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Chapter 1

Introduction

This work is focused on the synthesis and characterization of new halogenido metalates based
on bismuth and antimony. This class of materials has received quite a boost of research interest
in recent years due to similar optical properties as lead halide perovskites, which, as they are
intrinsic semiconductors, have been discovered to be highly efficient as the light absorbing layer in
a new generation of solar cells. In the long run, this application is also the target for compounds
developed during this work. Therefore, the working principles of the main types of solar cells
will be briefly introduced before turning to a more chemical description of perovskites and their
derivatives, as well as the current state of research regarding halogenido metalates of the heavy
group 15 elements.

1.1 Solar Cells

1.1.1 Silicon based solar cells and basic principles

In 1954, Chapin, Fuller and Pearson reported on "a new silicon p-n junction photocell for
converting solar energy to electrical power"[2], and with that were the first to make use of a
silicon p-n junction for solar energy harvesting. They created a solar cell that achieved around
6 % power conversion efficiency (PCE), far more than ever before, and that was in its principle
construction the same as the most common type still used today.
The key part to the success was the p-n junction, which is a sample of a semiconductor doped
in a way that it has a p-type region, where there is a large excess of positive charge carriers, i.e.
"holes", directly in contact with an n-type region, with a large excess of negative charge carries,
i.e. electrons. Most solar cells to date are made out of boron-doped silicon for the p-side and
phosphorus-doped silicon for the n-side. These elements fit into the crystal lattice of silicon
forming solid solutions[3] and have one valence electron less, in the case of boron, or one valence
electron more in the case of phosphorus. Therefore, there is a lack of electrons on the boron-
doped side, meaning an excess of holes, and an excess of electrons on the phosphorus-doped
side.
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1 Introduction

Figure 1.1: Simplified schematics of an unsymmetrical and abrupt p-n junction. Adapted form [4–6].

These charge carriers diffuse through the silicon at temperatures above absolute zero, even
without any radiative excitation, and, especially, move away from regions of high concentrations.
This means that electrons diffuse from the n-side to the p-side and holes from the p-side to the
n-side and, if they meet, combine with one another. This depletes the region around the p-
n border of free charge carriers, therefore called the depletion zone, and leaves uncompensated
positively charged donor atoms at the n-side and negatively charged acceptor atoms at the p-
side. This creates a potential difference—the diffusion voltage VD—between the two sides, which
induces an electric field and with it a drift current opposing the diffusion current, cancelling it
out perfectly so that no current flows at equilibrium.
The distance between the edge of the valence band and conduction band, the electrical band
gap Eg, is constant throughout the whole semiconductor, but the potential difference between
the two sides of the junction causes the bands to bend in the depletion zone so that they are
shifted by |eVD| (e being the elementary charge) to lower energies on the n-side.[4–6] Figure 1.1
gives an overview of this situation in an unsymmetrical and abrupt p-n junction. The words
"unsymmetrical" and "abrupt" describe that the dopant levels on both sides are not equal (which
is the case in most applications), and that for the sake of simplicity a sudden jump of dopant
concentration instead of a gradient between the p- and n-side is assumed.

If radiation of energy larger than Eg is incident on the junction, it ionizes the atoms, creating
additional charge carriers in the form of electron-hole pairs. These pairs are separated in the
electric field with the electrons getting pushed towards the n-side and the holes getting pushed
towards the p-side. This can also be understood as the charge carriers following the curves of the

2



1.1 Solar Cells

Figure 1.2: Typical current-voltage characteristics of a solar cell under constant irradiation (left, adapted
from [7]) and Shockley-Queisser limit at an air mass of 1.5 (right, [9, 10]).

