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Structural phase transition drives outright
photoluminescence quenching and dielectric
duple bistable switching+

Zhi-Jie Wang,? Ming-Jing Shen, (2@ Zhi-Peng Rao,? Pei-Zhi Huang,”

Meng-Meng Lun,? Bo-Wen Deng,® Jun-Yi Li,* Chang-Feng Wang,
Hai-Feng Lu, 2 *° Da-Wei Fu (2 * and Yi Zhang (2 *°

b

Organic—inorganic metal halides (OIMHSs) possessing switchable optical and electrical properties hold sig-
nificant promise for applications in multifunctional sensors, switching devices, and information storage.
However, the challenge lies in achieving effective regulation of optical/electric responses through struc-
tural design strategies, and materials with structural phase transition coupling photoluminescence (PL)
quenching are also relatively rare. Here, by employing halogen engineering to modify the parent com-
pound (TEMA)PbBrs (TEMA = triethylmethylammonium), we successfully obtained two derivatives (TECA)
PbBrs and (TEBA)PbBrs (TECA = triethylchloromethylammonium and TEBA = triethyloromomethyl-
ammonium). Halogen engineering successfully introduces halogen—halogen interactions between
PbBrs"~ inorganic frameworks and organic cations, which increases the stretching distortion of the PbBrg
octahedral framework of (TECA)PbBrsz and (TEBA)PbBrs, accompanied by prominent orange-red broad-
band emission behavior in (TECA)PbBrs and (TEBA)PbBrs;. Meanwhile, the phase transition temperatures
(Tp) of (TECA)PbBr3 and (TEBA)PbBr3 have also been significantly increased compared to (TEMA)PbBrs,
and two derivatives demonstrated switchable dielectric responses. Impressively, the reversible structural
phase transition of (TECA)PbBrs; and (TEBA)PbBrs dominates the outright PL quenching behavior, while
still maintaining high PL emission intensity below the T,. This represents a rare and extraordinary
phenomenon in the realm of bistable responsive materials. This work provides a feasible strategy for
designing and modulating photoluminescent phase transition materials and deepens understanding of
the structural—performance relationship.

perties of these OIMHs typically benefit from their highly dis-
torted metal halide polyhedra.’® It is worth noting that the

Organic-inorganic metal halides (OIMHs) have shown tremen-
dous potential for various optoelectronic applications due to
their exceptional optical and electronic properties."™ By
assembling suitable organic amines and metal halide com-
ponents, a series of novel OIMHs with optical properties has
been designed and synthesized.**® The photophysical pro-
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emission of self-trapped excitons (STEs) highly correlated with
lattice deformation provides inspiration for regulating OIMHs.
In previous studies, a favorable lattice distortion of hybrid
materials can be effectively controlled through doping engin-
eering, which typically uses doping components such as Sb**
and Mn*"."”"*° However, the regulation of structural distortion
at the molecular level and the construction of optical/electric
bistable switchable materials, which are highly attractive for
optoelectronic device applications, need to be explored.
Organic-inorganic hybrid components are also prone to
structural phase transition under thermal stimulation,**° which
can affect their emission intensity and even lead to a PL quench-
ing phenomenon.”®*° At present, many photoluminescent
OIMHs exhibit PL decay during phase transitions, such as
[(CH3)sNCH,CH;],MnCl,,*" (2-methylimidazolium)MnCl,(H,0),**
and [(CH;);PCH,OCH;][PbBr;],** among others. However, the
phenomenon of structural phase transition coupled with PL
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quenching is exceedingly rare compared to the attenuation
phenomenon of PL during structural phase transition in OIMHs.
Lun et al. observed an unusual temporary PL quenching effect
coupled with structural phase transition at 340 K in
(DMML),MnBr, (DMML = N,N-dimethylmorpholinium). This
phenomenon originates from the anomalous variation in the
[MnBr,]*~ tetrahedron, causing the absorbed energy to be relaxed
by non-radiative transitions.** Spanopoulos et al. synthesized a
1D (one-dimensional) lead-free halide OIMH (DAO)Sn,ls (DAO =
1,8-octyldiammonium) that undergoes a structural phase tran-
sition at 415 K accompanied by PL quenching and exhibits stable
PL intensity over a wide temperature range of 145-415 K.** Given
its enormous value, there is still research potential for designing
structural phase transition materials coupled with PL quenching
through an effective strategy.

