOS) of TMPDASnX, were calculated. As
shown in Figure Sa—c, TMPDASNCI, shows a indirect band
gap with a theoretical value of 2.41 eV, while TMPDASnBr,
and TMPDASnI, show an direct bandgap characteristic with
the calculated band gaps of 2.06 and 1.65 eV, respectively. As
shown in Figure Sd—f, the valence band maximum (VBM) of
the three Sn halides is mainly contributed by the halogen p and
Sn Ss orbitals from the inorganic moiety. For the conduction
band minimum (CBM), the electronic states from the organic
TMPDA locate at the same energy level range with those from
the inorganic halogen p 3p and Sn Sp states, suggesting the
hybridization between the organic ligand and [SnX(]
octahedra.””*’ These hybrid states indicate the strong
resonance interaction between the organic and inorganic
moieties, leading to the aforementioned energy transfer. Based
on our calculation, the Forster resonant energy transfer
(FRET) may occur between the organic and inorganic ligands,
and the broad-band emission in TMPDASnCl, could be
related to this FRET.

B CONCLUSIONS

In this work, we used the same organic cation to synthesize the
hybrid Sn(1I)-based chloride, bromide, and iodide perovskite
materials. Three Sn(II) halide perovskites TMPDASnX, (X =
Cl, Br, I) were synthesized, and the evolution of their structure
and optical properties was studied depending on the change of
halogen. The structural analysis indicated that all three halides
adopt the monoclinic lattice, P2,/m space group, showing the
typical (100)-oriented 2D perovskite structure with highly
distorted [SnX,] octahedra. Unexpectedly, the detailed analysis
on the Sn—X bonding length demonstrated that the inorganic
ligand in TMPDASNCI, has a five-coordinate configuration
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due to the unbonded nature of one Sn—ClI pair. TMPDASnCI,
exhibited a broad-band bluish-white-light emission (centered
at 515 nm, fwhm = 193 nm) with CIE coordinates of (0.29,
0.34), and the correlated color temperature and color
rendering index were determined as 7617 K and 80.5,
respectively. Our work provides an interesting series of new
compounds to deeply understand the halogen-structure—

property relationship of hybrid Sn(1I)-based halide perovskites.
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