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Abstract: Hybrid organic—inorganic metal halide perovskites
possess exceptional structural tunability, with three- (3D), two-
(2D), one- (1D), and zero-dimensional (0D) structures on the
molecular level all possible. While remarkable progress has
been realized in perovskite research in recent years, the focus
has been mainly on 3D and 2D structures, with 1D and 0D
structures significantly underexplored. The synthesis and
characterization of a series of low-dimensional organic tin
bromide perovskites with 1D and 0D structures is reported.
Using the same organic and inorganic components, but at
different  ratios and reaction conditions, both 1D
(C,N,H,,)SnBr, and 0D (C,N,H ,Br),SnBr, can be prepared
in high yields. Moreover, photoinduced structural transforma-
tion from 1D to 0D was investigated experimentally and
theoretically in which photodissociation of 1D metal halide
chains followed by structural reorganization leads to the
formation of a more thermodynamically stable 0D structure.

Hybrid organic—inorganic metal halide perovskites have
received extraordinary research attention in recent years for
their potential applications in various optoelectronic devices,
ranging from photovoltaic cells (PVs) to light emitting diodes
(LEDs) and optically pumped lasers! As far as their
compositions and structures are concerned, metal halide
perovskites can be assembled using a variety of organic and
inorganic components, with the basic building blocks (metal
halide octahedrons, BX,, where B is a metal and X is
a halogen) arranged in different ways to exhibit 3D, 2D, 1D,
and 0D structures.” In the 3D structure, small size cations,
such as Cs* and CH;NH;", fit into the network formed by the
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corner-sharing metal halide octahedrons to form ABX;. 2D
perovskites have the BX; octahedrons connected in layered
or corrugated sheets that are sandwiched between large
organic cations, 1D perovskites have the BX, octahedrons
connected in a chain (sharing corners, edges, or faces) and
surrounded by organic cations, and 0D perovskites have the
BX; octahedrons completely isolated from each other and
surrounded by organic cations. Therefore, 2D, 1D, and 0D
perovskites can be considered as the crystalline bulk assem-
blies of 2D, 1D, and 0D quantum confined materials,
respectively. It should be pointed out that the 2D, 1D, and
0D perovskites on molecular level defined here are different
from the morphological 2D nanosheets and nanoplatelets, 1D
nanowires, and 0D nanoparticles based on 3D ABX,.P! While
a significant amount of efforts has been dedicated to 3D and
2D perovskites with remarkable success, low-dimensional
metal halide perovskites are still underexplored to date.

Recently, we reported the design, synthesis, and charac-
terization of 1D organic lead bromide perovskites
(CN,H,PbBr,) and OD tin bromide perovskites
((C,N,H,,Br),SnBry)." In these 1D and 0D perovskites, the
metal halide chains and molecules are surrounded by the
same organic cations to form bulk assemblies of 1D and 0D
core-shell quantum confined materials. These low-dimen-
sional metal halide perovskites exhibit unique photophysical
properties owing to strong quantum confinement. Unlike
conventional 3D and 2D perovskites exhibiting narrow
emissions with small Stokes shifts owing to delocalized
excitonic character, these 1D and 0D perovskites have
broadband emissions with large Stokes shifts as a result of
localized exciton self-trapping in the quantum confined 1D
and 0D structures. Despite these demonstrations of these 1D
and 0D structures using the same organic cations, the design
principles to obtain low-dimensional metal halide perovskites
with controlled structures and compositions in a rational
manner have not yet been established.

Herein we report synthetic control of low-dimensional tin
bromide perovskites. By carefully controlling the reaction
conditions, either 1D or 0D tin bromide perovskites can be
prepared in high yield and excellent reproducibility. More
interestingly, photoinduced structural transformation from
1D to OD tin bromide perovskites was observed and
characterized experimentally and theoretically for the first
time. This finding, together with previously reported similar
structural transformation from 3D CH;NH;Pbl; to 0D
(CH;NH,),PbI-2H,0,F! suggests that the metal halide bond
breaking can happen upon photoexcitation followed by
structural reorganization, and individual metal halide octa-
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hedrons could be more thermodynamically stable than
connected ones.