>What attracts us is that halogen bonding, as a typical inter-
molecular interaction, provides a fascinating tool in crystal
engineering as it can regulate the structure and properties of
materials. This occurs when there is evidence of an attractive
interaction between the electrophilic region associated with
halogen atoms in one molecular entity and the nucleophilic
region in another or the same molecular entity.*® This inter-
action acts like a pulling rope between organic cations and in-
organic anionic frameworks, which is conducive to achieving
effective structural distortion and phase transition regulation.
Based on the above research inspiration, we have introduced
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halogen-halogen interactions to (TEMA)PbBr; and obtained
two 1D OIMHs single crystals, (TECA)PbBr; and (TEBA)PbBr;,
which exhibit broad orange-red light emission centered at
665 nm and a stable PL emission intensity of up to 393/454 K.
We found that with the introduction of halogen-halogen inter-
action, the degree of octahedral stretching distortion of two
derivatives increased, and the T}, significantly increased.
Notably, (TECA)PbBr; and (TEBA)PbBr; exhibit highly coupled
PL quenching and structural phase transition. This work pro-
vides a feasible strategy for the design and modulation of
photoluminescent phase transition materials and opens a new
window for OIMHs as optoelectronic intelligent device appli-
cations at higher operating temperatures.

Results and discussion
Structural description

Single crystals of the three compounds were prepared by the
solvent evaporation method (see the Experimental section for
details). Single-crystal X-ray diffraction characterized the
structures of three compounds. The crystal structures of
(TEMA)PbBr;, (TECA)PbBr;, and (TEBA)PbBr; are isostruc-
tural, adopting the 1D hexagonal ABX; perovskite structure,
where organic cations occupy the cavities between adjacent
infinite [PbBrs]~ chains (Fig. 1a and Fig. S1, S2%).
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Fig. 1 (a) The molecular structure and packing structures (without hydrogen atoms) of (TEMA)PbBrs;, (TECA)PbBr; and (TEBA)PbBrs. (b)

Photographic of crystals under ambient light and ultraviolet light irradiation based on 254 nm at room temperature. (c) PL and PLE spectra for
(TECA)PbBr3 at room temperature. (d) PL and PLE spectra for (TEBA)PbBrz at room temperature. (e) CIE chromaticity coordinates of (TECA)PbBr; and

(TEBA)PbBrs.
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Specifically, the three compounds crystallize in the P2,/c
space group, exhibiting regular arrangements of organic
amine cations and [PbBr;]” skeletons. The phase purity of
the target crystal sample was determined by powder X-ray
diffraction (PXRD) (Fig. S31). The chemical composition and
functional group information were also investigated by infra-
red spectroscopy (Fig. S4t1), in which the peaks at approxi-
mately 750 and 521 cm™" belong to the characteristic absorp-
tion of the C-Cl bond in (TECA)PbBr; and the C-Br bond in
(TECA)PbBr3, respectively.

Optical properties

The UV-visible diffuse reflectance absorption spectra display
distinct absorption bands in the UV region at around 350 nm
for all three compounds (Fig. S51). Meanwhile, the calculated
optical bandgaps (E;) based on the Tauc plot are determined
to be 3.42 eV for (TEMA)PbBr;, 3.40 eV for (TECA)PbBr;, and
3.39 eV for (TEBA)PbBr;, respectively (Fig. S51). When sub-
jected to ultraviolet light irradiation at room temperature
(Fig. 1b), crystals of (TEMA)PbBr; do not exhibit apparent PL
behavior. However, crystals of (TECA)PbBr; and (TEBA)PbBr;
can emit orange-red light at room temperature, consistent with
the orange chromaticity coordinates defined by the
Commission internationale de I’éclairage (CIE) coordination
(Fig. 1e). Hence, a more detailed optical investigation was con-
ducted to explore the PL properties of (TECA)PbBr; and (TEBA)
PbBr;. As depicted in Fig. 1c and d, both compounds demon-
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strate distinct broadband emission spectra at room tempera-
ture, with noticeable emission peaks observed at around
665 nm and a full width at half maximum (FWHM) of around
205 nm. Notably, when the emission wavelength is fixed at
665 nm, (TEBA)PbBr; showcases two adjacent absorption
peaks at 300 and 320 nm, respectively, while (TECA)PbBr; exhi-
bits two adjacent absorption peaks at 310 and 336 nm, respect-
ively. Meanwhile, the PLQY values of the powder samples
measured at 298 K are 2.78% and 2.38% (Fig. S6 and S77),
respectively. Additionally, the PL decay curve monitored at
665 nm was fitted with a theoretical double exponential func-
tion, yielding average lifetimes of 23.9 and 33.5 ns for (TECA)
PbBr; and (TEBA)PbBr; (Fig. 2¢), respectively.

