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Abstract: Hybrid organic-inorganic antimony halides have attracted
increasing attention due to the non-toxicity, stability, and high
photoluminescence quantum yield (PLQY). To shed light on the
structural factors that contribute to the high PLQY, five pairs of
antimony halides with general formula A2SbCls and A2ShzCls are
synthesized via two distinct methods and characterized. The A2SbCls
type adopts square pyramidal [SbCls] geometry with near-unity PLQY,
while the A2Sh2Cls adopts seesaw dimmer [Sb2Cls] geometry with
PLQY~0%. Through combined data analysis with the literature, we
have found that A2SbCls series with square pyramidal geometry
generally has much longer Sb~Sb distances, leading to more
expressed lone pairs of Sb (lll). Additional factors including Sb—ClI
distance and stability of antimony chlorides may also affect PLQY.
Our targeted synthesis and correlated insights provide efficient tools
to precisely form highly emissive materials for optoelectronic
applications.

Introduction

Hybrid organic-inorganic metal halides show great
potentials for a variety of optoelectronic applications such
as solar cells®? and light-emitting diodesE®. They are
highly flexible with organic counterparts,® inorganic
metals,[”! and halide components.® For example, hybrid
lead halide perovskite materials have demonstrated highly
diverse structural, optical and electronic properties with the
templating effects of organic cations and halide
variations.®1 More recently, hybrid antimony halides have
attracted increasing attention as alternatives because they
are non-toxic comparing to lead, yet maintain good stability
compare to other main group metals such as Ge?* and
Sn?* B.12-14 Fyrthermore, Sb®* has dynamic lone pairsi*°1

and has been widely used as an efficient dopant in many
non-emissive systems to activate photoluminescence (PL)
emission.t71

In particular, zero-dimensional (OD) hybrid antimony
halides have been reported with near-unity PLQY,® 13.16.
20231 for examples (MePPhs)ShCls,*¥ [TEA]:SbCls
(TEA* = tetraethylammonium),25-2¢1 (TEBA)2SbCls
(TEBA" = tetraethylbenzylammonium), 25281 (PPN),SbCls
(PPN* = bis(triphenylphosphoranylidene)- ammonium),”
(DTA)2SbCls-DTAC (DTAC = dodecyl trimethyl ammonium
chloride) all have PLQY>90%.28 Unlike the antimony
chlorides, other halides such as antimony bromides
generally produce lower PLQY.P*3% ower dimensional
perovskites, especially 0D metal halides usually have self-
trapped exciton (STE) that promotes efficient broadband
emission.B-% Therefore, selecting bulky organic cations to
isolate the metal halide and intentionally aim for OD
structures to have better PL performances is of particular
interests.[*3 331

Previously, we have found a correlation between Mn-~Mn
distances and PLQY in OD hybrid Mn (lI) bromides, where
longer Mn—Mn distances lead to higher PLQY.B% It is
possible to extend this principle into the 0D antimony
chlorides to find a clear structure-property relationship.
Moreover, we want to explore this correlation with no other
factors such as types of organic cations and presents of
hydrogen bonding interactions. The optimal condition to
investigate this relationship is to compare two different
structures that possess exactly the same organic cation
and metal halides in two different coordination
environments. However, alternating structures with the
same composition is difficult to achieve. In addition, to
deliberately control the formation of specific coordination
mode is not as common. There are few studies that are
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able to fine tune the properties of the desired product via
kinetic-thermodynamic,®¢¥1  supramolecular®® 39 or
synthetic?® approaches. For instance, Liu et al.
demonstrated using different solvent can obtain
(Bmpip)sSb2Bre and (Bmpip)2SbBrs that has PLQY of <1 %
and 11.5%, respectively.?*!

