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ABSTRACT: Lead halide perovskites and related hybrid metal
halides exhibit exceptional semiconductor properties, enabling
diverse applications in photovoltaics, solid-state lighting, and
photocatalysis. Multinary halido metalates, combining multiple

metals, offer unique opportunities to tune the optical and all-in-one
electronic properties of these materials for specific applications. compound:
Here, we present the synthesis and characterization of molecule
(Hpiz),BiCu,l,;-2MeCN (piz = piperazine), the most copper- A i & metalate

rich molecular iodido bismuthate reported to date, featuring a Cu/
Bi ratio of 4:1. It extends the “all-in-one” design concept of halido
cuprates with cationic ligands to multinary systems and exhibits a }g o
low optical band gap of 1.82 eV (681 nm) and broad red Energy (eV)

photoluminescence centered at 1.69 eV (73S nm), making it a

promising candidate for light-harvesting and near-infrared emission applications. Quantum chemical analyses attribute the reduced
band gap to strong electronic interactions between Cu(I) and Bi(Ill). Additionally, the monometallic analogs (H,piz)Cul; and
(H,piz)Bi,]; reveal the role of heterometallic interactions in modulating the optical properties. This study provides valuable insights
into the design of copper—bismuth iodide systems, enriching the library of hybrid materials with customized semiconductor
characteristics.

A
Cu — Bi excitation

Hybrid metal halides like the prototypical perovskite complex, with emissions assigned to metal- or cluster-centered
(CH;NH,;)Pbl; have been expl?red as versatile semiconductor transitions as well as ligand to metal charge transfer
material; in the past deca;ie. Applications include photo- (LMCT).”" Additionally, self-trapped exciton emission has
voltaics,” solid-state lighting” and photocatalysis.” In an effort been observed, for example in Cs;Cu,X; (X = Cl, Br, I).*> In

to broaden the scope of available materials, researchers have
been investigating multinary metal halides such as the double
perovskite Cs,AgBiBr,’ and layered derivatives with functional
organic cations.” Such multinary halido metalates featuring
main group metals like Sn, Pb, Sb or Bi and transition metals

contrast, investigations on the luminescence of halido
bismuthates remain rare and often, only weak luminescence
is observed in iodido compounds.”*** In principle, metal-
centered and self-trapped exciton-luminescence mechanisms

like Cu or Ag combine two structurally rich halido metalate are available in bismuth halide materials,”> but most examples

chemistries,” leading to unprecedented anion motifs and feature lighter halides.®

new properties,"°~"* although notably, rare examples featuring Most luminescence phenomena in copper or bismuth halide

Pt' or Hg16 have been prepared as well. materials are in the visible range of the electromagnetic
The community has been interested in preparing multinary spectrum. However, emission at lower energies, in the red and

iodido metalates containing Cu(I) and Bi(III) with particularly near-infrared region (700—1600 nm) is important for

low optical band gaps, which makes them more suitable for
light harvesting applications than the simple iodido cuprates or
bismuthates which show large optical band gaps. Figure 1
summarizes anion motifs of hybrid copper iodido bismuthates
with molecular anions.””~> A number of copper iodido Received: February 7, 2025 s

bismuthates with polymeric anions have also been re- Revised:  May 14, 2025
ported.** = Accepted: May 14, 2025

Published: May 23, 2025

biomedical applications®” and telecommunication.”® This has
been realized with a diversity of materials including rare-earth

Halido cuprates(I) and copper(I) halide compounds have
been studied as efficient luminescent materials.”’ The
luminescence mechanisms in these compounds are often
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Figure 1. Examples of copper iodido bismuthates with molecular
S 1723
anions.

metal compounds™ or III-V semiconductor quantum-well
heterostructures.*’

In this work, we present the synthesis and properties of
(Hpiz),BiCu,l;;-2MeCN (1, piz = piperazine), the most
copper-rich copper bismuth iodide compound reported to
date. 1 displays a low optical band gap of 1.82 ¢V (681 nm)
and a broad photoluminescence band centered at 1.69 eV (735
nm). The compound can be understood as an extension of the

“all-in-one” copper halide materials introduced by Li and co-
workers:*' in this approach, the overall aggregate becomes
charge-neutral by using cationic ligands coordinated to Cu®
ions, which avoids the typical separation into cations and
anions within the compound. This can allow for unique
applications such as processing into inks** and use in biological
systems.”” Additionally, we report results on the simple iodido
metalates (H,piz)Cul; (2) and (H,piz)Bi,I; (3) to study how
the materials’ optical properties change going from the homo-
to the heterometallic case, while maintaining a piperazine-
based organic cation.

All three compounds are prepared from stoichiometric
solutions of H,pizl, and the corresponding metal iodides in
acetonitrile (cf. Synthetic Details in the Supporting Informa-
tion).

1 crystallizes in the orthorhombic space group Cmc2; with
four formula units per unit cell. The copper atoms are each
tetrahedrally coordinated by three iodido- and one Hpiz*-
ligand, forming a ring-like [(Hpiz),Cu,ls])**-motif. A square-
pyramidal [Bils]* -unit is coordinated by one of the iodido
ligands, making the overall coordination sphere of the bismuth
atom approximately octahedral. The motif is shown in Figure
2. The Cu—N and Cu—1I distances range from 2.10 A to 2.12 A
and 2.59 A to 2.72 A, respectively, well in line with what is
commonly observed in homo- or heterometallic iodido
cuprates. With 2.93 A to 3.15 A the terminal Bi—T distances
are in the commonly observed range as well, while with 3.38 A,
the bridging Bi—I distance is significantly elongated, but still
below the sum of van der Waals radii.'”**** This is in contrast
to the related neutral compound BiCul,(pyridine)s that
features a similar Bi—I—Cu-bridge, where no Bi—I bond
length elongation is observed.”® In the crystal, the
(Hpiz),BiCu,l;; molecules are ordered in a fishbone-like
manner with the acetonitrile solvate molecules in small cavities
in-between (see Figure 2). Surprisingly, there are no I--I or I---
H contacts below the sum of the van der Waals radii
connecting the molecules, which is a common feature observed
in iodido metalates.””

1 features several unique aspects: The Cu to Bi ratio found
here is 4:1, higher than the typical ratio found in other
examples of compounds featuring Cu—I—Bi building units (see
also Figure 1). A ratio of 1:5 was reported in the bismuth—rich

Cb
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Figure 2. Molecular motif (A/B) and packing diagram (C) of 1. Hydrogen atoms are omitted for clarity.
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A

Figure 3. Anionic motifs and packing diagrams of 2 (A/C) and 3 (B/D). Hydrogen atoms are omitted for clarity.

[Bi,(C,HzO;H),(C,HzO,H,)][CuBisl,],>* and a ratio of 4:1,
as in compound 1, so far only in the complex coordination
polymer HBi;Cuy,l,,(tetrahydrothiophene)s.** The exact
molecular structure found in 1 has not been observed before.
However, its individual building blocks show similarities with
previously reported motifs. A {(L),Cuyls}-motif has been
observed before in the 2d-coordination polymer [(Et-HMTA)-
Cuyl4],, where it is interconnected into layers by an ethyl-
hexaminium ligand.*” Tt can also be understood as the “double-
decker”-type motif, an isomer of adamantane, previously found
in organo-functionalized tetrel chalcogenides,” mixed hydrido
metalates”’ and a mixed-valence bromido cuprate.’” Interest-
ingly, in (Hpiz),Cu,Brs a similar motif as in 1 was reported,
where two Hpiz" cations on opposite sites are missing and the
overall structure is distorted to allow for a trigonal-planar
coordination environment for the now three-coordinated
copper atoms.” Similar motifs have also been observed for
copper iodide compounds featuring other cationic ligands at
the copper atoms.”* The square-pyramidal anionic [Bil;]*”
fragment found in 1 has not been reported before as an
isolated molecular anion. Instead, either a trigonal-bipyramidal
coordination or further aggregation toward the dinuclear
[Bi,lg]*" is found.”>*° However, similar to 1, where a long Bi—
I interaction completes the octahedral coordination sphere of
the bismuth atom, compounds with chains of trans-corner-
sharing {Bils} octahedra have been observed.”’