1D and 0D Sn bromide perovskite crystals were prepared
by carefully controlling the reactant ratios of Sn" bromide

(SnBr,) and N,N'-dimethylethylenediaminium bromide

(C,N,HBr,), as well as the synthetic conditions

(Scheme 1). 1D Sn bromide perovskite crystals
1:1in HBr/ H,PO, 1D

C,N,H,,SnBr,

H, 8 Heat up to 120°C and slowly
AN+ s cool down
Br Fe 4:1in DMF oD

Diffuse DCM to DMF solution (C4N2H14Br)sSnBre
atR.T.

Scheme 1. The synthesis of the 1D and 0D Sn bromide perovskites.

(C,N,H,SnBr,) were synthesized by reacting equal amounts
of SnBr, and C,H;,N,Br, in a mixture of 48% w/w aqueous
hydrobromic acid (HBr) and 50% w/w aqueous hypophos-
phorous acid (H;PO,) solution. H;PO, was used to prevent
the oxidation of Sn". The acid solution was heated up to
120°C under stirring to dissolve the bromide salts completely.
The crystals were grown after the stir was stopped and the
temperature was slowly decreased to room temperature. To
obtain high-quality and large needle-shaped crystals, the
precursor solution was prepared in low concentration to slow
down the crystal growth process, leading to a yield of about
15%. A higher chemical yield of about 60 % was obtained by
increasing the solution concentration, which however resulted
in small needle-shaped crystals. Interestingly, the products
prepared by this hydrothermal approach were dominated by
1D perovskites regardless of the reagent ratio of C,H,N,Br,
to SnBr, even at 4/1. Therefore, it is reasonable to assume that
1D perovskites could be kinetically favored products forming
quickly during the fast hydrothermal crystal growth process.
0D (C,N,H,,Br),SnBry crystals were prepared following the
previously reported procedure, by diffusing dichloromethane
(DCM) into a clear precursor solution of C,H;,N,Br, and
SnBr, with the ratio of 4/1 in a nitrogen-filled glove box.

The crystal structures of low-dimensional Sn bromide
perovskites were determined using single-crystal X-ray dif-
fraction (SCXRD), as shown in Figure 1. 1D C,N,H,,SnBr,
shows a similar crystal structure as C,N,H,,PbBr, in which the
metal halide chains [SnBr,* ], are surrounded by C,N,H,,*"
cations to form bulk assembly of core—shell quantum wires.
The average Sn—Br bond distance (3.022 A) in C,N,H,,SnBr,
is slightly shorter than that of Pb—Br (3.032A) in
C,N,H,,PbBr,. Considering the smaller covalent radius of
Sn atom (ca. 1.39 A) than that of Pb atom (ca. 1.46 A), the
relatively long Sn—Br bond indicates a much less efficient
packing with weaker interactions between Sn and Br atoms,
which could lead to an easier structural distortion in the
excited states. The crystal structure of 0D (C,N,H,,Br),SnBr,
has been reported before.*"!

The photophysical properties of these low-dimensional Sn
bromide perovskites were fully characterized using UV/Vis
absorption spectrometry, as well as steady-state and time-
resolved photoluminescence spectroscopy. Figure 2a shows
the as-prepared 1D and 0D Sn bromide perovskite crystals
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Figure 1. Crystal structures of 1D and 0D tin bromide perovskite
crystals. a) Crystal structure of 1D Sn bromide perovskite
C4,N,H,,SnBr, (Sn red, Br green, N blue, C gray; hydrogen atoms were
hidden for clarity). b) Views of a 1D Sn bromide wire wrapped by
organic cations. c) Views of an individual 1D Sn bromide wire with
edge sharing octahedrons. d) Crystal structure of 0D Sn bromide
perovskite (C,N,H,,Br),SnBrq. €) Crystal structure of 0D Sn bromide

perovskite unit cell.
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Figure 2. Photophysical properties of 1D and 0D Sn bromide perov-
skites. a) Images of 1D C;N,H,,SnBrs and 0D (C,N,H,,Br),SnBr, under
ambient light and UV irradiation. b) Absorption spectra of 1D
C4,N,H,,SnBr; and 0D (C4N,H,,Br),SnBrg, as well as emission spec-
trum of 0D (C4,N,H,,Br),SnBr.