In order to control the formation of targeted structures and
properties, we have utilized solvent engineering strategies
and conducted parallel comparisons between two distinct
phases. Here, we systematically synthesize and
characterize ten (five pairs with each pair sharing the same
organic cation A) 0D hybrid antimony chlorides to do a full
analysis on their structural, optical, and electronic
properties. Specifically, they are divided into two types due
to the different coordination environment of Sh3*, A>ShCls
and A2Sh:Cls (as shown in Scheme 1), where A represents
five different organic cations: trimethylbenzyl ammonium =
(Me3BzN)*; triethylbenzyl ammonium = (EtsBzN);
tripropylbenzyl ammonium = (PrsBzN)"; tetraethyl
ammonium = (EtsN)*; tetrapropyl ammonium = (PrsN)*).

A,SbClg

A,Sb,Clg

A:Sb =1:1

Smaller separation by A
Lone pair repulsion
Non-emissive

A:Sb = 2:1

Larger separation by A
Expressed lone pair
Highly emissive

e o o o
e o o o

DMF, diffusion method HCI, solution method

Scheme 1. lllustration of perspective for comparison of the A2SbCls and
A2Sb2Cls series.

The systematic patterns we have found in these antimony
chlorides demonstrated the strong structural effect in their
optical properties, especially showing significant contrast
in PLQY. The square pyramidal [SbCls] structural type
synthesized by diffusion method in N,N-
Dimethylformamide (DMF) with general formula A2SbCls
shows high PLQY, large separation by the organic cation
A, and lone pair highly expressed (scheme 1). On the other
hand, the seesaw dimer type (A2Sh.Clg) can be obtained
via solution method in HCI, resulting in significantly smaller
SbSb separation, lone pair repulsion and non-emissive
PL properties. Combining our results and previous
literature, we have found a correlation between the
coordination environment of Sb, the Sb-~Sb distance and
the PLQY. We further compare the optical and electronic
properties of these two groups and reveal their signature
differences. The solvent engineering strategy that
successfully leads to two distinct structural types has
tremendous potential for generalization in other systems.
The precise control of structures and in-depth structural
analysis enable us to provide powerful insights towards
highly emissive hybrid materials for optoelectronics.
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Results and Discussion

Two synthetic approaches were performed to obtain the
A2SbCls and A2Sb2Cls coordination environment using the
same organic cation. Hence, each organic templating
cation generates two polymorphs with different
stoichiometry in two solvent environments. Though some
of the Sb chlorides have been previously reported
(references have been given in table 1), the structures
were recollected and the crystallographic information can
be found in the supporting information. Note that the
formula for the A2Sb2Cls can be simplified as ASbCla.
However, due to the structural nature of the seesaw dimers,
which always appear as a pair, we have decided to referto
this particular type as A2Sb2Cls. For A>SbCls containing 5-
coordinated antimony chlorides (Figure 1a), the products
were generated in DMF and crystallized using diethyl ether
(Et2O) as an antisolvent. For A2Sh:Cls containing 4-
cooridnated antimony chlorides (Figure 1b), the products
were synthesized via heating all reagents in concentrated
hydrochloric acid (HCI) followed by cooling to room
temperature. A control experiment was done where over
10 equivalents of organic chloride salt were added to the
reaction mixture during synthesis of the A>Sb>Cls antimony
chlorides. The same A2Sh2Clg product was obtained from
this reaction, indicating the formation of the desired
structure was solvent driven instead of stoichiometry
driven. Full experimental details can be found in the
supporting Information. Significant structural differences
between the A;SbCls and A2Sb:Cls series were revealed
via single crystal X-ray diffraction (SC-XRD). The phase
purity of all samples was confirmed via powder X-ray
diffraction (PXRD, Figure 1, Figure S1-S2).

(a) (Pr:BZNﬁSbCls (b) (PraBzN)2Sb2Cls
c » a\ A

/< X B3 b . %
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Figure 1. Crystal structures (top), PXRD (bottom), and PL microscope photos
(inserted in PXRD) of (a) (PrsBzN)2SbCls and (b) (PrsBzN)2Sb2Cls.

