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Abstract: Hybrid metal halides are emerging semi-
conductors as potential candidates for optoelectronics.
The pursuit of hybridizing various dimensions of metal
halides remains a desirable yet highly complex endeav-
or. By utilizing dimension engineering, a diverse array of
new materials with intrinsically different electronic and
optical properties has been developed. Here, we report
a new family of 2D-0D hybrid bimetallic halides,
(C¢N,H,),SbCdCly-2H,0 (SbCd) and
(C4N,H,,),SbCuCly-2H,0 (SbCu). These compounds
adopt a new layered structure, consisting of alternating
0D square pyramidal [SbCls] and 2D inorganic layers
sandwiched by organic layers. SbCd and SbCu have
optical band gaps of 3.3 and 2.3 eV, respectively. These
compounds exhibit weak photoluminescence (PL) at
room temperature, and the PL gradually enhances with
decreasing temperature. Density functional theory
(DFT) calculations reveal that SbCd and SbCu are
direct gap semiconductors, where first-principles band
gaps follow the experimental trend. Moreover, given the
different pressure responses of 0D and 2D components,
these materials exhibit highly tunable electronic struc-
tures during compression, where a remarkable 11 times
enhancement in PL emission is observed for SbCd at
19 GPa. This work opens new avenues for designing new
layered bimetallic halides and further manipulating their

structures and optoelectronic properties via pressure. )

Introduction

Halide perovskites have attracted much attention in recent
years due to their excellent photophysical properties and
high potential in various optoelectronic applications, such as
solar cells, light-emitting diodes,” lasers,””! etc. They can
be designed to combine a variety of inorganic and organic
components and show the advantages of easy processing and
structural tunability.”] Pb-based halide perovskites are the
most extensively studied materials, but considering the
toxicity of lead, the replacement of lead with non- or less-
toxic metals is topic of major importance.’! One common
approach is the equivalent substitution by elements in the
same group (Sn** and Ge**).! However, these 2+ metals
are easily oxidized with poor stability, and impeding their
use in practical applications. Alternatively, heterovalent
substitution can be adopted to obtain new three-dimensional
(3D) halide double perovskites (DPs) A,M'M™X, with
multiple combinations, where M™ are the trivalent cations
Sb**, Bi**, In**, Ln®*, Au’*, etc. and M' are monovalent
cations Ag*, Au*, Li*, Na*, K, CH;NH,;* (MA™), etc.” In
1922, Cs,AuAuCly and Cs,AgAuClg, have been discovered
by Wells.®!! In 2016, Slavney et al.”! and McClure et al.l'”
simultaneously reported semiconducting halide double per-
ovskite Cs,AgBiBr for potential use in photovoltaics. Since
then, research revolving around halide DPs is on its way,
and many fascinating compounds, such as Cs,AgSbCl,!!
Cs,AgInCl,," (MA),KBiCl, and (MA),AgBiBr, have been
reported.”!

Inspired by the hybrid-layered 2D-halide perovskites,
layered halide DPs have also attracted much attention.!'”!
The first hybrid layered halide DPs (BA),AgBiBr; and
(BA),CsAgBiBr, were synthesized by incorporating buty-
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lammonium (BA) cations into the 3D Cs,AgBiBrs.[* Jana
et al. reported the first iodide layered DP, [AE2T],AgBilg
(AE2T =5,5'-diylbis-(amino-ethyl)-[2,2-bithiophene]), with
an optical band gap of 2.0 eV.["I More examples of layered
halide DPs with tunable band gaps have been reported by
introducing different organic moieties."” On one hand, the
dimensional reduction of 3D DPs to form 2D analogs seems
to be a universal strategy and generates many new materials.
On the other hand, the case of combining M" and M™ in a
DP system appears much rarer. Vargas et al. first incorpo-
rated Cu’* and Sb** into layered chloride DP
Cs,CuSb,Cl,,," which exhibits high stability with a direct
band gap of 1.0 eV. Subsequently, a family of Cs,M"M"'Cl,,
was investigated (M"=Cu, Mn, Cd; M"'=Bi, Sb).'! However,
achieving M"/M™ hybrid 2D bimetallic halides appears
unpractical, since M™ and M™ will easily decompose into
their respected halides, which means that the targeted phase
either does not form or exists in a multiphasic regime. To
elucidate the structure-property relations and identifying
phases, high-pressure is a unique handle to access new
materials and vastly unexplored chemical spaces.'! For
example, (BA);AgBiBrg showed pressure-induced photo-
luminescence with the rotation of [MBrs] (M=Bi, Ag)
octahedra.” Yang etal. demonstrated Cs,M"Bi,Cl,,
(M"=Cd, CdysMn,,, Mn) retains a metastable phase after
the complete release of pressure.?’