under ambient light and UV irradiation. The 1D
C,N,H,,SnBry crystals have a yellowish needle shape with
no emission observed, while 0D (C,N,H,,Br),SnBr, crystals
are colorless chunks exhibiting highly luminescent yellow
emission. From the UV/Vis spectra shown in Figure 2b, 1D
C,N,H,,SnBr has a band edge at around 400 nm, which is
clearly red-shifted compared to that of 0D (C,N,H,,Br),SnBr,
at around 360 nm. This shift is not surprising if we consider
that 1D structure has a weaker quantum confinement with
a lower energy gap than 0D structure. Unlike strong bluish
white-light emission observed in 1D lead bromide perovskites
(C,N,H,,PbBrg), no emission was detected from 1D
C,N,H,,SnBr,. This non-emissive property suggests new
non-radiative decay processes present in 1D Sn bromide
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perovskites that are not pronounced in 1D C,N,H;,PbBrg.
Considering the much smaller size of Sn compared to Pb, 1D
C,N,H,,SnBr, has a much less efficiently packed and thus
more flexible structure than C,N,H,,PbBr,. Therefore, 1D
C,N,H,,SnBr, is more susceptible to structural distortion in
the excited state than 1D C,N,H,,PbBr,, which can serve as
non-radiative channels.

Interestingly, the non-emissive 1D Sn bromide perov-
skites became emissive (yellow light) upon continuous UV
irradiation and the emission intensity enhanced as the
exposure time increased, as shown in Figure 3a,b. The
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Figure 3. Photophysical properties of emissive species generated on
the surface of 1D perovskites upon UV irradiation. a) Photographs of
1D Sn bromide perovskite crystals under UV irradiation. b) Lumines-
cence intensities of 1D Sn bromide perovskite crystals under UV
irradiation; c) the excitation spectra of emissive species generated by
UV irradiation; d) proposed reaction for the photoinduced structural
transformation.

excitation spectrum of this yellow emission in Figure 3¢
does not match the absorption spectrum of 1D C,N,H,,SnBrg,
suggesting the formation of a new emissive species upon UV
exposure. As this emissive species exhibited exactly the same
emission spectrum as that of highly stable 0D tin bromide
perovskites ((C,N,H,,Br),SnBry), we hypothesized that there
was a photoinduced structural transformation from 1D to 0D
though a reaction shown in Figure 3d, in which the 1D
perovskite is decomposed into 0D structure and SnBr,. This
non-radiative excited-state structural reorganization could
well explain why 1D Sn bromide perovskites are not emissive
at all. A similar photoinduced structural transformation from
3D methyl ammonium lead(II) iodide (CH;NH;PbI;) to 0D
(CH;NH,;)PbI-2H,0 in present of water has been well-
documented,” suggesting the possibility of photodissociation
of metal halide bonds followed by structural reorganization in
metal halide perovskites. Unlike 0D (CH;NH,),Pbl;-2H,0
with low stability that can further decompose to Pbl,, 0D
(C,N,H,,Br),SnBr, has extremely high stability in the ambi-
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ent condition. Considering the low surface-to-volume ratio of
bulk crystals, the photoinduced structural transformation
likely took place on the surface, resulting in bulk 1D
perovskite crystals coated with emissive 0D perovskites.
This is consistent with the blue-shifted excitation spectrum
of the emissive species compared to that of pure 0D
perovskites, as there is strong absorption from the core 1D
perovskites.