The molecular structures of the A2SbCls and A2Sb:Cls
series all revealed OD antimony chlorides (Figure 2). The
antimony chlorides synthesized from DMF has 5-
coordianted square pyramidal [SbCls] geometry for the
metal center, whereas the ones synthesize from HCI has
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Figure 2. Coordination environment for all ten antimony chlorides discussed in this work. Antimony chlorides of A2SbCls are represented in dark blue;

antimony chlorides of A2Sb2Cls are represented in red.

4-coordianted seesaw dimer [Sb2Cls] geometry. The newly
reported structure (PrsBzN)2Sh2Cls crystallized in space
groups P1. For all crystallographic results and structural
refinement details can be found in Table S1-3.

The axial position Sb—CI bonds for all structures are in
similar values of each other (2.36-2.41 A). However, the
Sb—ClI bonds in equatorial plane have significant

In contrast to the A2SbCls, one of the Sb—ClI distances in
A2Sb:Cls is elongated to greater than 2.90 A, which
resulted in trans effect that shortens the opposite Sb-ClI
bond to <25 A (Table 1). For (MesBzN).SbCls and
(EtsBzN)2SbCls, the longest SbCl distances are 2.94 and

2.90 A, respectively. These distances are much longer
than average Sb—CI bonds, but still considered as a bond

. . ; [40,  44]
differences when comparing the A,ShCls and A;Sh,Cls Pased on some literatures. However, for
series. For A>SbCls series, all equatorial Sb—Cl bonds are
in the range of 2.5-2.7 A (Table 1).
Table 1. Comparison between the Sb—Cl bond distances of the A2SbCls and A2Sb2Cls series.
Organic Cation (MesBzN)* (EtsBzN)* (PrsBzN)* (ELN)* (PraN)*
Sb—Cl axial (A) [SbCls] 2.41 237 2.37 2.38 2.36
[Sb2Cle] 2.37 237 2.35 2.40 2.36
Longest Sb--Cl [SbCls] 269 267 263 2.61 265
equatorial (A) [Sb2Clg] 2.94 2.90 3.18 3.27 3.13
Shortest Sb-Cl [SbCls] 2.59 2.56 2.55 2.59 2.57
equatorial (A) [SbaClg] 244 243 242 2.40 2.34
Shortest Sb-Sh [SbCls] 9.00 8.80 10.03 9.49 9.69
distances (A) [SbzClg] 4.21 423 4.52 4.31 4.18

*Structures of (MesBzN)2SbCls,[38 (EtsBzN)2SbCls,[25-28  (PrsBzN)2SbCls,[39 (MesBzN)2Sb2Cls, 4% and (EtsBzN)2Sh2Clsl4%1 are recollected experimentally and
confirmed with literature reports. Structural information of (EtaN)2SbCls,[25-26] (EtaN)2Sb2Cls,[41-42] (PraN)2SbCls, [43 and (EtaN)2Sb2Clsl*2 are directly from reported

structures.

w
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Figure 3. Structures of all antimony chlorides discussed in this work. Antimony chlorides of A2SbCls are represented in dark blue; antimony chlorides of

A2Sh2Cls are represented in red.

(PrsBzN)2Sh2Cls, (EtaN)2Sb2Cls, and (PraN)2Sb2Cls, the
elongated Sb--Cl distances are greater than 3 A which are
much deviant from the shortest bonds ~2.3 A. Therefore,
they should no longer be considered as a bond.

Besides the intramolecular differences in Sb-Cl distances,
large intermolecular differences in the Sb-~Sb distances
were also observed between the two series (Table 1). For
the A2SbCls, all Sb--Sb distances are greater than 8 A
(Figure 3). The trend of (Me3BzN).SbCls, (EtsBzN).SbCls,
(PrsBzN).ShCls follows that bulkier organic cation with
longer alkyl chain showing larger separation between
antimony chlorides. Although the shortest SbSb distance
of (Et:BzN).SbCls (8.80 A) is shorter than that of
(Me3BzN)>SbCls, the average SbSb distance of them still
follows expected trend. The two A>SbCls without benzyl
group in organic cations follows the same trend with
(PraN)2SbCls having larger separation than (EtaN)2SbCls.