Here, we report two new M"/M™ hybrid 2D bimetallic
halides (Figure 1) and explore their atmospheric and high-
pressure optical properties of these phases. Using DABCO
(DABCO =1,4-diazabicyclo[2.2.2]octane) as the templating
cation, we successfully synthesized two M"/Sb (M"=Cd, Cu)
hybrid 2D bimetallic halides, (DABCO),SbCdCly-2H,0
(SbCd) and (DABCO),SbCuCly-2H,O (SbCu). These iso-
morphic compounds contain two distinct inorganic layers,
where one layer consists of corner-sharing [SbCly] octahedra

Research Articles

Angewandte

intemationaldition’y) Chemie

and [M",Cl,y] dimers, and the other layer of isolated square-
bipyrimidal [SbCls] units. Changing the M" site from Cd*"
to Cu*", the optical band gap decreases from 3.26 to 2.23 eV.
Both compounds exhibit temperature-dependent photolumi-
nescence (PL), where SbCu shows a PL quenching phenom-
enon, which can further be explained by the higher energy
position of the Cu 3d orbitals. In situ high-pressure optical
measurements reveal that only SbCd displays pressure-
induced emission enhancement by about 11 times at
~19 GPa compared with atmospheric PL. Our work under-
lines the significance of exploring new material spaces with
complex structures and compositions, and provides unique
insights into the property regulations through pressure.

Results and Discussion

The hybrid 2D bimetallic halides (DABCO),SbM"Cl,-2H,0
(M"=Cd, Cu) reported here were synthesized by mixing
stoichiometric SbCly, M"Cl, (M"=Cd, Cu) and DABCO in
HCI solution under heating and stirring to boil. However,
other attempts to switch the M" site to Bi’™ or In’" were
not successful. This could be due to the role of the second
inorganic layer of square-bipyrimidal [SbCls], whereas for
Bi*" and In’" it is not a common geometry.

The crystallographic structures were determined by
single-crystal X-ray diffraction.”"! Isostructural SbCd and
SbCu both crystallize in tetragonal space group P4/ncc. The
structure of SbCd was previously deposited in the CCDC
(1025918) as a private communication and no related
characterization has been reported. The layered structure
contains two inorganic layers (I and II) and one organic
layer, arranged in the order of inorganic layer I, organic
layer, inorganic layer II... as shown in Figure 2. Only the
inorganic layer I contains two kinds of metal octahedra

Types of bimetallic halides

M + M

All-inorganic

. 2D hybrid analog
double perovskite

Cs,AgBiBrg

(C4H5N),CsAgBIBr;

Br or Cl

M+ p
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layered double perovskite hybrid

(CsH14N2)SbMClq
(M = Cd, Cu)

Cs,CuSh,Cl;, This work
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Figure 1. Representative bimetallic halide perovskites with different structures. Polyhedral view of crystal structures of Cs,AgBiBr,?!
(C4H,,N),CsAgBiBr,,"*d Cs,CuSb,Cl,," and the new structural type reported in this work.
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Figure 2. (a) Crystal structure of (DABCO),SbM"Cly-2H,0 (M'"=Cd, Cu) viewed along a-axis, Sb centered polyhedra are represented in orange and
blue, Cd/Cu octahedra are in purple. (b) H-bonding interactions (in red dashes) between inorganic layers and organic layers for SbCd. (c) The
structure of different layers in (DABCO),SbM"Cly-2H,0 are viewed along c-axis.