Another notable aspect is the large Bi—Cu distance found in
1. Due to the corner-sharing connectivity between the {Bils}
and {Cul;(Hpiz)} units, it is much longer than typically
observed in molecular copper iodido bismuthates (shortest
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Bi---Cu distance in 1: 5.61 A; (PPh,),Bi,Cu,l,,: 3.18 A;*°
(C¢H3N,),BiCu,l,: 3.82 A'®). Instead, it is closer to values
found in layered anions ((C,H,4N),CuBilg: 5.89 A).* This is
remarkable with regard to the low band gap of 1 and highlights
that the electronic interactions in molecular copper iodido
bismuthates do not correlate with the degree of building unit
condensation in a simple manner.

(H,piz)Culy (2) crystallizes in the tetragonal space group
I4,/acd with 16 formula units per cell. It features a chain-like
anion composed of corner-sharing {Cul,} tetrahedra. This
motif has been reported before for chlorido and bromido
cuprates, as well as halogenido argentates,58 but not for the
combination Cu/I. In 2 the anionic chains adopt a helix-like
shape along the crystallographic c-axis with the {Cul,}
tetrahedra following the 4,-screw symmetry. As with 1 the
inorganic chains are quite far apart from one another with no
significant I---I contacts. The chains are surrounded by
[H,piz]*-ions with the NH,-groups pointing toward the
chains. I---Hy distances of 2.70 A to 2.88 A, well below the
sum of the van der Waals radii, indicate interactions between
cations and anion via hydrogen bonding. Two related
compounds, (H,piz),Cu,l¢H,0, featuring a molecular
[Cu,I]* ion, and (H,piz)Cu,l,, featuring a chain of edge-
sharing {Cul,} tetrahedra, have been reported by Cramarossa
and co-workers and main structural features are similar across
all three piperazinium iodido cuprates.””

(H,piz)Biy (3) crystallizes in the triclinic space group P1
with one formula unit per unit cell. The anion adopts a chain-
like motif as well. It is composed of edge-sharing {Bils}
octahedra, which is common in polymeric iodido bismu-
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Figure 4. Optical properties of 1—3. (a) Absorption and photoluminescence (PL) spectra of (Hpiz)4BiCu4I11-2 MeCN showing a band gap
energy of 1.82 eV and an emission at 1.72 eV. (b) Absorption and PL spectra of (H,piz)Culy showing a band gap energy of 3.98 eV and an
emission at 2.33 eV. (c) Absorption and PL spectra of (H,piz)Bi,I; showing a band gap energy of 1.98 eV and an emission at 1.97 eV.

thates.”” The closely related (H,piz)Bi,lg-4H,0 has been
obtained by Weller and co-workers from a solvothermal
reaction.”” In contrast to 1 and 2, there are short I---I contacts
between the individual chains of 3.92 A to 4.07 A, just below
the double van der Waals radius of I of 4.08 A.** These
connect the chains into a 3d-network. Like in 2, the cations’
NH,-groups point toward the anions and connected to them
by I--Hy contacts of 2.67 A to 2.76 A. The structural motifs of
2 and 3 are shown in Figure 3.

All compounds have also been studied for their thermal
behavior up to 1000 °C. Compound 1 is stable up to 145 °C
where a first loss of mass of 3.6% occurs. This corresponds well
to the amount of acetonitrile solvate molecules (3.58%).
Between 185 and 255 °C the sample mass remains stable
before a large and convoluted decomposition is observed
between 255 and 600 °C. The remaining 40% of the sample
slowly decompose further until the end of the measurement,
where an amorphous residue remains. Broad endothermic
peaks in the DSC data accompany all decomposition steps, but
no sharp peaks indicating distinct phase transitions are
observed.

Compound 2 remains stable up to 304 °C where,
accompanied by a sharp endothermic peak in the DSC-data,
a steep loss of mass of around 60% starts. This likely
corresponds to the loss of most of the formal H,pizI, which
makes up 64% of the overall sample mass. The DSC-peak
indicates a melting of the substance at the beginning of the
decomposition. A second and long stretched mass loss is
observed from around 600 °C wuntil the end of the
measurement. In the residue elemental copper is found next
to amorphous remains.

Compound 3 is stable up to 333 °C. At this temperature a
steep mass loss begins in which the sample completely
decomposes. The beginning of this step is accompanied by a
sharp endothermic peak in the DSC-data (onset at 333 °C,
peak at 343 °C) indicating that the decomposition is initiated
by the melting of the compound. We note that compared to
other organic—inorganic iodido bismuthates, for example
(CH;NH;);Bi Iy, which decomposes at 250 °C,°" 3 is
exceptionally stable, making it a good candidate for further
investigations and potential applications. Details of the thermal
measurements can be found in the Supporting Information.

Low-temperature absorption and photoluminescence meas-
urements at 4 K yield information on the electronic processes
in these compounds and the basic structure—property
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relationships (Figure 4). Compound 1 exhibits absorption up
to the red part of the visible spectrum consistent with its red
translucent appearance (Figure 4a). A Tauc analysis yields a
direct band gap of 1.82 eV at 4 K, which decreases to 1.80 eV
at 300 K (Figure S8). This is comparable to other copper
iodido bismuthates that display band gap energies in the range
of 1.6—2.1 eV.*"*" Furthermore, compound 1 exhibits a
spectrally broad photoluminescence centered at 1.69 eV (735
nm) with a full width at half-maximum (fwhm) of 0.2 eV (90
nm). The photoluminescence is Stokes-shifted by 0.11 eV from
the band gap energy. In contrast to the intensely studied
double perovskite Cs,AgBiBrg and related derivatives,®” reports
on the luminescence properties of copper iodido bismuthates
remain scarce and no clear picture has emerged with regard to
expected ranges or possible luminescence mechanisms,'®***°
highlighting the need for further detailed investigations to
unlock potential NIR emitters.

Compound 2 exhibits absorption in the ultraviolet part of
the visible spectrum consistent with its colorless opaque
appearance (Figure 4b). A Tauc analysis yields a direct band
gap of 3.98 eV at 300 K sample temperature. It can be
concluded that the incorporation of Bi in compound 1 shifts
the band gap energy lower on the order of 2 eV compared to
the copper iodide compound 2. Generally, broad ranges have
been observed for the onset of absorption and for the
photoluminescence peak in iodido cuprates and copper iodide-
based materials.*®® The values observed for 2 are, for
example, comparable to those reported for (CgH;,N,)Cul,
and Cs;Cu,l;.°"* Furthermore, 2 exhibits a bright and broad
photoluminescence centered at 2.33 eV (532 nm) with a fwhm
of 0.3 eV (90 nm). The photoluminescence is Stokes-shifted
by as much as 1.57 eV from the band gap energy. The
photoluminescence intensity is approximately 4 orders of
magnitude larger compared to compound 1 when normalized
for excitation photon densities and integration times indicating
efficient light emission in this material, similar to other copper-
based halides such as the already mentioned (CgH,,N,)Cul,.®
Such broad photoluminescence with large Stokes shifts occur
in low-dimensional hybrid metalates and indicate strong
electron—phonon coupling with consequent exciton self-
trapping.”” A photogenerated exciton causes a local transient
deformation of the crystal lattice with the ensuing deformation
potential trapping the exciton.