valence and conduction bands: An electron, that gets excited into the conduction band, moves
towards the point of lowest energy (to the left in figure 1.1), while the corresponding hole also
lets electrons flow to the left in the valence band, therefore moving to the right itself. As a result,
a photovoltaic potential is generated and, when the two sides of the junction are connected, a
constant current flows (under constant irradiation), which can be harvested.[4, 7]
This means a basic solar cell can be constructed by simply contacting the two differently doped
sides of the single crystal that the junction is made out of in a way that light can still reach
the crystal. Generally, this is accomplished with normal metal contacts on the back side and
thin metal strips or glass with a conductive coating of indium tin oxide (ITO) or fluorine-doped
tin oxide (FTO) on the front side.[8] It does not matter if the p- or the n-side is in the front.
However, the front layer needs to be thin enough for light to penetrate it and reach the actual
junction region, i.e. the depletion zone.[2]
Given a defined irradiation power per surface area, the short circuit current Isc, which is the
maximum current that flows when the two sides of the junction are shorted, and the open circuit
voltage Voc, the maximum voltage when no current flow is allowed, are measurements for the
performance of the cell. The output power of a solar cell can never reach Isc · Voc. However, as
illustrated in figure 1.2, the product I ·V can be optimized to above 80 % of Isc ·Voc. This value,
though, is not the overall power conversion efficiency (PCE) of the solar cell. It is only the part
of the PCE that can be optimized by technical means like minimizing the resistance of contacts
and carefully choosing the load in terms of output current and voltage. [4, 7]
Isc and Voc themselves as well as the curve connecting them in figure 1.2 are strongly dependent
on the charge carrier characteristics, such as lifetimes and diffusion length in the p-n junction. In
a perfect crystal, these are material constants, but they are also influenced by defects introduced
in the fabrication process, which act as recombination sites for electrons and holes.
Another very important factor for the PCE, that is also fairly easy to determine for new mate-
rials, is the band gap Eg of the junction material. Only radiation of energy larger than the Eg

is able to create electron-hole pairs. Therefore, a smaller band gap leads to more charge carriers
being injected into the junction and thus a larger Isc. On the other hand, Eg is also the maximal
energy that can be harvested per photon, so a smaller band gap also means a smaller Voc.[7]

3



1 Introduction

Considering the solar spectrum as that of a black body at 6000 K and taking the atmospheric
absorption at an air mass of 1.51 into account, a theoretical limit for the PCE of solar cells,
the Shockley-Quiesser limit, can be calculated.[9, 10] From the diagram in figure 1.2, it is clear
that band gaps in the range of 1 eV to 1.6 eV are desirable for the absorption layer of a solar
cell. Even if the absorption layer is no p-n junction, like with other types of solar cells described
later, the Shockley-Queisser limit is still applicable and the value of Eg can serve as a useful
first assessment for new materials.
For silicon, which has a band gap of Eg = 1.08 eV at room temperature, the Shockley-Queisser
limit gives a maximum theoretical PCE of 32 %. Through the optimization of parameters like
silicon-conductor contacts, layer thickness of the depletion and the p/n-zones as well as anti-
reflective coatings, it has been possible to push the actual PCE as high as 26.7 % with an Voc of
0.74 V and a Isc of 42.65 mA per cm2 front area at AM1.5.[11]
To achieve these values, however, very pure and large single crystals of silicon are needed, which
are very expensive in terms of money as well as energy. In the earlier days of silicon solar cells, it
even was a major concern, that the cells might not be able to reach the point of positive returns
just in terms of energy output during their life time.[4]
Because of that, starting in the 1970s, large efforts were devoted to cells based on thin films of
amorphous or microcrystalline silicon. Instead of cutting wafers from large melt-grown crystals,
the thin films can be fabricated by decomposing silane gas, SiH4, and doped by simply adding
diborane, B2H6, or phosphane, PH3, to the gas. This saves on energy and material, significantly
reducing the overall costs.[12] Unfortunately, with only up to 11.9 % PCE, the performance of
such cells remains far behind those of single crystalline silicon cells.[11]
Of course, other common semiconducting materials have been and are being explored as alter-
natives to silicon. But currently, cells using these materials cannot match crystalline silicon in
performance, price, or both. Still, gallium arsenide cells need to be mentioned at this point,
as they are the only cells that can outperform crystalline silicon cells with a PCE of 29.1 %,
although while being more expensive.[11]

1.1.2 Dye-sensitized solar cells

In search of cheap alternatives to silicon-based solar cells, dye-sensitized solar cells (DSSCs),
which have a fundamentally different working principle, emerged in the 1990s.[13] Instead of a
p-n junction made from a small band gap semiconductor, a semiconductor with a very large
bandgap, in most cases TiO2 in its anatase modification (Eg = 3.2 eV), is used.[14] Since this
band gap is far too large for efficient solar energy harvesting, the semiconductor is "sensitized"
with an organic or metal-organic dye optimized for visible light absorption. Put differently, with
the help of a large band gap semiconductor the very good absorption properties of (in bulk form)
insulating dyes are made usable for solar energy conversion.