[MCl4] and [SbCly]. The [MCl4] octahedra are connected to
form binuclear units [M,Cl,y] in an edge-sharing fashion, and
the [M,Cl,,] are further corner-shared with the [SbCl]
octahedra to form a two-dimensional inorganic network.
Note that the bridging chlorine between antimony and
copper displays site disorder. Furthermore, there is an
elongated Sb—CI bond at ~2.8 A, situating perpendicular to
the layer, much longer than the usual Sb—Cl bond at
~2.4 A. For the zero-dimensional inorganic layer II, there is
only one kind of square pyramid [SbCls], arranged in an
anti-parallel manner along the c-axis and staggered along
the b-axis (the elongated Sb--Cl distances between inorganic
layers I and II are greater than 3 A, and is not considered as
a bond™!). Meanwhile, [SbCls] units, crystalline water
molecules and free chloride ions are dispersed in this layer
via hydrogen bonding. In addition, the antimony species in
inorganic layers I and II arranged along the b-axis. For the
organic layer, due to the hydrogen bonding interaction, one
of the ammonium groups of the DABCO cation faces the
binuclear units [M,Cl, ], and the other one faces the isolated
water molecule. This particular layered structure represents
a new structural type in the hybrid metal halide family. We
believe that this type of structure can only be achieved with
very specific templating cations such as DABCO, which
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shows certain limitation when trying to expand the family.
SbCd and SbCu have similar Sb—Cl bond lengths and
CI-Sb—Cl bond angles, but the distortion of the [M"“Cly]
octahedra increases when replacing Cd with Cu, which is
accompanied by the change of bond length and angle
(Tables S2-S4). No obvious Jahn-Teller distortion has been
observed in the Cu?' center, which is likely due to the
splitting of the Cl atoms in the structure.

To evaluate the optical properties of SbCd and SbCu, we
measured their band gaps and photoluminescence (PL)
responses via UV-vis spectroscopy and steady-state PL
spectroscopy. As shown in Figure 3, the band gaps of SbCd
and SbCu are determined to be 3.26 and 2.23 eV. The band
gap of SbCd is similar to that of Cs,CdSb,Cl;, (3.19 eV)™
for SbCd, while the band gap for SbCu is wider than that of
Cs,CuSb,Cl,, (1.02 eV).['! ShCu exhibits a strong absorption
peak centered at around 1.5 eV, where we assigned this low
energy absorption to the d-d transition of Cu?*.[*l

As shown in Figures 4a and 4c, temperature-dependent
PL measurements show that the PL intensity decreases with
increasing temperature due to the thermal quenching
phenomenon for both SbCd and SbCu. At 80K, a broad
emission of Sb’" centering at =580 nm presented in both
compounds. The fitted Huang—Rhys factor of SbCd is 47.8
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Figure 3. Optical absorption spectra of all compounds at ambient
conditions.
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(Figure S5), showing a strong coupling strength of electron—
phonon coupling, where self-trapped excitonic emission is
encouraged.” However, no separate emissions of the triplet
(°Py1,) and singlet ('P;) states were observed.”*! This
result is associated with the symmetry of the crystal
structure; high-symmetry structure leads to higher degener-
acy of the excited states, so the radiative transition of the
singlet state to the ground state 'S, remains unobserved.
According to the above analysis, it is more likely that the
broad emission originates from the [SbCly] species with
pseudo-octahedral coordination geometry. For SbCu, we
identified another obvious dual-band emission at low
temperature, with peaks at about 411 and 437 nm. Such blue
emission may stem from the 3d*4 s'—3d° transition of Cu?",
which is similar to those reported previously.”?” For the Sb-
centered emission, the PL intensity of SbCd is stronger than
that of SbCu, this difference indicates that the partial
excitation energy of Sb*" is likely lost during the energy
transfer through bridging chlorine to Cu?*, further suggest-
ing that the luminescence of this system originates from the
inorganic layer I. As depicted in Figures 4b and 4d, the PL
decay curves recorded at different temperatures were
measured for both compounds. In most temperature ranges
(80-220 K), the lifetime of SbCd decreases with increasing
temperature, with an unusual increase with higher temper-
atures than 240 K (Table S5). Such uncommon result®! is
presumably caused by the partially forbidden transitions