Compound 3 exhibits absorption up to the red part of the
visible spectrum and a red translucent appearance (Figure 4c).

https://doi.org/10.1021/acs.chemmater.5c00306
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A Tauc analysis yields a direct band gap of 1.98 eV at 4 K
sample temperature, which decreases to 1.96 eV at 300 K
(Figure S8). This band gap energy is higher than that of the
mixed copper iodido bismuthate in compound 1 indicating a
good match between Bi and Cu leading to a lower band gap
energy similar to the case of mixed group 14—15 metalates.”’
The band gap energy in 1 appears typical for chain-like anions
as it is similar to other iodido bismuthates.*” Furthermore,
compound 3 exhibits a spectrally broad photoluminescence
centered at 1.95 eV (636 nm) with a full width at half-
maximum (fwhm) of 0.3 eV (100 nm). The photo-
luminescence is Stokes-shifted by 0.03 eV from the band gap
energy. The peak is asymmetric with a distinct low-energy tail
that could indicate the presence of defect states in the material
with a broad distribution of states involved in the emission
process. We exclude exciton self-trapping as the origin as the
Stokes shift is small. While optical band gaps of many iodido
bismuthates have been documented, leading to the emergence
of a coherent picture of how the anion motif can influence the
onset of absorption, only a few reports on photoluminescence
in these materials are available. These are mostly focused on
the composition A;Bi ], (with A = Cs, CH;NH,).**

The absorption in (Hpiz),BiCu,l;; was investigated for the
X-ray structure with time-dependent density functional
theory®® employing the hybrid functional PBE0® and
polarized triple-{ bases x2c-TZVPall-2¢,”" using the con-
ductor-like screening model”" within the all-electron relativistic
exact two-component decoupling method”” (X2C), including
as well as excluding spin—orbit coupling (SOC). For both
variants, the lowest excitations and the resulting simulated
spectrum as well as the difference of the (nonrelaxed) density
of the first band of excited states and the ground state” are
shown in Figure 5. With SOC, the experimental value for the
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Figure S. Calculated lowest excitations and simulated spectra of
(Hpiz),BiCu,l;; as well as differences of electron densities of the first
band of excited states and the ground state without spin—orbit
coupling (left) and with spin—orbit coupling (right). Blue color
indicates a surplus of density for the ground state, red color for the
excited state. Contours are drawn at +0.001 au.

onset of excitations (~1.8 eV) is reasonably well reproduced
(2.1 eV), without, it is significantly too high (2.9 eV).
Nevertheless, both variants clearly indicate that the lowest
excitations involve a charge transfer from the Cu(d)-orbitals to
an (antibonding) Bi(p)—I(p) orbital/spinor at the Bil, unit,
which is the lowest unoccupied molecular orbital (LUMO) of
the entire system. This excitation pathway is essentially the
same as observed for other copper iodido bismuthates with
much lower Cu/Bi ratios and significantly shorter Cu—Bi
distances.'” It can be understood as a combination of the
pathways found for monometallic iodido cuprates and
bismuthates: The nature of the HOMO/VBM of the multinary
complexes is similar to that of monometallic cuprates, while
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the LUMO/CBM resembles that of monometallic bismuthates.
For the cuprates, generally, a metal-halide-to-ligand (MXLCT)
or cluster-centered charge transfer (CCCT) is observed, with
the VBM mainly being made up of Cu(d)- and I(p)-orbitals
and the VBM consisting of combinations of Cu(d)/I(p)/
ligand-orbitals (MXLCT) or Cu(s)/I(p)-orbitals
(CCCT).”*7® For the bismuthates on the other hand
nonbonding I(p) orbitals are the main contributors to the
VBM, while antibonding combinations of Bi(p)- and I(p)-
orbitals form the CBM.”"”®

Taking a more detailed look at the electronic structure of 1 it
is evident that the lower excitation energy with SOC included
is a consequence of the lower energy of the LUMO due to
spin—orbit coupling (—2.4 eV with SOC, —1.7 without; the
energy of the highest occupied orbital is —5.2 eV in both
cases). This, in turn, is a consequence of the splitting of the six
(spin)orbitals of the atomic 6p shell into two subshells by
SOC, one of which contains two 6p,,, spinors that are
energetically lower than the 6p orbitals (without SOC), and
the other contains four 6p;/, spinors that are energetically
higher than the 6p orbitals. The 6p orbital is involved in the
LUMO when SOC is neglected, but the two energetically
lower 6p, /, spinors are involved when it is included, resulting
in a lower LUMO energy and, ultimately, a lower excitation
energy. Note that the shape of atomic 6p, , spinors (i.e., with
SOC) is quite different from that of 6p orbitals (i.e., without
SOC),”” which is also evident from the differences for
neglecting/regarding SOC in the difference density plots in
Figure S.

B CONCLUSIONS

We have presented the synthesis and properties of a multinary
all-in-one metal halide compound, (Hpiz),BiCu,l;; (1, piz =
piperazine) In comparison with the monometallic (H,piz)Cul,
(2) and (H,piz)Bi,I; (3), 1 features a low optical band gap due
to a strong electronic interaction between copper and bismuth,
as well as a broad red emission. The properties and the
electronic nature of the excitation are very similar to other
copper iodido bismuthates, thus showing that the basic
electronic structure of these compounds is quite robust toward
even stark changes in composition and structural arrangement.
Our results showcase that the all-in-one concept that has been
broadly applied in the chemistry of copper halides can be
extended toward multinary metal halides to prepare robust
materials with absorption in the visible range and useful
emissive properties reaching into the NIR.

B EXPERIMENTAL SECTION

Synthesis. Bil,, Cul, piperazine and HI (57% solution in water,
stabilizer 0.75% H,PO,) were used as supplied from commercial
sources. Solvents were generally flash-distilled prior to use. For
filtration cellulose filters with a pore size of 5—8 um were used.
Reactions and crystallizations were performed under inert conditions
to avoid the formation of polyiodides. CHN analysis was carried out
on an Elementar CHN-analyzer.

(Hpiz),BiCu,l;;-2 MeCN (1): a total of 29 mg (0.05 mmol) of
Bil;, 38 mg (0.2 mmol) of Cul, 34 mg (0.1 mmol) of H,pizl, and
9 mg (0.1 mmol) of piperazine were suspended in 10 mL of MeCN
and heated to 95 °C under reflux cooling for 40 min. The resulting
red solution with 1 suspended in it as a dark red powder was let cool
to room temperature. The product was collected, washed twice with
2 mL of cold MeCN and dried at 10—3 mbar. Yield: 81 mg (71%).
CHN (calculated): C 10.70 (10.49), H 2.37 (2.20), N 6.03 (6.12).
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Details on the synthesis of Hpizl,, 2 and 3 are provided in the
Supporting Information.

Single Crystal Diffraction. Single crystal X-ray determination
was performed on a STOE STADIVARI diffractometer with
microfocus CuK radiation and a Pilatus 300 K (Dectris) detector at
a temperature of 100 K Structure solution and refinement were
carried out using the ShelXT and ShelXL pr«.‘)grams,so*82 within the
OLEX2 program suite.”’ Cif-files have been deposited as CCDC
2420525 (1), 2420523 (2) and 2420524 (3). Additional details are
provided in the Supporting Information (Tables S1—S3).

Powder Diffraction. Powder patterns were recorded on a STADI
MP (STOE Darmstadt) powder diffractometer with Cu Ka1 radiation
with 1 = 1.54056 A at room temperature in transmission mode. The
patterns confirm the presence of the respective phase determined by
SCXRD measurements and the absence of any major crystalline
byproducts. Patterns are shown in the Supporting Information
(Figures $8—S10).

Thermal Analysis. Thermal analysis was carried out by
simultaneous TGA/DSC on a NETZSCH STA 409 C/CD in the
temperature range of 25 to 1000 °C with a heating rate of 10 °C
min~" in a constant flow of 80 mL min~! N2 Individual measurements
are shown in the Supporting Information (Figures S4—S6).