On the contrary, the shortest Sb-~Sb distances for the
A2Sb.Cls series are in the range of 4.18-4.52 A, suggesting
a completely different coordination environment of the
antimony chlorides. Same trend of bulkier organic cation
producing larger separation of the antimony chlorides is
observed for (MesBzN).SbCls, (EtsBzN).SbCls, and
(PrsBzN)2SbhCls, with (PrsBzN).Sb2Cls having the largest
Sb~Sb distances (4.52 A). However, the two A:SbCls
without benzyl group, (PraN)2SbCls and (EtsN).SbCls do
not follow the same trend. This could be due to the organic
cations being more flexible than the ones with benzyl group
and lead to different packing in the crystal lattice.
Regardless of the packing for these structures, all of the
shortest Sb--Sb distances for the A2Sb2Cls series are much
shorter compared to the A2SbCls series.

This article is protected by copyright. All rights reserved.
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Figure 4. Normalized UV-vis spectra of all antimony chlorides
discussed in this work. The square pyramidal [SbCls] are represented
in blue; the seesaw dimer [Sbh2Clg] are represented in red.

The band gaps of both A2SbCls and A>Sh.Cls series were
determined via UV-vis spectroscopy. The determined
values of the two series revealed characteristic differences
in their optical properties. The band gaps of square
pyramidal [SbCls] are in the range of 2.9-3.0 eV (Figure 4,
Table 2). The band gaps of seesaw dimer [Sb2Clg] are in a
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higher energy range of 3.3-3.4 eV. When comparing each
pair of A2SbCls and A2SbzCls, there is always greater than
0.3 eV differences with same trend of AxSb.Cls having
higher energy band gap. The antimony chlorides in
A2SbCls and A:Sh:Cls have different structures with one
being square pyramidal and the other as seesaw dimmer.
This indicates the two series may have different orbital
overlap between Sb and Cl that leads to significant change
in energy of HOMO and LUMO. The band gaps are similar
within each series (< 0.1 eV difference), suggesting the
organic cations has negligible effect on the energy.

Further investigation of optical properties was conducted
through PL measurements of the antimony chlorides. All
PL spectra of the A2SbCls series showed broad emission
bands in the range of 550-700 nm (Figure 5 (a-b), Table 2),
consistent with the STE emission features observed for
similar OD antimony chlorides reported in the literature
(Table 3). The shifts of these STE emission in the A2SbCls
series are expected as each compound has different
organic cations that leads to minor differences in their
structural parameters. The lifetimes of these emission
bands were found in close proximity to each other at the
scale of ~4 ps (Figure 5d, Table 2). It has been known that
the strong broadband STE emission of Sb3* originates from
the transition of triplet *Pn=21,0 to ground state 1Sg.[2% 4546l
However, the structural differences between the A2SbCls
and A2Sh:Cls series may result in different orientation of
the 5s? lone pair of Sb® (as shown in Scheme 1). This
difference may further lead to modulation of the PL
properties, which is exactly what we observe in the
characterization of the two series.

There are no PL spectra reported in the literature for
structures similar to the A2Sb2Cls series, likely due to its
poor emission property. Visually, no PL was observed for
the A2Sb:Cls series under 365 nm UV irradiation. In
addition, multiple experiments were performed, including
PL (Xe source and 365 nm laser source) and PLQY
measurements to confirm that the A>Sb2Cls series do not
exhibit PL (Table 2) at room temperature and even at low
temperature down to 80K. This observation confirms a
large difference between the A>SbCls and A>Sh2Cls series
in their emission properties. For example, the overlay plot
(Figure 5c) of (PrsBzN)2SbCls and (PrsBzN)2Sb2Cls shows
that the square pyramidal [SbCls] has emission at 650 nm,

Table 2. Comparison between PL emission, PLQY, and band gaps of the A2SbCls and A2Sh2Cls series.