Intensity (a.u.)

Intensity (a.u.)

Figure 4. (a) Normalized temperature dependent emission spectrum for SbCd. (b) Time-resolved PL decay spectra for SbCd. (c) Normalized
temperature dependent emission spectra for SbCu. (d) Time-resolved PL decay spectra for SbCu.
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('S¢—"Py1, and intersystem crossing 'P;—°Py,) related to
the splitting of excited states at high temperature. The
thermal population of higher energy states (*P,<’P; <°P,<
'P,) of Sb increases at high temperature, resulting in a
decrease in the degeneracy of energy levels. These partially
forbidden transitions may lead to longer PL decays.
However, the PL lifetime of SbCu decreases throughout the
heating process (Table S6), which may be related to the fact
that the PL is more dominated by the Cu center at higher
temperatures.

In such complex systems, pressure was employed as an
effective stimulus to further tune their optical properties.
For SbCd and SbCu, in situ PL and absorption spectroscopy
measurements were carried out under compression. With
increasing pressure, the absorption edge of SbCd shows a
continuous red shift up to ~19 GPa, followed by a slight
blue shift (Figure 5a). We also observed the same continu-
ous red shift of the absorption edge for SbCu, while the
absorption peak of the d-d transition exhibits a blue shift
and eventually merges with the absorption edge upon
compression (Figure 5b), where the pressure-induced blue
shift of d-d band is previously observed.” In addition, SbCd
shows the pressure-dependent emission property (Fig-
ure S7). The PL peak exhibits a red shift before ~10 GPa,
and shows a blue shift after ~10 GPa. The PL intensity
decreases first, then increases and reaches its maximum at
~19 GPa (= 11xinitial intensity) (Figures 5c and 5d). After
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that, the emission intensity starts to weaken, this weakening
node coincides with the pressure point where the absorption
edge starts to blue shift. Meanwhile, pressure-dependent
emission for SbCd is reversible while reducing the pressure
(Figure S6). However, SbCu does not exhibit pressure-
induced emission (Figures S8 and S9), which could be due to
its already weaker PL emission compared to SbCd. Pres-
sure-induced structural variation is probably the main origin
of the evolution of these intriguing optical properties for
both compounds. Lattice compression changes the orbital
overlap between metals and halides, affecting their optoelec-
tronic properties.[

To gain a deeper understanding of the electronic
structure of SbCd and SbCu, we performed first-principles
calculations within the approximation of density functional
theory (DFT). Figure 6 shows the DFT electronic band
structures. The calculated electronic band gap for SbCd is
2.84 ¢V (indirect I-M). However, for SbCu, the open-shell
nature of the Cu’' ([Ar]4s*3d’°), introduces a magnetic
sensitivity to its band structure. To comprehensively under-
stand this impact, both ferromagnetic (FM) and antiferro-
magnetic (AFM) orderings of SbCu are computed and
analyzed. As illustrated in Figure S10, despite a marginal
energy difference of ~29 meV/f.u. between FM and AFM,
their electronic band structures exhibit notable distinctions,
particularly at around 0.5eV. Notably, the more stable
AFM ordering has a band gap of 0.39 eV (indirect I'-M).