Optical Properties. Optical measurements were carried out at a
low temperature of 4 K with the samples in vacuum For p-reflectance
measurements, we utilized light emitted from a tungsten lamp. The
light was focused onto the sample using a 20X objective with a
numerical aperture of 0.4S, resulting in an approximately 250 ym spot
size. The reflected light was collected by the same objective and
directed into the spectrometer. To obtain reflectance spectra, we
subtracted the background reflectance intensity (Ry,) from the sample
reflectance intensity (Rympye) and normalized it using the reflectance
intensity from a Semrock 350—1100 nm ultrabroadband mirror (R.)-
Buample ~ Rug and the

Rief = Rpg

corresponding absorption as A = 1 — R. For compound 2 only,
absorption spectra were recorded on a Varian Cary 5000 UV/vis/NIR
spectrometer in the range of 400—800 nm in diffuse reflectance
employing a Praying Mantis accessory (Harrick) with automatic
baseline correction at a temperature of 300 K. The raw data was
transformed from reflectance R to absorption F(R) according to the

. (1-R)?
Kubelka—Munk function F(R) = =

For p-photoluminescence measurements, compounds 1 and 3 were
excited using a 532 nm (2.33 eV) laser. The beam was focused into a
3 um spot using a 20X objective with a numerical aperture of 0.45,
and the excitation power density was 460 W cm ™ Compound 2 was
excited using a 325 nm (3.82 eV) laser. The beam was focused into a
1.3 pm spot using a 36X objective with a numerical aperture of 0.4,
and the excitation power density was 32 W cm™>

Tauc plots for 1—3 are shown in the Figure S7.

Computational Investigations. Calculations were done for the
X-ray structure with TURBOMOLE® with time-dependent density
functional theory®® employing the hybrid functional PBE0® and
polarized triple-{ bases x2c-TZVPall-2¢”® using the conductor-like
screening model”" within the all-electron relativistic exact two-
component decoupling method”” (X2C), including as well as
excluding spin—orbit coupling (SOC). For both variants, the lowest
excitations and the resulting simulated spectrum as well as the
difference of the (nonrelaxed) density of the first band of excited
states and the ground state were obtained as described previously.”

The normalized reflectance was calculated as R =

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00306.

Synthesis, additional crystallographic details, thermal
analysis, powder patterns, optical properties, details of
the computational investigations, cif-files corresponding
to CCDC 2420523—2420525 (PDF)

4043

B AUTHOR INFORMATION

Corresponding Author
Johanna Heine — Department of Chemistry and mar.quest|
Marburg Center for Quantum Materials and Sustainable
Technologies, Philipps-Universitit Marburg, Marburg D-
35043, Germany; ® orcid.org/0000-0002-6795-5288;
Email: johanna.heine@chemie.uni-marburg.de

Authors

Jakob Mobs — Department of Chemistry and mar.questl
Marburg Center for Quantum Materials and Sustainable
Technologies, Philipps-Universitit Marburg, Marburg D-
35043, Germany; Department of Physics, University of
Oxford, OX1 3PU Oxford, UK,; Institute for Inorganic and
Analytical Chemistry, Justus Liebig University Giessen,
Giessen D-35392, Germany; © orcid.org/0000-0001-9618-
5975

Philip Klement — Institute of Experimental Physics I and
Center for Materials Research, Justus Liebig University
Giessen, Giessen D-35392, Germany; ® orcid.org/0000-
0001-7044-713X

Lukas Gumbel — Institute of Experimental Physics I and
Center for Materials Research, Justus Liebig University
Giessen, Giessen D-35392, Germany

Paula Epure — Department of Chemistry and mar.quest|
Marburg Center for Quantum Materials and Sustainable
Technologies, Philipps-Universitit Marburg, Marburg D-
35043, Germany; ® orcid.org/0009-0001-9125-3745

Florian Weigend — Institute of Quantum Materials and
Technology, Karlsruhe Institute of Technologies, 76021
Karlsruhe, Germany

Sangam Chatterjee — Institute of Experimental Physics I and
Center for Materials Research, Justus Liebig University
Giessen, Giessen D-35392, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.chemmater.5c00306

Funding

We gratefully acknowledge funding by the German Research
Foundation DFG (505757318 and via the Collaborative
Research Center No. 223848855-SFB 1083) and the European
Regional Development Fund (ERDF) through the innovation
laboratory high-performance materials FPG990 0005/2018.
PK and SC acknowledge funding by the federal state of Hesse
through the LOEWE excellence initiative (HIMAT professor-
ship).

Notes
The authors declare no competing financial interest.

B REFERENCES

(1) Chouhan, L.; Ghimire, S.; Subrahmanyam, C.; Miyasaka, T.;
Biju, V. Synthesis, optoelectronic properties and applications of halide
perovskites. Chem. Soc. Rev. 2020, 49 (10), 2869—288S.

(2) Jena, A. K; Kulkarni, A,; Miyasaka, T. Halide Perovskite
Photovoltaics: Background, Status, and Future Prospects. Chem. Rev.
2019, 119 (5), 3036—3103.

(3) Zou, C; Zhang, C.; Kim, Y.-H,; Lin, L. Y.; Luther, J. M. The
Path to Enlightenment: Progress and Opportunities in High
Efficiency Halide Perovskite Light-Emitting Devices. ACS Photonics
2021, 8 (2), 386—404.

(4) Huang, H.; Pradhan, B.; Hofkens, J.; Roeffaers, M. B. J.; Steele, J.
A. Solar-Driven Metal Halide Perovskite Photocatalysis: Design,
Stability, and Performance. ACS Energy Lett. 2020, S (4), 1107—1123.

https://doi.org/10.1021/acs.chemmater.5c00306
Chem. Mater. 2025, 37, 4038—4046


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c00306/suppl_file/cm5c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c00306/suppl_file/cm5c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c00306/suppl_file/cm5c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c00306/suppl_file/cm5c00306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c00306/suppl_file/cm5c00306_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00306?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c00306/suppl_file/cm5c00306_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johanna+Heine"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6795-5288
mailto:johanna.heine@chemie.uni-marburg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jakob+Mo%CC%88bs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9618-5975
https://orcid.org/0000-0001-9618-5975
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philip+Klement"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7044-713X
https://orcid.org/0000-0001-7044-713X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lukas+Gu%CC%88mbel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paula+Epure"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0009-0001-9125-3745
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Weigend"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sangam+Chatterjee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.5c00306?ref=pdf
https://doi.org/10.1039/C9CS00848A
https://doi.org/10.1039/C9CS00848A
https://doi.org/10.1021/acs.chemrev.8b00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00539?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.0c01394?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c00058?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(5) Wolf, N. R; Connor, B. A; Slavney, A. H; Karunadasa, H. L
Doubling the Stakes: The Promise of Halide Double Perovskites.
Angew. Chem., Int. Ed. Engl. 2021, 60 (30), 16264—16278.

(6) Vargas, B.; Rodriguez-Lopez, G.; Solis-Ibarra, D. The Emergence
of Halide Layered Double Perovskites. ACS Energy Lett. 2020, S (11),
3591-3608.

(7) Wu, L-M.,; Wu, X.-T; Chen, L. Structural overview and
structure—property relationships of iodoplumbate and iodobismu-
thate. Coord. Chem. Rev. 2009, 253 (23—24), 2787—2804.

(8) Adonin, S. A; Sokolov, M. N.; Fedin, V. P. Polynuclear halide
complexes of Bi(III):From structural diversity to the new properties.
Coord. Chem. Rev. 2016, 312, 1-21.

(9) Yu, T--L,; Guo, Y.-M.; Wy, G.-X,; Yang, X.-F.; Xue, M.; Fu, Y.-L,;
Wang, M.-S. Recent progress of d'° iodoargentate(I)/iodocuprate(I)
hybrids: Structural diversity, directed synthesis, and photochromic/
thermochromic properties. Coord. Chem. Rev. 2019, 397, 91—111.

(10) Chai, W.-X.;; Wu, L.-M.; Li, J.-Q.; Chen, L. Silver
iodobismuthates: syntheses, structures, properties, and theoretical
studies of Bi2Ag2I10 2-n and Bi4Ag2I16 2-n. Inorg. Chem. 2007, 46
(4), 1042—1044.