Organic Cation type (MesBzN)* (EtsBzN)* (PrsBzN)* (EtaN)*[@ (PraN)* )
Optical bandgap [SbCls] 3.01 2.93 2.95 2.93 297
(eV) [SbyClg] 3.34 3.31 3.39 3.37 3.40
PL lifetime (us) [SbCls] 4.16 3.83 474 4.98 428
[Sb2Clg] N/A N/A N/A N/A NA
PLQY (%) [SbCls] 95.3 97.0 96.3 97.3 94.9
[SbClg] ~0 ~0 ~0 ~0 ~0

PL (em@ex, nm) [SbCls] 620@351 589@367 640@372 627@373 610@357
[Sb2Cls] N/A N/A N/A N/A N/A

[a] The measurements were performed using samples synthesized based on ref [2526 41-43_[b] The measurements were performed using samples synthesized

based on ref 143 and 421,

5
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Figure 5. (a) Normalized PL spectra for (Me3BzN)2SbCls, (EtsBzN)2SbCls, (PrsBzN)2SbCls. (b) Normalized PL spectra for (EtaN)2SbCls and (PraN)2SbCls. (c)
Overlayed PL spectra for (PrsBzN)2SbCls and (PrsBzN)2Sb2Cls. (d) Normalized plot for PL decay of the A2SbCls series. (e) Temperature-dependent PL spectra
of (PrsBzN)2SbCls excited with 405 nm laser. (f) Intensity plot for temperature dependent PL measurements, PL intensity decreases from red to blue region.

whereas the seesaw dimer [Sb2Clg] exhibits no PL
emission.

Furthermore, temperature dependent PL measurements
(80-460 K) were performed to probe the PL properties of
(PrsBzN)2SbhCls (Figure 5e, f), (PraBzN):Sb2Cls, and
(Me3BzN).SbCls (Figure S3). No PL features were
observed for (PrsBzN).Sh2Cls at our probed temperature
range (80-460 K). Unexpectedly, the PL intensity was
found to be the strongest at 360 K for (PrzBzN).SbhCls and
340 K for (MesBzN)2SbCls. This is unusual as most metal
chlorides have stronger PL intensities at lower temperature,
i.e. thermal quenching.®”*°! Similar anti-thermal quenching
phenomena have also been observed in another 0D
luminous antimony chlorides,?¥ and tin chlorides.®% |t
further confirms the STE emission mechanism of
(PrsBzN)2SbhCls and (Me3BzN).SbCls. There is an energy
barrier from the excited non-emissive state to the bright
STE emission state, which can be conquered by thermal
activation. Therefore, as temperature increases from 80 to
360K, more excitons are activated to the emissive STE
state, resulting in enhanced PL intensity. The PL spectrum
also becomes broader in higher temperature, which
indicates the thermal enhanced electron-phonon coupling
effect. Meanwhile, higher temperatures also lead to a
larger thermal quenching via non-radiative pathways which
reduces the PL intensity. The interplay between thermal
activation and quenching results in the PL intensity
approaching the maximum at 360 K.

The corresponding temperature dependent PL lifetime
measurements  (80-320 K) were performed for
(Me3BzN).SbCls and (PrsBzN).SbCls (Figure S4). The
exponential decay curves show consistent mechanism

throughout the measured temperature range, whereas the
lifetime prolongs with decreasing temperature. The
monitored PL lifetime of (Mez:BzN):SbCls and
(PrsBzN).SbCls increased through the cooling process,
indicating enhancement of the broadband STE emission
as the temperature decrease.