(b)

0 mmmm 18.8 GPa

A

Absorbance (a.u.)

i

1000

400 600 800
Wavelength (nm)

[ ]

Norm.PL
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41 E
2 )

T 0 I, ? T T
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Figure 5. (a) Optical absorption spectra for SbCd at high pressure. (b) Optical absorption spectra for SbCu at high pressure. (c) Emission spectra
for SbCd at elevated pressure. (d) Normalized PL intensity at different pressure for SbCd.

Angew. Chem. Int. Ed. 2023, 202314977 (5 of 8)

© 2023 Wiley-VCH GmbH

85U8D17 SUOWILIOD 3A1ERID 3ot jdde au Aq peusencb a1e Sajolie O ‘8 J0 SaIn1 10} A%eiq1T8U|UO AB|IM UO (SUORIPLOD-PUR-SLLBYWI0D A8 1M AReiq 1 jul [UO//Sd)y) SUORIPUOD pue SWB L 3U} 88S *[£202/TT/EZ] Uo A%iqiauluo AB|iIM ‘SaLreiq) NN alodebuss JO AIsieAIuN UOEN Ad LL6FTEZ0Z @1Ue/200T OT/I0p/L0d A8 M Atelq1feul|uo//sdny woy papeojumod ‘0 ‘€LLETZST



GDCh Research Articles A" gﬁfmie
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Figure 6. (a) First-principles band structures and projected density of states (pDOS) of SbCd. (b) DFT calculated band structure and projected
density of states (pDOS) of SbCu (antiferromagnetic ordering). DFT + U and spin-polarized calculation were applied for SbCu. The valence band
maximum (VBM) has been set as 0. The electronic band gap of SbCd (a) and SbCu (antiferromagnetic) (b) have been identified as 2.84 eV (I to
M) and 0.39 eV (I" to M), respectively. However, CuSb phase has an invariant energy gap A, =2.43 eV (I" to I') regardless of magnetic ordering.
Other energy gaps labelled as A, to A, are listed in Table S9. A comparison between the band structures of ferromagnetic and antiferromagnetic

ordering of SbCu are shown in Figure S10.

However, at room temperature, the magnetic ordering
transitions to a paramagnetic state, resulting in continuous
fluctuations in the energy states around 0.5 eV due to the
disordering of the magnetic structure. However, A; (
~2.43 eV as shown in Figure 6) remains almost invariant
regardless of magnetic ordering, in agreement with the
experimental observations. Moreover, the calculated band
gaps also follow the trend of the experimental values with
values of 3.26 eV and 2.23 eV for Cd and Cu compounds,
respectively. The band structures of both compounds display
flat dispersions, suggesting high effective masses and limited
charge carrier mobility.

Conclusion

In conclusion, we have successfully synthesized two new
hybrid bimetallic halides SbCd and SbCu with a rare 2D
layered structure consisting of 0D pyrimads and 2D
inorganic layers, sandwiched by DABCO cations. By
replacing Cd with Cu, these materials exhibit tunable band
gaps and emission properties at room temperature and low
temperature. Furthermore, an 11 times enhancement of PL
emission is observed at ~19 GPa for SbCd, demonstrating
that it could serve as a potential candidate for pressure
sensing and information storage. This work provides a new

Angew. Chem. Int. Ed. 2023, 202314977 (6 of 8)

example of the hybrid complex bimetallic metal halides and
showcases the property tuning via pressure.

Supporting Information

This material is available free of charge via the Internet at
http://pubs.acs.org. Detailed experimental procedures, crys-
tal structure data, and computational details.
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Here, we report a new unique family of
hybrid layered bimetallic halides with
Cd/Cu as the M" site and Sb as the M"
site within the layered structure, with
intercalated SbCI5 pyramids. These ma-
terials exhibit tunable electronic proper-
ties and optical band gaps from 2 to

3 eV. Using pressure as an external
stimulus, the photoluminescence of the
Cd analog is largely enhanced by

11 times.
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