(11) Li, J; Liu, M.-H.; Shen, H.-Y; Liu, M.-Z.; Wu, J.-T.; Zhang, B.
A semiconductive copper iodobismuthate hybrid: structure, optical
properties and photocurrent response. Dalton Trans. 2023, 52 (10),
2999-300S.

(12) Shentseva, I. A.; Usoltsev, A. N.; Korobeynikov, N. A.; Sukhikh,
T. S.; Shayapov, V. R.; Sokolov, M. N.; Adonin, S. A. Copper- and
Silver-Containing Heterometallic Iodobismuthates: Features of
Thermochromic Behavior. Int. J. Mol. Sci. 2023, 24 (8), 7234.

(13) Zhang, B; Li, J.; Yang, Y.; Wang, W.-H.; Shen, H.-Y.; Shao, Y.-
N. A new metal complex-templated silver iodobismuthate exhibiting
photocurrent response and photocatalytic property. Dalton Trans.
2022, 51 (35), 13361—13367.

(14) Zhang, B.; Wang, Y.-N,; L, J.; Ren, X.-C.; Yang, Y.; Yang, X.-R.
Two Silver Halobismuthate Hybrids Decorated by Photosensitive
Metal Complexes: Syntheses, Structures, Photoelectric Properties, and
Theoretical Studies. Cryst. Growth Des. 2022, 22 (12), 7434—7442.

(15) Adonin, S. A.; Sokolov, M. N.; Smolentsev, A. L; Kozlova, S. G.;
Fedin, V. P. PtBi2I122-: the first polyiodobismuthate containing an
octahedral heterometallic unit. Dalton Trans. 2013, 42 (27), 9818—
9821.

(16) Yuan, M.-W.; Li, L.-H.; Chen, L. Syntheses, Structures, and
Theoretical Studies of New Mercury Iodobismuthates: (Et 4 N) 4 (Bi
4 Hg 2120) and (n Bu 4 N) 2 (Bi 2 Hgl 10). Z. Anorg. Allg. Chem.
2009, 635 (11), 1645—1649.

(17) Dehnhardt, N.; Klement, P.; Chatterjee, S.; Heine, J. Divergent
Optical Properties in an Isomorphous Family of Multinary Iodido
Pentelates. Inorg. Chem. 2019, S8 (16), 10983—10990.

(18) Cai, Y.; Chippindale, A. M.; Curry, R. J.; Vaqueiro, P. Multiple
Roles of 1,4-Diazabicyclo2.2.2octane in the Solvothermal Synthesis of
Iodobismuthates. Inorg. Chem. 2021, 60 (7), 5333—5342.

(19) Maébs, J.; Luy, J.-N.; Shlyaykher, A.; Tonner, R.; Heine, J. The
influence of copper on the optical band gap of heterometallic iodido
antimonates and bismuthates. Dalton Trans. 2021, 50 (43), 15855—
15869.

(20) Dehnhardt, N.; Borkowski, H.; Schepp, J.; Tonner, R.; Heine, J.
Ternary Iodido Bismuthates and the Special Role of Copper. Inorg.
Chem. 2018, 57 (2), 633—640.

(21) Chai, W.-X;; Wu, L.-M,; Li, J.-Q.; Chen, L. A series of new
copper iodobismuthates: structural relationships, optical band gaps
affected by dimensionality, and distinct thermal stabilities. Inorg.
Chem. 2007, 46 (21), 8698—8704.

(22) Kelly, A. W.; Wheaton, A. M.; Nicholas, A. D.; Barnes, F. H;
Patterson, H. H.; Pike, R. D. Iodobismuthate(III) and
Iodobismuthate(III) /Iodocuprate(I) Complexes with Organic Li-
gands. Eur. J. Inorg. Chem. 2017, 2017 (43), 4990—5000.

(23) Shentseva, I. A.; Usoltsev, A. N.; Korobeynikov, N. A.; Sokolov,
M. N,; Adonin, S. A. Discrete Hexa- and Binuclear Heterometallic
Iodobismuthate(III) Complexes with Cu(I) and Ag(I). Inorg. Chem.
2024, 63 (40), 18774—18780.

4044

(24) Feldmann, C. CuBi7119(C4H8O3H)3(C4H8O3H2), a novel
complex bismuth iodide containing one-dimensional CuBiSI193-
chains. Inorg. Chem. 2001, 40 (4), 818—819.

(25) Bi, L.-Y.; Hy, Y.-Q,; Li, M.-Q,; Hu, T.-L;; Zhang, H.-L.; Yin, X.-
T.; Que, W.-X,; Lassoued, M. S.; Zheng, Y.-Z. Two-dimensional lead-
free iodide-based hybrid double perovskites: crystal growth, thin-film
preparation and photocurrent responses. J. Mater. Chem. A 2019, 7
(34), 19662—19667.

(26) Bi, L.-Y.; Hu, T.-L.; Li, M.-Q,; Ling, B.-K; Lassoued, M. S.; Hu,
Y.-Q;; Wu, Z.; Zhou, G.; Zheng, Y.-Z. Template effects in Cu(i)—
Bi(iii) iodide double perovskites: a study of crystal structure, film
orientation, band gap and photocurrent response. J. Mater. Chem. A
2020, 8 (15), 7288—7296.

(27) Mébs, J.; Gerhard, M.; Heine, J. (HPy)2(Py)CuBi3I12, a low
bandgap metal halide photoconductor. Dalton Trans. 2020, 49 (41),
14397—-14400.

(28) Shentseva, I. A;; Usoltsev, A. N; Abramov, P. A.; Shayapov, V.
R.; Plyusnin, P. E.; Korolkov, I. V.; Sokolov, M. N.; Adonin, S. A.
Homo- and heterometallic iodobismuthates(III) with 1,3,5-trimethyl-
pyridinium cation: Preparation and features of optical behavior.
Polyhedron 2022, 216, 115720.

(29) Shentseva, 1. A;; Usoltsev, A. N.; Abramov, P. A.; Shayapov, V.
R.; Korobeynikov, N. A.; Sokolov, M. N.; Adonin, S. A. Copper- and
silver-containing heterometallic iodobismuthates(iii) with 4-(dime-
thylamino)-1-methylpyridinium cation: structures, thermal stability
and optical properties. Mendeleev Commun. 2022, 32 (6), 754—756.

(30) Shentseva, I. A.; Usoltsev, A. N.; Pishchur, D. P.;
Korobeynikov, N. A.; Sokolov, M. N.; Adonin, S. A. Polymorphism
of heterometallic Bi/Cu halide complexes: Experimental examination
of crystal structures, thermal stability and optical properties.
Polyhedron 2023, 244, 116626.

(31) Ford, P. C; Cariati E.; Bourassa, J. Photoluminescence
Properties of Multinuclear Copper(I) Compounds. Chem. Rev. 1999,
99 (12), 3625—3648.

(32) Lian, L.; Zheng, M.; Zhang, P.; Zheng, Z.; Dy, K; Lei, W.; Gao,
J; Niu, G,; Zhang, D.; Zhai, T.; Jin, S.; Tang, J.; Zhang, X,; Zhang, J.
Photophysics in Cs 3 Cu 2 X S (X = Cl, Br, or I): Highly Luminescent
Self-Trapped Excitons from Local Structure Symmetrization. Chem.
Mater. 2020, 32 (8), 3462—3468.

(33) Garcia-Ferndndez, A.; Marcos-Cives, L; Platas-Iglesias, C.;
Castro-Garcia, S.; Vézquez-Garcia, D.; Fernindez, A.; Sanchez-
Anddjar, M. Diimidazolium Halobismuthates Dim2Bi2X10 (X =
Cl, Br, or I-): A New Class of Thermochromic and Photo-
luminescent Materials. Inorg. Chem. 2018, 57 (13), 7655—7664.