The differences in Sb--Sh, Sb—CI distances, and PLQY
lead us to further dive into literature to seek deeper
understanding on how structures may affect the electronic
properties of the antimony chlorides. We extracted
additional information from reported structures and
combined with our data to obtain a correlation plot (Figure
6, Table 3). Majority of the antimony chlorides with A2SbCls

100}
__ 8o}

& 6ol °
40 o
20t

OF oo

4 6 8 10 12
Shortest Sb-Sb distances (A)

Figure 6. Correlation between Sb--Sb distances and PLQY based on
our experimental results and literature reports. The blue circles
represent A2SbCls, and the red circles represent A2Sb2Cls. Further
discussion revolves around the two blue circle data points has been
provided in the main text.

PLQY
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form has large Sh-Sb distances (>8 A) and high PLQY
(blue circles in Figure 6). There is no information reported
on the PLQY of A2Sh:Cls series, so all PLQY of the
A2ShCls series are our experimental results (red circles in
Figure 6). The correlation plot clearly demonstrates the
antimony chlorides with larger Sb-Sb distances has
stronger PLQY, and vice versa. This trend is also observed
in similar fashion as the correlation of Mn-Mn distances
and PLQY, which exhibit similar effect as concentration
quenching in a doped system.’! The correlation is
attributed to easier energy transfer caused by
dipole—dipole interactions and symmetry-directed spin-
exchange interactions.®> 52 |t stands well with the same
structural type because the square pyramidal [SbCls]
usually leads to far separation that produce high PLQY. On
the other hand, extended structures such as AsSh2Xo type
2D (111)-oriented perovskites, are usually non-
emissive. 53

However, some of the outliers in the plot caught our
attention. First, the (MeEtsN).SbCls has much lower PLQY
(46 %) even though its shortest Sb-~Sb distance falls into
the range of >8 A. We have re-synthesized the
(MeEtsN).SbCls and found it to be relatively unstable under
ambient conditions (Figure S6), possibly affecting the
measured PLQY results. This outlier suggests that not only
the optical properties, but also the stability of the antimony
halide should be considered as a possible factor affecting
its PL performance.

Furthermore, Lin et. alb® showed two structures,
(CeN2H16)SbCls and (CesN2H16)SbCls-H.0, both having
square pyramidal [SbCls] geometry. The shortest Sb--Sb
distance of (CeN2H16)SbCls and (CeN2H16)SbCls-H20 are
4.34 and 3.99 A, respectively, which falls in the short end
of the correlation plot (Figure 6). These antimony chlorides
still have PLQY of 25.3 and 39.6 %, listed in Figure 6 as
the two data points off the trend. The moderate PLQY
could rise from contradiction of coordination environment
being square pyramidal favors high PLQY while the short
Sb--Sb distances favors low PLQY. The authors discussed
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that the addition of the H.O molecule may separate the
antimony chlorides further apart from each other, with
Sh-Cl distances became longer and PLQY became higher.
However, when looking into the detailed structural
parameters of these two antimony chlorides, additional
H20 molecule shortened the Sb-Sb distance, yet the
PLQY still became higher. These structural parameters
suggest that when looking at structure-PL property
relationships, a more cohesive consideration is needed
instead of counting a single factor as full contribution.
Other factors such as the morphology (hanocrystal vs.
bulk), quality of the sample (powder vs. single-crystal) also
make a difference in PLQY.

(Pr,BzN)SbCl, (Pr,BzN),ShCl,

Total|

D E-E. . (eV)
& w N Lo o NWwWSs U O N ®
Q

X T YLTZN MR  DOS
Wavevector k

X T YILTZN TMRI  DOS
Wavevector k

Figure 7. DFT (HSEO06 with spin-orbit coupling) calculated band structure
and projected density of states (pDOS) of (PrsBzN)SbCls (left) and
(PrsBzN)2ShCls (right). The Fermi energy (Eremi) has been set as 0.