To confirm the photoinduced structural transformation
from 1D to 0D Sn bromide perovskites on the surface,
structural characterizations using powder X-ray diffraction
(PXRD) and solid-state NMR (SSNMR) were performed
before and after UV exposure. To ensure detectable signals,
1D Sn bromide perovskite crystals were ground into powders
in a small amount of acetone. A compact hand UV lamp
(365 nm, 4 Watts) was then used to turn the non-emissive
powders into highly luminescent ones by illuminating the
powders for 30 min. PXRD were recorded for the UV
exposed samples, as well as pure 1D and 0D Sn bromide
perovskites, with the results shown in Figure 4 a. In the PXRD
pattern of UV exposed 1D Sn bromide perovskites, peaks
from both 1D and 0D were clearly displayed, suggesting the
formation of 0D perovskites in the 1D perovskite crystals.
High-resolution solid-state '"H NMR spectra of the 0D, 1D,
and the UV exposed 1D perovskite crystals shown in Fig-
ure 4b exhibit significant difference. The 'H spectrum of the
1D perovskites shows a sharp resonance at 7.4 ppm, which is
assigned to NH,*. Furthermore, a broad resonance centered
at 3.0 ppm with a full-width at half-maximum of 0.4 kHz is
observed, which is from strongly coupled protons of CH, and
CH; in the 1D peorvksite crystals. A weak resonance at about
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Figure 4. a) PXRD of tin bromide perovskite crystal powders. (blue o:
patterns from 1D Sn bromide; red e: patterns from 0D Sn bromide).
b) Solid-state '"H NMR spectra of Sn bromide perovskite crystals.
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1 ppm is likely from protons on the [SnBr/ ], surface. The
surface of [SnBr,/ ], is largely covered by the organic
moieties in the ordered 1D structure and the exposed surface
area is expected to be small, and therefore the 1 ppm
resonance is very weak. This 1 ppm resonance becomes
more intense when the organic species gradually dissociate
from the [SnBr,/"].. surface as the transition from the 1D
structure to OD structure occurs. Small satellite resonances
around 1 ppm appear due to the heterogeneous local environ-
ments on the metal halide surfaces. In addition to a cluster of
'"H NMR peaks between 0 and 2 ppm from surface protons, an
extremely broad peak spanning from 2 ppm to 10 ppm is
shown in the '"H NMR spectrum of the UV exposed 1D
sample. The great breadth of this peak suggests that the
organic species are still bound to the metal halide surfaces but
very disordered. The lack of molecular mobility combined
with structural disorder results in unresolved individual
resonances. Once the organic molecules are completely
reorganized, better resolution is achieved. Therefore,
"HNMR of the 0D sample shows resolved resonances at
2.9 ppm from CHj; protons and at 3.5 ppm from CH, protons.
The 'H resonance for NH," shifts to lower field with a large
ppm value of 8.5, compared with that in the 1D sample,
suggesting stronger deshielding and greater ionicity. The
strong 'H peak at about 1.0 ppm and the relatively broad one
at 4.8 ppm are from surface protons and absorbed H,O,
respectively. These experimental results verified our hypoth-
esis that partial dissociation of the 1D structure to form 0D
structure occurs upon UV exposure.

Unlike unstable 0D (CH;NH;),Pbl;-2H,0O undergoing
further decomposition to Pbl,, little-to-no transformation
from 0D (C,N,H,,Br),SnBr, to SnBr, was observed in bulk Sn
bromide perovskite crystals, which is consistent with the
excellent photo- and thermostability of 0D perovskites in N,
and ambient condition. The higher stability of 0D than 1D
perovskites was further confirmed by theoretical calculations.
We performed molecular dynamics (MD) simulations to
study the structural and energetic properties of 0D
(C,N,H,,)4SnBry and 1D (C,N,H,,)SnBr, perovskites (see
the Supporting Information for details of the simulation
method). The MD-equilibrated crystal structures of 0D and
1D perovskites are very stable under the NVT ensemble at
300 K, confirming the capability of our developed force field
to capture the structural properties of these low-dimensional
metal halide perovskites. As proposed above, a balanced
reaction from 1D to 0D perovskites follows:
4[(C,N,H,,)SnBr,]—(C,N,H;,Br),SnBr + 3 [SnBr,]. MD
simulations predicted a potential energy of —396.5 kcalmol !
for 1D (C,N,H.)SnBr,, —641kcalmol’ for 0D
(C,N,H,,Br),SnBr¢, and —346.3 kcalmol ' for SnBr,. There-
fore, 0D (C,N,H,,Br),SnBr¢ possesses a much lower energy
than 1D (C,N,H,,)SnBr,, and the energy required for the
above conversion reaction is —94 kcalmol !, suggesting that
the above 1D to 0D perovskite conversion is thermodynami-
cally spontaneous. The computational studies confirmed that
0D (C4N,H,),SnBr,, is energetically more stable than 1D
(C,N,H,,)SnBr,, consistent with our experimental observa-
tions.
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In summary, we have demonstrated the synthetic control
of low-dimensional organic tin bromide perovskites and
found that the pathway to 1D C,N,H,,SnBr, is kinetically
favored and the pathway to 0D (C,N,H;,Br),SnBr, is more
thermodynamically favored. Photoinduced structural trans-
formation from 1D to OD involving photodissociation of
metal halide bonds followed by structural reorganization has
been observed and characterized by crystallographic analysis,
spectroscopic methods, and molecular dynamics simulations.
Our findings extend the capability of assemble organic—
inorganic hybrid materials with controlled structures in
a rational manner and help to gain a better understanding
of the photostability issues of metal halide perovskites.
Studying the excited-state structures of this new class of
materials using time-resolved pump—probe X-ray diffraction
and ultrafast spectroscopy will be attempted and reported in
due course.
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