(34) McCall, K. M,; Stoumpos, C. C.; Kostina, S. S.; Kanatzidis, M.
G.; Wessels, B. W. Strong Electron—Phonon Coupling and Self-
Trapped Excitons in the Defect Halide Perovskites A3 M 219 (A =
Cs, Rb; M = Bi, Sb). Chem. Mater. 2017, 29 (9), 4129—4145.

(35) Vogler, A; Nikol, H. The Structures of s 2 Metal Complexes in
the Ground and sp Excited States. Comments Inorg. Chem. 1993, 14
(4), 245-261.

(36) Xu, Y.; Chai, X; Yang, W.; Hu, J.; Chen, J.; He, Y. Formation of
a Stable Guanidinium—Formamidinium Phase in Bismuth Chloride
Perovskites with Broadband Emission. Chem. Mater. 2021, 33 (9),
3258—326S.

(37) Chelushkin, P. S.; Shakirova, J. R.; Kritchenkov, I. S.; Baigildin,
V. A; Tunik, S. P. Phosphorescent NIR emitters for biomedicine:
applications, advances and challenges. Dalton Trans. 2022, S1 (4),
1257—-1280.

(38) Wang, W. C; Zhou, B;; Xu, S. H;; Yang, Z. M,; Zhang, Q. Y.
Recent advances in soft optical glass fiber and fiber lasers. Prog. Mater.
Sci. 2019, 101, 90—171.

(39) Biinzli, J.-C. G.; Eliseeva, S. V. Lanthanide NIR luminescence
for telecommunications, bioanalyses and solar energy conversion. J.
Rare Earths 2010, 28 (6), 824—842.

(40) Berger, C.; Mbller, C.; Hens, P.; Fuchs, C.; Stolz, W.; Koch, S.
W.; Ruiz Perez, A.; Hader, J.; Moloney, J. V. Novel type-II material
system for laser applications in the near-infrared regime. AIP Adv.
2015, 5 (4), 47105.

https://doi.org/10.1021/acs.chemmater.5c00306
Chem. Mater. 2025, 37, 4038—4046


https://doi.org/10.1002/anie.202016185
https://doi.org/10.1021/acsenergylett.0c01867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c01867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.ccr.2009.08.003
https://doi.org/10.1016/j.ccr.2009.08.003
https://doi.org/10.1016/j.ccr.2009.08.003
https://doi.org/10.1016/j.ccr.2015.10.010
https://doi.org/10.1016/j.ccr.2015.10.010
https://doi.org/10.1016/j.ccr.2019.06.006
https://doi.org/10.1016/j.ccr.2019.06.006
https://doi.org/10.1016/j.ccr.2019.06.006
https://doi.org/10.1021/ic062091s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic062091s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic062091s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D2DT03998B
https://doi.org/10.1039/D2DT03998B
https://doi.org/10.3390/ijms24087234
https://doi.org/10.3390/ijms24087234
https://doi.org/10.3390/ijms24087234
https://doi.org/10.1039/D2DT01682F
https://doi.org/10.1039/D2DT01682F
https://doi.org/10.1021/acs.cgd.2c01007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.2c01007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.cgd.2c01007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c3dt51048d
https://doi.org/10.1039/c3dt51048d
https://doi.org/10.1002/zaac.200801401
https://doi.org/10.1002/zaac.200801401
https://doi.org/10.1002/zaac.200801401
https://doi.org/10.1021/acs.inorgchem.9b01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.1c00318?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1DT02828F
https://doi.org/10.1039/D1DT02828F
https://doi.org/10.1039/D1DT02828F
https://doi.org/10.1021/acs.inorgchem.7b02418?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic700904d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic700904d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic700904d?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejic.201701052
https://doi.org/10.1002/ejic.201701052
https://doi.org/10.1002/ejic.201701052
https://doi.org/10.1021/acs.inorgchem.4c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c02792?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic000713i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic000713i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic000713i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9TA04325J
https://doi.org/10.1039/C9TA04325J
https://doi.org/10.1039/C9TA04325J
https://doi.org/10.1039/D0TA00949K
https://doi.org/10.1039/D0TA00949K
https://doi.org/10.1039/D0TA00949K
https://doi.org/10.1039/D0DT03427D
https://doi.org/10.1039/D0DT03427D
https://doi.org/10.1016/j.poly.2022.115720
https://doi.org/10.1016/j.poly.2022.115720
https://doi.org/10.1016/j.mencom.2022.11.015
https://doi.org/10.1016/j.mencom.2022.11.015
https://doi.org/10.1016/j.mencom.2022.11.015
https://doi.org/10.1016/j.mencom.2022.11.015
https://doi.org/10.1016/j.poly.2023.116626
https://doi.org/10.1016/j.poly.2023.116626
https://doi.org/10.1016/j.poly.2023.116626
https://doi.org/10.1021/cr960109i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr960109i?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b05321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b05321?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b00629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b00629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.8b00629?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b01184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b01184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.7b01184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1080/02603599308048663
https://doi.org/10.1080/02603599308048663
https://doi.org/10.1021/acs.chemmater.1c00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.1c00231?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D1DT03077A
https://doi.org/10.1039/D1DT03077A
https://doi.org/10.1016/j.pmatsci.2018.11.003
https://doi.org/10.1016/S1002-0721(09)60208-8
https://doi.org/10.1016/S1002-0721(09)60208-8
https://doi.org/10.1063/1.4917180
https://doi.org/10.1063/1.4917180
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(41) Hei, X; Li, J. All-in-one: a new approach toward robust and
solution-processable copper halide hybrid semiconductors by
integrating covalent, coordinate and ionic bonds in their structures.
Chem. Sci. 2021, 12 (11), 3805—3817.

(42) Wang, J.-J; Chen, C; Chen, W.-G;; Yao, J.-S;; Yang, J.-N,;
Wang, K.-H,; Yin, Y.-C,; Yao, M.-M,; Feng, L.-Z.; Ma, C,; Fan, F.-];
Yao, H.-B. Highly Luminescent Copper Iodide Cluster Based Inks
with Photoluminescence Quantum Efficiency Exceeding 98. J. Am.
Chem. Soc. 2020, 142 (8), 3686—3690.

(43) Ma, X; Lin, N; Yang, Q; Liu, P.; Ding, H.; Xu, M.; Ren, F,;
Shen, Z.; Hu, K;; Meng, S.; Chen, H. Biodegradable copper-iodide
clusters modulate mitochondrial function and suppress tumor growth
under ultralow-dose X-ray irradiation. Nat. Commun. 2024, 15 (1),
8092.

(44) Alvarez, S. A cartography of the van der Waals territories.
Dalton Trans. 2013, 42 (24), 8617—8636.

(45) Mébs, J.; Heine, J. 11/15/17 Complexes as Molecular Models
for Metal Halide Double Perovskite Materials. Inorg. Chem. 2019, 58
(9), 6175—6183.

(46) Giunta, K. S,; McKee, S. N,; Nicholas, A. D.; Pike, R. D.
BiCul4(Pyridine)S a neutral ligand-supported compound of Bil3 and
Cul. Inorg. Chem. Commun. 2023, 147, 110245.

(47) Dennington, A. J; Weller, M. T. Synthesis and structure of
pseudo-three dimensional hybrid iodobismuthate semiconductors.
Dalton Trans. 2016, 45 (44), 17974—17979.

(48) Ballenger, J. H.; Giunta, K. S;; Carlson, R; Nicholas, A. D,;
Ducati, L. C.; Oliveira de Brito, M. O.; Zeller, M,; Pike, R. D. Ternary
Complexes of Bil3/Cul and SbI3/Cul with Tetrahydrothiophene.
Inorg. Chem. 2024, 63 (25), 11688—11699.