1Air mass is a term to describe the effect of atmospheric absorption on the solar spectrum. An air mass of
1.5 (AM1.5) corresponds to the sun being 37 ° above the horizon at sea level. The delivered power density under
these conditions is nearly exactly 1000 W/m2. AM0 would be just outside the atmosphere while AM1 would also
be at sea level but with the sun directly overhead.[10]

4



1.1 Solar Cells

Figure 1.3: Structure and working principle of DSSCs with a porous absorption layer of dye-coated
TiO2-nanoparticles as introduced by O’Regan and Grätzel. Adapted from [13, 14, 16].

A DSSC is generally built up of five layers: A transparent electrode of ITO/FTO-coated glass,
an electron transport layer made from TiO2 or some other large band gap semiconductor, the dye
as the absorption layer, a hole transport layer (some electrolyte), and the counter electrode.[14]
The absolute energy levels of the conduction band minimum (CBM) of the semiconductor and
the HOMO and LUMO of the dye need to be carefully tuned. The LUMO should be very close
to but just above the CBM and the HOMO as far below as possible, while maintaining a good
HOMO-LUMO distance for sunlight absorption. The HOMO-LUMO distance is often referred
to as the optical band gap Eg, although the dye does not have valence and conduction bands
like a classical semiconductor. However, the role of this distance is very similar to that of a
semiconductor’s band gap in terms of which wavelengths are absorbed and how much energy
can at best be harvested per photon.
When the dye is irradiated, an electron is excited from the HOMO to the LUMO and then
injected into the conduction band of the semiconductor that makes up the electron transport
layer. This leaves the dye in an oxidized state and it needs to be reduced again to be able to
absorb more light. This is taken care of by the hole transport layer, which in most cases is
an electrolyte solution containing a redox couple like I– /I3

– or Br– /Br2.[15] This reduces the
dye back to its ground state and is itself reduced by electrons from the counter electrode. The
reduction potential of the redox couple also needs to be tuned to the HOMO of the dye, so that
it is only just able to reduce the dye to minimize energetic losses.[13, 16] A diagram of a DSSC
including the working principle is shown in figure 1.3.

Although the basic concepts for dye-based systems have already been known for a long time
before the 1990s, the problem preventing DSSCs has been the insulating nature of the dye or, in
other words, very poor charge carrier mobility. This makes it necessary for the dye molecules to

5



1 Introduction

be in direct contact with the semiconducting layer to enable the injection of electrons. Unfortu-
nately, such a thin dye layer absorbs less than 1 % of incident light, not nearly enough for efficient
solar energy conversion.[13] In 1991, however, O’Regan and Grätzel were able to combine the
electron transport layer and the dye into one porous layer of dye-coated TiO2-nanoparticles,
which are sintered together for conductivity. In combination with a specialized bipyridine/-
cyanido ruthenium complex for the dye,[17] they achieved a PCE of over 7 % at AM1.5. This
put DSSCs in direct competition with amorphous silicon-based cells.[13]
Since then, large efforts to improve this have been made.[14] Besides optimizing the energetic
levels mentioned above, less aggressive solid-state electrolytes/hole transport layers like cop-
per halides or organic materials like spiro-OMeTAD (2,2’,7,7’-tetrakis(N,N’-di-p-methoxyphenyl-
amine)-9,9’-spirobifluorene) [18] have been introduced, allowing the use of a much larger variety
of dyes and electrode materials. These investigations have been especially fuelled by an esti-
mation by Snaith, who predicted that, if the energetic losses due to intrinsic resistance and
less than ideal fit of energy levels between CBM, LUMO, HOMO, and reduction potential are
minimized, a PCE of above 20 % should be achievable.[16] However, since this educated guess
in 2010, only minor improvements in efficiency have been made and the best PCE of a DSSC
today is still only 11.9 %.[11] This value is certainly not exceptional but can be considered good
enough and definitely very promising when put into the context of production costs. There is
no need for costly ultra-high purity silicon wafers, and the efficiency is on par with thin-film
silicon cells. In addition, the different layers can simply be printed onto a substrate, immensely
reducing production times and costs. In some cases, when an organic polymer is chosen instead
of a glass substrate and the generally metallic counter electrode is swapped for a carbon cloth,
the devices can even be made flexible.[19, 20]