To gain better insight in the electronic structure of the two
series, DFT calculations were performed on a pair of the
antimony chlorides, (PrzBzN)SbCls and (PrsBzN).SbCls
(Figure 7). The calculated electronic band gaps of
(PrsBzN)SbCls and (PrsBzN)2SbCls have been identified as
an indirect band gap of 4.25 eV (Z to R) and a direct band
gap of 4.05 eV (N to N), respectively. The predicted band
gaps are larger than the experimental value of 2.95 and
3.39 eV, due to overestimation from the HSEO6 hybrid
functional. However, the trend of the band gaps for

Table 3. Summary of the PL properties of hybrid antimony chlorides listed in Figure 6.

Compound Emission PLQY PL Sb-Sb Compound Emission PLQY PL Sb-Sb
(nm) (%) Lifetime distance (nm) (%) Lifetime distance
(Ws) A (Ws) (A

(Me3BzN)2SbCls 620 95.3 4.16 9.00 (Bmim)2SbCls 583 86.3 4.26 9.02
(EtsBzN)2SbCls 589 97.0 3.83 8.80 (CoNH20)2SbCls 590 98 4.2 8.76
(PrsBzN).SbCls 640 96.3 474 10.03 (Ph4P)2SbCls 650 87 4.57 9.17
(EtaN)2SbCls 627 97.3 4.98 9.46 (PPN)2SbCls 635 98.1 41 12.19
(PraN)2SbCls 610 94.9 4.28 9.69 (DTA)2SbCls*DTAC 620 90 5.1 9.09
(Me3BzN)2Sb2Cls N/A ~0 N/A 4.21 (HL)sSbCls=Cl 566 99 4.33 8.79
(EtaBzN)>Sb>Cla N/A ~0 N/A 423 (TMA)>SbCls*DMF 630 67.2 6.62 8.61
(PrsBzN)2Sb2Cls N/A =0 N/A 4.52 (CeN2H16)2SbCls 613 253 1.06 3.99
(EtaN)2Sb2Cls N/A ~0 N/A 4.31 (CeN2H16)2SbCls*H20 620 39.6 1.22 4.34
(PrsN)2Sb2Cls N/A ~0 N/A 418

*Data points of the compounds on the left section are collected in this work,_some of which have been reported previously. [2526 38-43] Data points of the

compounds on the right section are reported values in literatures.[26-28 36-37, ss50/
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antimony chlorides having square pyramidal [SbCls] lower
than the seesaw dimer [Sb2Clg] agrees with the
experimental results. Both antimony chlorides contain
relatively flat band dispersion, which implies poor charge
carrier transport properties.

Conclusion

We have successfully optimized the synthetic condition to
target the formation of specific coordination environment
for the antimony chlorides, which leads to two series of
antimony chlorides with square pyramidal and seesaw
geometries, respectively. With this strategy, many non-
emissive Sb(lll) halides reported previously may be able to
transform into emissive materials. Incorporating large
organic cations, all A»2SbCls compounds with square
pyramidal [SbCls] geometry are found to have near unity
PLQY, whereas the A,Sh.Cls compounds with seesaw
dimer [Sb2Cls] geometry have PLQY ~0% at room
temperature. Moreover, the two series have signature
optical band gap trends where the A2SbCls type always has
narrower gap than the corresponding A2Sb2Cl type. With
a comprehensive database analysis, we have found that
multiple factors such as coordination environments,
SbSb distances, Sb—CI bond distances, and stability of
the material have impacts on the PL emission and PLQY.
Therefore, the structure-property relationships of antimony
chlorides should be considered with multiple factors
instead of dictated by a single contributor. Our synthetic
and structural guidelines provide a useful handle to directly
achieve high PLQY materials and further mechanistic
insights towards next generation optoelectronic materials
design.
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Five pairs of antimony chlorides have been synthesized via two synthetic conditions to produce distinctively different structures and PL
properties. The A2SbCls types with square pyramidal [SbCls] geometry and near-unity PLQY can be synthesized via diffusion method
in DMF. Alternatively, when growing via solution method in HCI, the non-emissive A2Sh2Cls types with seesaw dimmer geometry are

obtained.
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