To further investigate the relationship between the PL and
temperature, temperature-dependent PL spectra were also
measured (Fig. 2a and b). As the temperature increases from
303 K to 393 K for (TECA)PbBr3, and the temperature increases
from 303 K to 453 K for (TEBA)PbBr;, both the PL emission
intensities show a monotonic decreasing trend, which is
because the rise in temperature endows the electrons with
sufficient kinetic energy to surmount the energy barrier,
thereby favoring recombination through non-radiative path-
ways. It is noteworthy that the emission intensity still main-
tains a high order of magnitude (10°-10%) before reaching the
critical temperature point of 393/454 K. However, after reach-
ing the critical temperature point of 393/454 K, the PL is
entirely quenched (Fig. 2d and e).
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Fig. 2 (a) Temperature-dependent PL spectra of (TECA)PbBrs. (b) Temperature-dependent PL spectra of (TECA)PbBrs. (c) PL decay lifetime curves

of (TECA)PbBr; and (TEBA)PbBrs. (d) PL trend from 303 to 413 K of (TECA)PbBrs. (e) PL trend from 303 to 463 K of (TEBA)PbBrs. (f) lllustration of the

STE mechanism for the broadband emission.
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Thermal properties and dielectric properties

This type of material is prone to undergoing structural phase
transitions under thermal stimulation, resulting in modifi-
cation of the physical properties. Differential scanning calori-
metry (DSC), as a thermal analysis technique, is effectively
used to analyze the phase transition. As shown in Fig. 3a,
(TEMA)PbBr; exhibits obvious endothermic and exothermic
peaks at 293/273 K during the entire heating/cooling cycles. By
introducing halogen engineering, the T}, of OIMHs effectively
achieved a remarkable enhancement of 100 K for (TECA)PbBr;
and 161 K for (TEBA)PbBr; (Fig. S8%), respectively, which are
also representative of high-temperature 1D lead-based phase
transition materials at present (Fig. 3b). The large thermal hys-
teresis and sharp peaks exhibited by the three compounds
indicate that they experience a first-order phase transition. For
the convenience of subsequent discussions, the entire process
is divided into the room temperature phase (RTP) and the
high-temperature phase (HTP) when the temperature is below
or above T, respectively. In the solid-solid phase transition,
there is usually a thermally driven dielectric anomaly in the
vicinity of Tj,, involving the mutual switching of dielectric con-
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stants in specific materials under external stimuli. As shown in
Fig. 3c, d and Fig. S8,f temperature-dependent dielectric
measurements were performed on the three compounds at
1 MHz, revealing different dielectric anomaly temperatures.
Specifically, the real part (¢') of the dielectric constants shows
a pair of distinct step-like dielectric anomalies at approxi-
mately 293 K for (TEMA)PbBr;, 393 K for (TECA)PbBr; and
454 K for (TEBA)PbBr; upon heating and cooling, which is
closely aligned with the findings from the DSC results. Hence,
we were pleasantly surprised to find that the PL quenching be-
havior is highly coupled with the structural phase transition,
which is a relatively rare phenomenon. Meanwhile, the temp-
erature range of the PL emission was also significantly
expanded by introducing halogen engineering. Furthermore,
as depicted in Fig. S9,1 (TECA)PbBr; and (TEBA)PbBr; demon-
strated excellent reversibility and fatigue resistance in switch-
able dielectric properties, as observed through repeated
heating and cooling cycles between high and low dielectric
states. Simultaneously, as presented in Fig. S10 and S11,f the
thermally reversible photoluminescence quenching-activation
cycles of both compounds also exhibit good reversibility
around the Tp,. These findings suggest that these compounds
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(a) DSC curves of (TEMA)PbBr3; and (TEBA)PbBr3 in the heating—cooling cycle. (b) The currently reported 1D lead bromide perovskite phase

transition temperature compared with the highest phase transition temperature in this work. The temperature-dependent real part (¢) of the
complex dielectric constant of (TEMA)PbBr3 (c) and (TEBA)PbBr5 (d) at 1 MHz.
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have potential as thermal responsive
luminescence switching materials.