1.1.3 Perovskite solar cells

Perovskite solar cells (PSCs) started out in 2009 as a subclass of DSSCs and the basic structure
is very similar (see figure 1.3). Mainly because of the high absorption coefficients and suitable
optical band gaps, Miyasaka and co-workers swapped out the common organic dyes for the
predominantly inorganic, perovskite-structured methylammonium lead iodide and bromide with
the sum formula (MeNH3)PbX3 (X = I, Br).[21] These two compounds were later expanded
to a large range of perovskite-structured lead halide compounds with various small cations.[22]
This class of materials will be described in more detail in section 1.2 and for now summarized
as halide perovskites.
The first PSCs had efficiencies of 3.1 % to 3.8 % and where thought to function similarly to
DSSCs.[21] When different cell architectures were explored, though, it became clear that an
ultra-thin perovskite film adsorbed onto a mesoporous TiO2-layer was not necessary, even coun-
terproductive[23], and that the halide perovskites, in contrast to (metal-)organic dyes, were
intrinsic semiconductors, allowing for much better charge transport through the cells. Investiga-
tions on cells with TiO2 as the electron transport layer and the aforementioned spiro-OMeTAD
as the hole transport layer revealed that the potential curve across the cell resembles that of a

6



1.1 Solar Cells

typical p-n junction at the TiO2/(MeNH3)PbI3 interface very similar to the idealized diagram
in figure 1.1.[24] And although the carrier diffusion process is not yet as well understood as
for silicon solar cells, the facts that charge carriers can diffuse efficiently through the absorp-
tion layer, and there is no need for any redox chemistry to happen in the cell, allow for much
more flexibility in the design. It is possible to construct PSCs with mesoporous TiO2 scaffolds
or, instead, compact halide perovskite layers and even to completely omit the hole or electron
transport layer increasing the maximal obtainable Voc.[25, 26] However, the use of these layers,
which are dedicated to efficient charge carrier collection, generally enhances Isc more than their
omission enhances Voc. Thus, the most efficient cells commonly make use of them, and the cur-
rent record PCE of 25.7 % was obtained with a TiO2/halide perovskite/spiro-OMeTAD setup.
This was, however, in a small, experimental cell, but generally, PCEs well above 20 % in larger
and scalable devices are possible.[11, 27] These results combined with the still very cheap and
fast fabrication methods similar to DSSCs challenge the long-time throne of crystalline silicon
cells. But although the efficiencies of silicon and perovskite cells are practically equal and a lot
of research effort is being put into halide perovskites, there are still huge problems, that prevent
large-scale application.

Problems of PSCs

The strongest concern is, of course, the well-known toxicity of lead, which poses major risks to
the environment.[28, 29] Solar cells need to be installed open to the elements for sunlight to be
able to reach them and are also expected to have lifetimes of 25 years or longer with little to
no need for servicing. Considering the huge scope of possible deployment of solar cells, leakage
of lead compounds needs to be completely inhibited. And although the devices can be packed
into very rugged encapsulations to withstand all kinds of weather, this drives up the costs. An
additional risk, especially in terms of deployment in a private, residential context, are house
fires. Babayigit and co-workers estimated that in case of large-scale application, 15 tons of lead
could be released per year in the form of toxic fumes into residential areas from solar cells on
roofs of burning buildings.[30]
Also, before and after the lifetime of a solar cell, the lead content poses a threat. It is not
really a problem to take precautions during production to keep toxic substances contained, but
the recycling or disposal needs to be controlled as well. A company that produced a cell might
not exist anymore at the end of its lifetime to take it back for recycling, or the new owner of
a building might be oblivious to the special devices on its roof. Control mechanisms to keep
lead-based solar cells from landfills are starting to be implemented by photovoltaic companies,
but the progress is still too slow, and legislatory systems are also not keeping up.[28, 30]