(49) Artem’ev, A. V.; Davydova, M. P.; Hei, X.; Rakhmanova, M. I;
Samsonenko, D. G.; Bagryanskaya, 1. Y.; Brylev, K. A.; Fedin, V. P.;
Chen, J.-S; Cotlet, M,; Li, J. Family of Robust and Strongly
Luminescent Cul-Based Hybrid Networks Made of Ionic and Dative
Bonds. Chem. Mater. 2020, 32 (24), 10708—10718.

(50) Fard, Z. H.; Xiong, L.; Miiller, C.; Holynska, M.; Dehnen, S.
Synthesis and reactivity of functionalized binary and ternary
thiometallate complexes (RT)4S6, (RSn)3S42-, (RT)2(CuPPh3)6S6,
and (RSn)6(OMe)6Cu2S64- (R = C2H4COOH, CMe2CH2COMe;
T = Ge, Sn). Chemistry 2009, 15 (27), 6595—6604.

(51) Murosaki, T.; Kaneda, S.; Maruhashi, R.; Sadamori, K.; Shoji,
Y.; Tamao, K; Hashizume, D.; Hayakawa, N.; Matsuo, T. Synthesis
and Structural Characteristics of Discrete Organoboron and Organo-
aluminum Hydrides Incorporating Bulky Eind Groups. Organo-
metallics 2016, 35 (19), 3397—3405.

(52) Beck, J.; Bof de Oliveira, A. On the Oxidation of
Octamethylenetetrathiafulvalene by CuBr 2 - Synthesis, Crystal
Structure and Magnetic Properties of (OMTTF) 2 [Cu 4 Br 10 ].
Z. Anorg. Allg. Chem. 2009, 635 (3), 445—449.

(53) Redel, E,; Fiederle, M.; Janiak, C. Piperazinium Ethyl-
enediammonium or 4,4’-Bipyridinium Halocuprates(I) by Cu II/Cu
0 Comproportionation. Z. Anorg. Allg. Chem. 2009, 63S (8), 1139—
1147.

(54) Liu, W,; Zhu, K; Teat, S. J; Dey, G.; Shen, Z.; Wang, L,
O’Carroll, D. M,; Li, J. All-in-One: Achieving Robust, Strongly
Luminescent and Highly Dispersible Hybrid Materials by Combining
Ionic and Coordinate Bonds in Molecular Crystals. J. Am. Chem. Soc.
2017, 139 (27), 9281-9290.

(55) Sharutin, V. V.; Egorova, L. V.; Sharutina, O. K.; Boyarkina, E.
A. Synthesis and structure of bismuth-containing complexes
[Ph3PMe] 2 + [Bil5]2— and [Ph3PMe] 2 + [BilS - CSHSN]2— -
CSHSN. Russ. J. Coord. Chem. 2008, 34 (6), 461—465.

(56) Krautscheid, H. )Bzl4P)2[Bi2I8]—ein Iodobismutat mit
funffach koordiniertem Bi3+-Ion. Z. Anorg. Allg. Chem. 1999, 625
(2), 192—194.

(57) Chen, Y,; Yang, Z.; Guo, C.-X;; Ni, C.-Y.; Ren, Z.-G.; Li, H.-X;
Lang, J.-P. Iodine-Induced Solvothermal Formation of Viologen
Iodobismuthates. Eur. J. Inorg. Chem. 2010, 2010 (33), 5326—5333.

(58) Hull, S.; Berastegui, P. Crystal structures and ionic
conductivities of ternary derivatives of the silver and copper

4045

monohalides—II: ordered phases within the (AgX)x—(MX)l—x
and (CuX)x—(MX)1—x (M = K, Rb and Cs; X = Cl, Br and I)
systems. J. Solid State Chem. 2004, 177 (9), 3156—3173.

(59) Corradi, A. B,; Cramarossa, M. R.; Manfredini, T.; Battaglia, L.
P.; Pelosi, G.; Saccani, A.; Sandrolini, F. Synthesis and structural,
thermal and electrical properties of piperazinium lodocuprates(I). J.
Chem. Soc.,, Dalton Trans. 1993, No. 23, 3587.

(60) Dennington, A. J.,; Weller, M. T. Synthesis, structure and
optoelectronic properties of hybrid iodobismuthate & iodoantimonate
semiconducting materials. Dalton Trans. 2018, 47 (10), 3469—3484.

(61) Hoye, R. L. Z.; Brandt, R. E.; Osherov, A.; Stevanovi¢, V.;
Stranks, S. D.; Wilson, M. W. B,; Kim, H.; Akey, A. J.; Perkins, J. D.;
Kurchin, R. C.; Poindexter, J. R;; Wang, E. N,; Bawendi, M. G;
Bulovi¢, V.; Buonassisi, T. Methylammonium Bismuth Iodide as a
Lead-Free, Stable Hybrid Organic-Inorganic Solar Absorber. Chem.—
Eur. J. 2016, 22 (8), 2605—2610.

(62) Lei, H.; Hardy, D.; Gao, F. Lead-Free Double Perovskite Cs 2
AgBiBr 6: Fundamentals, Applications, and Perspectives. Adv. Funct.
Mater. 2021, 31 (49), 2105898.

(63) Ma, Z; Ji, X;; Lin, S.; Chen, X.,; Wu, D; Li, X.; Zhang, Y.; Shan,
C.; Shi, Z.; Fang, X.; Fang, X. Recent Advances and Opportunities of
Eco-Friendly Ternary Copper Halides: A New Superstar in
Optoelectronic Applications. Adv. Mater. 2023, 35, No. e2300731.

(64) Chen, H.; Pina, J. M.; Yuan, F.; Johnston, A.; Ma, D.; Chen, B.;
Li, Z.; Dumont, A; Li, X,; Liu, Y.; Hoogland, S.; Zajacz, Z.; Lu, Z.;
Sargent, E. H. Multiple Self-Trapped Emissions in the Lead-Free
Halide Cs3Cu2lS. J. Phys. Chem. Lett. 2020, 11 (11), 4326—4330.

(65) Zhou, T.; Wang, Y.; Zhang, H.; Pan, Z.; Ma, X; Sun, Y.; Chen,
H.; Wang, L.; Jiang, W. Syntheses, Structures, and Photoluminescence
of Copper-Based Halides. Inorg. Chem. 2023, 62 (19), 7376—7384.

(66) Klement, P.; Dehnhardt, N.; Dong, C.-D.; Dobener, F.; Bayliff,
S.; Winkler, J; Hofmann, D. M,; Klar, P. J; Schumacher, S;
Chatterjee, S.; Heine, J. Atomically Thin Sheets of Lead-Free 1D
Hybrid Perovskites Feature Tunable White-Light Emission from Self-
Trapped Excitons. Adv. Mater. 2021, 33 (23), No. e2100518.

(67) Dehnhardt, N.; Luy, J-N.; Klement, P.; Schipplick, L.;
Chatterjee, S.; Tonner, R.; Heine, J. Mixed Group 14—15 Metalates
as Model Compounds for Doped Lead Halide Perovskites. Angew.
Chem., Int. Ed. Engl. 2021, 60 (8), 3906—3911.

(68) Kiihn, M.; Weigend, F. Implementation of Two-Component
Time-Dependent Density Functional Theory in TURBOMOLE. J.
Chem. Theory Comput. 2013, 9 (12), 5341—5348.

(69) Perdew, J. P.; Ernzerhof, M.; Burke, K. Rationale for mixing
exact exchange with density functional approximations. J. Chem. Phys.
1996, 105 (22), 9982—9985.

(70) Pollak, P.; Weigend, F. Segmented Contracted Error-
Consistent Basis Sets of Double- and Triple-{ Valence Quality for
One- and Two-Component Relativistic All-Electron Calculations. J.
Chem. Theory Comput. 2017, 13 (8), 3696—370S.

(71) Pausch, A. Consistent Analytical Second Derivatives of the
Kohn-Sham DFT Energy in the Framework of the Conductor-Like
Screening Model through Gaussian Charge Distributions. ]. Chem.
Theory Comput. 2024, 20 (8), 3169—3183.