dielectric/photo-

Phase transition analysis

To reveal the underlying mechanism of the above phenom-
enon, the compounds were characterized by variable-tempera-
ture single-crystal X-ray diffraction. As shown in Fig. S12 and
S13,7 after the successful implementation of halogen engineer-
ing, the halogen-halogen interactions in the structure were
successfully constructed. Meanwhile, the lead halide octa-
hedral Pb-X bond lengths and bond angles of the three com-
pounds display corresponding alterations (Fig. 5a and Tables
S4-S67). In the HTP, both (TEMA)PbBr; and (TECA)PbBr; crys-
tallize in the P63/mmc space group (6/mmc point group). Unlike
the cation general position observed in RTP, the cation TEMA"
in (TEMA)PbBr; occupies a special site of 6/mmm to fulfill the
symmetry requirements by leveraging either a 6-fold axis orien-
tational disorder or rotation (Fig. 4a and b). Similarly, (TECA)
PbBr; also manifests this 6-fold disorder behavior.?” Notably,
the inorganic [PbBr;]” skeleton exhibits negligible disorder
within its structure, accompanied by homogenization of Pb-Br
bond lengths (Fig. 5b). Consequently, the structural phase
transition observed in (TEMA)PbBr; and (TECA)PbBr; can be
attributed to an ordered-disordered transition of organic
cations.

Unfortunately, due to the deterioration of crystal quality
after undergoing high-temperature phase transitions, the
high-temperature structure of (TEBA)PbBr; could not be deter-

RTP
Y
: | Heating
H "
: : Cooling
| t‘ |
-\ ;

Fig. 4
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mined. We conducted in situ temperature-dependent PXRD
measurements to further verify the relevant information on
the structural phase transition (Fig. S147). It was observed that
significant changes occurred in the PXRD data after the phase
transition of (TEBA)PbBr;, as shown in Fig. 4d. Specifically,
diffraction peaks did not exhibit marked differences in their
positions from 298 K up to 403 K. However, upon reaching
454 K, most of the diffraction peaks disappeared, especially
diffraction peaks located at around 15°, 23°, and 25-35°. After
the temperature transitions to 463 K, there is no significant
difference in the pattern of diffraction peaks. Moreover, upon
cooling the sample back to room temperature, the measured
PXRD patterns were consistent with the patterns obtained
prior to heating, providing evidence for the reversibility of the
phase transition.

To further explore the impact of halogen-halogen inter-
actions on the phase transition of the system, we utilized the
OLEX2 software to calculate the void occupancy of the three
compounds. In hybrid phase transition materials, there exists
a discernible correlation between the void occupancy and the
Tp, which can be employed to better elucidate the relationship
between the strength of intermolecular forces, spatial steric
hindrance, and the phase transition temperature.*® As
depicted in Fig. 4c-e, the quantitative void occupancy values
are determined to be 30.07% in (TEMA)PbBr;, 27.52% in
(TECA)PbBr3;, and 27.22% in (TEBA)PbBr;, aligning with the
lower void occupancy and higher phase transition tempera-
ture. Therefore, with the introduction of halogen-halogen

(a) Order—disorder transition of organic cations [TEMA]*. (b) The packing structures (without hydrogen atoms) of (TEMA)PbBr3 at HTP. Void

diagram between anionic frameworks in the unit cell of (TEMA)PbBrs (c), (TECA)PbBr3 (d) and (TEBA)PbBrs (e).
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interactions, the phase transition behavior of the compounds
is also effectively regulated.

Structural distortion and Raman spectroscopy

To further investigate the effect of halogen-halogen inter-
actions on the PbBrs octahedral framework, the bond length
distortion (Ad) and bond angle variance (¢*) of the PbBr, octa-
hedron were calculated based on eqn (1) and (2).*° Here, d;
represents the independent bond lengths of Pb-Br, d, rep-
resents the average Pb-Br bond lengths, and 6; represents the
single bond angle of Br-Pb-Br. The quantitative values for Ad
and ¢ are determined to be 3.01 x 10~* and 93.279 in (TEMA)
PbBr;, 3.82 x 10~* and 57.283 in (TECA)PbBr;, and 5.45 x 10~*
and 59.101 in (TEBA)PbBr; (Fig. 5c). For the angle distortion,
octahedra typically have higher distortion values as the face-
sharing connectivity of octahedra requires bending angles (i.e.
Br-Pb-Br angles). It is worth noting that the introduced
halogen-halogen interactions have a more significant effect on
the stretching of the bond length, in which the difference in
the variation of the Pb-Br bond length is found to follow the
trend of (TEBA)PbBr; > (TECA)PbBr; > (TEMA)PbBr;. Similarly,
the trends are also observed in the 1D PL of lead bromide
based on halogenated N-methylmorpholine systems,”® as
shown in Fig. 5c.

Ad = %g[(di — do)/do]? (1)

This journal is © the Partner Organisations 2024
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2= (6; —90°)
o 11;(1 )

(2)

To better understand the local structural dynamics of the
three compounds, low-frequency Raman measurements were
conducted. Raman spectroscopy was conducted under
ambient conditions using 532 nm laser excitation. As shown in
Fig. 5d, the three compounds have well-resolved spectra. The
peaks at lower wavenumbers (15-100 cm ™) originate from the
bending of Br-Pb-Br bonds, while the peaks at higher wave-
numbers (100-180 cm™") originate from the stretching of Pb-
Br bonds, which provides a reference for a detailed compari-
son of the local structural dynamics in the three compounds.**
Fortunately, for the three 1D face-sharing lead bromide perovs-
kites, the peak of the stretching symmetry mode of Pb-Br
bonds reaches its maximum value in (TEBA)PbBr;, which is
highly consistent with the structural analysis of the Pb-Br
bond length distortion. Similarly, the effect on exciton—
phonon coupling in 1D TMAPbBr;_,I, perovskites is primarily
influenced by the vibration mode of the Pb-X bond stretching
within the PbXg octahedra, rather than the mode of X-Pb-X
angle bending.’® Therefore, the introduction of halogen-
halogen interactions leads to uneven Pb-Br bond lengths and
more prominent distortion of the PbBrs octahedron, which is
of significant consequence for the emission of self-trapped
excitons. Meanwhile, the quenching of PL is related to the dis-
appearance of this stretching distortion, and the PbBr, octa-
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Fig. 6 The calculated band structures and PDOS of (TEMA)PbBrz (a and b) and (TEBA)PbBr3 (d and e). The calculated frontier molecular orbital
(FMO) diagram: HOMOs and LUMOs of (TEMA)PbBr5 (c) and (TEBA)PbBrs5 (f).

hedron at HTP becomes more consistent with the standard
octahedron (Fig. 5b).

Density functional theory (DFT) calculations

To further elucidate the broadband emission mechanism
and study the band structures, density functional theory
(DFT) calculations were performed. Spin-orbit coupling
(SOC) was taken into account because the inclusion of the
heavy atom lead (Pb) in the halides significantly influences
the band structure and projected density of states (PDOS). As
depicted in Fig. 6a, d and Fig. S15,7 the calculated simulated
band gaps are found to be 3.04 eV in (TEMA)PbBr;, 3.59 eV
in (TECA)PbBr;, and 3.56 eV in (TEBA)PbBr;, which deviate
slightly from the experimentally observed optical band gaps.
Also, the valence band maximum (VBM) and conduction
band minimum (CBM) positions in the Brillouin zone are
located at the same K-vector, indicating that the three com-
pounds can be classified as direct bandgap semiconductors,
which is also consistent with the results revealed by the
sharp absorption edge in the UV-vis absorption. As depicted
in the density of states and frontier orbital diagram (Fig. 6b,
e and Fig. S15%), the VBM is primarily derived from the Br-
4p state, while the CBM is contributed by the Pb-6p state.
The frontier orbitals below and above the Fermi level are pre-
dominantly determined by the inorganic lead halide frame-
work, with electronic states largely confined to the isolated
lead halide 1D chains (Fig. 6c¢, f and Fig. S16%).
Consequently, electron transfer and PL emission mainly
occur within the inorganic frameworks. Combined with the
optical experiment results, the broadband emission of the