(72) Peng, D.; Middendorf, N.; Weigend, F.; Reiher, M. An efficient
implementation of two-component relativistic exact-decoupling
methods for large molecules. J. Chem. Phys. 2013, 138 (18), 18410S.

(73) Kiithn, M.; Weigend, F. Phosphorescence lifetimes of organic
light-emitting diodes from two-component time-dependent density
functional theory. J. Chem. Phys. 2014, 141 (22), 224302.

(74) Sénchez-Férez, F.; Solans-Monfort, X.; Rodriguez-Santiago, L.;
Calvet, T.; Font-Bardia, M.; Pons, J. Structure directing factors and
photophysical properties of five Cu(I)-iodide materials with N-donor
heteroaromatic ligands. J. Solid State Chem. 2024, 333, 124639.

(75) Lai, J.; Li, C; Wang, Z.; Guo, L.; Wang, Y.; An, K,; Cao, S,; Wu,
D.,; Liuy, Z; Hu, Z.; Leng, Y,; Du, J; He, P,; Tang, X.
Photoluminescence-Tunable organic phosphine cuprous halides
clusters for X-ray scintillators and white light emitting diodes. J.
Chem. Eng. 2024, 494, 153077.

https://doi.org/10.1021/acs.chemmater.5c00306
Chem. Mater. 2025, 37, 4038—4046


https://doi.org/10.1039/D0SC06629J
https://doi.org/10.1039/D0SC06629J
https://doi.org/10.1039/D0SC06629J
https://doi.org/10.1021/jacs.9b12908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b12908?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-024-52278-6
https://doi.org/10.1038/s41467-024-52278-6
https://doi.org/10.1038/s41467-024-52278-6
https://doi.org/10.1039/c3dt50599e
https://doi.org/10.1021/acs.inorgchem.9b00429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.9b00429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.inoche.2022.110245
https://doi.org/10.1016/j.inoche.2022.110245
https://doi.org/10.1039/C6DT03602C
https://doi.org/10.1039/C6DT03602C
https://doi.org/10.1021/acs.inorgchem.4c01147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.4c01147?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.0c03984?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.200900523
https://doi.org/10.1002/chem.200900523
https://doi.org/10.1002/chem.200900523
https://doi.org/10.1002/chem.200900523
https://doi.org/10.1021/acs.organomet.6b00633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.6b00633?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/zaac.200801306
https://doi.org/10.1002/zaac.200801306
https://doi.org/10.1002/zaac.200801306
https://doi.org/10.1002/zaac.200900091
https://doi.org/10.1002/zaac.200900091
https://doi.org/10.1002/zaac.200900091
https://doi.org/10.1021/jacs.7b04550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b04550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b04550?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1134/S1070328408060122
https://doi.org/10.1134/S1070328408060122
https://doi.org/10.1134/S1070328408060122
https://doi.org/10.1002/(SICI)1521-3749(199902)625:2<192::AID-ZAAC192>3.0.CO;2-6
https://doi.org/10.1002/(SICI)1521-3749(199902)625:2<192::AID-ZAAC192>3.0.CO;2-6
https://doi.org/10.1002/ejic.201000755
https://doi.org/10.1002/ejic.201000755
https://doi.org/10.1016/j.jssc.2004.05.004
https://doi.org/10.1016/j.jssc.2004.05.004
https://doi.org/10.1016/j.jssc.2004.05.004
https://doi.org/10.1016/j.jssc.2004.05.004
https://doi.org/10.1016/j.jssc.2004.05.004
https://doi.org/10.1039/dt9930003587
https://doi.org/10.1039/dt9930003587
https://doi.org/10.1039/C7DT04280A
https://doi.org/10.1039/C7DT04280A
https://doi.org/10.1039/C7DT04280A
https://doi.org/10.1002/chem.201505055
https://doi.org/10.1002/chem.201505055
https://doi.org/10.1002/adfm.202105898
https://doi.org/10.1002/adfm.202105898
https://doi.org/10.1002/adma.202300731
https://doi.org/10.1002/adma.202300731
https://doi.org/10.1002/adma.202300731
https://doi.org/10.1021/acs.jpclett.0c01166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01166?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.3c00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.inorgchem.3c00580?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202100518
https://doi.org/10.1002/adma.202100518
https://doi.org/10.1002/adma.202100518
https://doi.org/10.1002/anie.202014696
https://doi.org/10.1002/anie.202014696
https://doi.org/10.1021/ct400743r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct400743r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.472933
https://doi.org/10.1063/1.472933
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00593?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.4c00052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.4803693
https://doi.org/10.1063/1.4803693
https://doi.org/10.1063/1.4803693
https://doi.org/10.1063/1.4902013
https://doi.org/10.1063/1.4902013
https://doi.org/10.1063/1.4902013
https://doi.org/10.1016/j.jssc.2024.124639
https://doi.org/10.1016/j.jssc.2024.124639
https://doi.org/10.1016/j.jssc.2024.124639
https://doi.org/10.1016/j.cej.2024.153077
https://doi.org/10.1016/j.cej.2024.153077
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

(76) Zhang, X.-M.; Hou, J.-J.; Guo, C.-H,; Li, C.-F. A new class of
cuprous bromide cluster-based hybrid materials: direct observation of
the stepwise replacement of hydrogen bonds by coordination bonds.
Inorg. Chem. 2015, 54 (2), 554—559.

(77) Dehnhardt, N.; Luy, J.-N.; Szabo, M.; Wende, M.; Tonner, R;
Heine, J. Synthesis of a two-dimensional organic-inorganic bismuth
iodide metalate through in situ formation of iminium cations. Chem.
Commun. 2019, 55 (98), 14725—14728.

(78) Maébs, J.; Stuhrmann, G.; Weigend, F.; Heine, J. Establishing
Family Relations in Group 15 Halogenido Metalates with the Largest
Molecular Antimony lodide Anion. Chem.—Eur. ]. 2023, 29 (2),
No. €202202931.

(79) White, H. E. Pictorial Representations of the Dirac Electron
Cloud for Hydrogen-Like Atoms. Phys. Rev. 1931, 38 (3), S13—520.

(80) Sheldrick, G. M. A short history ofSHELX. Acta Crystallogr.,
Sect. A 2008, 64 (1), 112—122.

(81) Sheldrick, G. M. SHELXT - integrated space-group and crystal-
structure determination. Acta Crystallogr.,, Sect. A 20185, 71 (1), 3—8.

(82) Sheldrick, G. M. Crystal structure refinement with SHELXL.
Acta Crystallogr. C 2015, 71 (1), 3-8.

(83) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. OLEX2: a complete structure solution, refinement
and analysis program. J. Appl. Crystallogr. 2009, 42 (2), 339—341.

(84) TURBOMOLE V7.9 2024, a Development of University of
Karlsruhe and Forschungszentrum Karlsruhe GmbH, 1989—2007;
TURBOMOLE GmbH, 2007. https://www.turbomole.org.

4046

CAS BIOFINDER DISCOVERY PLATFORM™

CAS BIOFINDER
HELPS YOU FIND
YOUR NEXT
BREAKTHROUGH
FASTER

Navigate pathways, targets, and
diseases with precision

Explore CAS BioFinder

\J
\

A\
(X% )

e

CAS

on of the
American Chemical I Society

https://doi.org/10.1021/acs.chemmater.5c00306
Chem. Mater. 2025, 37, 4038—4046


https://doi.org/10.1021/ic5024168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic5024168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic5024168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CC06625J
https://doi.org/10.1039/C9CC06625J
https://doi.org/10.1002/chem.202202931
https://doi.org/10.1002/chem.202202931
https://doi.org/10.1002/chem.202202931
https://doi.org/10.1103/PhysRev.38.513
https://doi.org/10.1103/PhysRev.38.513
https://doi.org/10.1107/S0108767307043930
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1107/S0021889808042726
https://www.turbomole.org
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c00306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