2296 | /Inorg. Chem. Front., 2024, 1, 2290-2299

two compounds arises from STE emission, as illustrated in
Fig. 2f. This phenomenon can be attributed to the strong
electron-phonon coupling occurring within deformable lat-
tices and this PL mechanism has been corroborated in
numerous low-dimensional OIMHs.'®>%>!

Conclusions

In summary, we have successfully demonstrated the effective-
ness of halogen-halogen interactions as a directional struc-
tural design strategy for the rational regulation of the optical/
dielectric response of OIMHs. By introducing halogen-halogen
interactions, the Pb-Br bond stretching distortion of the three
compounds gradually intensifies, effectively eliciting STE
broadband emissions in (TECA)PbBr; and (TEBA)PbBr;, which
arise from the introduction of controlled distortions in the in-
organic framework and prove to be highly beneficial for facili-
tating the formation of self-trapped excitons, thus holding
immense significance in the generation of broadband emis-
sions. Meanwhile, halogen-halogen interactions regulate the
T, and enable (TECA)PbBr; and (TEBA)PbBr; to have a wide PL
emission temperature range of up to 393 K and 454 K. More
importantly, the PL quenching intimately linked to structural
phase transitions also indicates that (TECA)PbBr; and (TEBA)
PbBr; are valuable bistable switching materials. This study not
only expands the repertoire of OIMH photoluminescent phase
transition materials but also paves the way for exploring multi-
functional OIMHs and their the pivotal structure-property
relationship.
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Experimental

Materials

Triethylamine = (Macklin,  98%),  N,N-diethyl-N-methyl-
ethanaminium bromide (TEMA-Br) (Aladdin, 99%), bromo-
chloromethane (Aladdin, 98%), 1, 2-dibromomethane
(Macklin, 98%), lead(u) bromide (Macklin, 98%), and hydrogen
bromide (Sinopharm, 36-38%) were used. All chemicals and
reagents were purchased directly from the chemical reagent
company and used directly without further purification.

Synthesis

Triethylbromomethylammonium bromide (TEBA)-Br was syn-
thesized according to the following steps. Firstly, approxi-
mately 100 mL of acetonitrile was added to a 250 mL round
bottom flask, triethylamine (200 mmol, 20.238 g) was slowly
added to it at room temperature, then 1,2-dibromomethane
(200 mmol, 34.766 g) was added, stirred well, and refluxed at
328 K for 48 hours. Most of the solvent was evaporated using a
rotary evaporator, followed by rinsing three times with ethyl
acetate, and filtering to obtain a white powder product.
Similarly, 1,2-dibromomethane was replaced with bromochlor-
omethane (200 mmol, 25.876 g) and reacted under the same
conditions to obtain triethylchloromethylammonium bromide
(TECA)-Br.

(TEMA)PbBr;, (TECA)PbBr; and (TEBA)PbBr;

An experimental procedure was conducted to synthesize rod-
shaped crystals from (TEMA)-Br and PbBr,. Firstly, (TEMA)-Br
(1.880 mg, 2 mmol) was weighed and dissolved in a hydro-
bromic acid solution (99%) in a 25 ml beaker. The solution
was stirred thoroughly. PbBr, (1.854 g, 5.0 mmol) was added
under stirring conditions, and HBr solution was gradually
added dropwise until the solution became clear. The solution
was then evaporated on a 328 K hot plate. After 4 days, color-
less transparent rod-shaped crystals were formed. The syn-
thesis methods of (TECA)PbBr; and (TEBA)PbBr; are similar to
that for (TEMA)PbBr;, except that (TEMA)-Br was replaced by
(TECA)-Br and (TEBA)-Br. In addition, the phase purity and
structural composition of the target crystal samples were deter-
mined using PXRD and the infrared (IR) spectra (Fig. S3
and S4t).
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