All these toxicological issues would not be of such large concern, if (MeNH3)PbI3 and its rela-
tives were as stable as silicon and just stay where they are, even if the encapsulation is broken.
However, this leads to the second major problem of PSCs: The stability of the halide per-
ovskites.
The prototypical (MeNH3)PbI3 is highly sensitive to moisture and not quite as highly but still
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1 Introduction

significantly sensitive to atmosphere (O2, N2, vacuum).[25] Under humid conditions it first re-
versibly forms a photovoltaically inactive hydrate that then—irreversibly—decomposes further
into lead iodide and methyl ammonium iodide, which can leak from the cell.[31] The atmosphere
seems to mostly just influence the surface of the (MeNH3)PbI3 crystals or films through inter-
actions with defects and alter the luminescence properties, but the influence on photovoltaic
performance of this phenomenon is not yet fully investigated.[32–34] However, oxygen, in par-
ticular, has been shown to get photo-catalytically reduced to the superoxide radical anion, O2

•– ,
at the perovskite surface and then is able to oxidize the iodide ions in (MeNH3)PbI3, destroying
the compound.[35]
While these issues of external stability can be sorted out by the anyhow necessary encapsulation
and are therefore more or less negligible, this is not the case for temperature and light sensi-
tivity. (MeNH3)PbI3 shows severe decomposition even under dry conditions in air as well as
vacuum at temperatures as low as 90 ℃.[36] At the moment, this can only to a certain degree
be sorted out by substituting part of the methylammonium for other ions (see section 1.2.2). In
addition, (MeNH3)PbI3 is sensitive to UV light, especially in the presence of TiO2, which acts
as a photocatalyst for the degradation reactions. Efforts to mitigate this problem by adding UV
blocking layers, special separators between TiO2 and the perovskite, or moving to other electron
transport materials, are showing promising results regarding the stability but also decrease the
overall PCE.[37–39] To make matters worse, (MeNH3)PbI3 has been found to be unstable to
electric fields. If a potential is applied, either externally or internally by illumination of the
cell, iodide and methylammonium ions migrate through the crystal towards anode or cathode,
respectively, also destroying the compound.[40, 41]

All these issues lead to a lifetime of only a few years (extrapolated), during which the cell keeps
up at least 80 % of its initial performance with the best estimations being about five years.[42]
It goes to show that, despite the immensely promising results of halide perovskite based solar
cells concerning their initial PCEs, they might not be the final solution for cheap and accessible
photovoltaics, and researchers need to look towards other related but lead-free and hopefully
more stable semiconductors for the next generation of solar cells.
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1.2 Perovskites

1.2.1 The perovskite structure family

Historically, "Perovskite" is the mineral name of CaTiO3, discovered in 1839 in a collaboration
between Russian and Prussian mineralogists Gustav Rose and August Alexander Kämmerer.[43]
As more and more minerals were discovered and characterized though, it became the namesake
of a whole family of compounds that feature the same or slightly distorted crystal structure as
CaTiO3 and have the general formula ABX3, where A and B are cations and X is an anion. In
this structure, the A and X atoms form a cubic closest packing with the A atoms distributed so
that they are always surrounded by a cuboctahedron of twelve X atoms. In that scaffold, the B
atoms occupy a quarter of the octahedral holes, exactly those that are completely made up of X
atoms. This leads to a network of all corner-sharing {BX6}-octahedra like in the ReO3-structure
type with the A atoms again being in the cuboctahedral holes, which would be empty for ReO3

(see figure 1.4).[44] Ironically, CaTiO3 itself does not crystallize in the ideal cubic perovskite
structure (at temperatures below 1600 K) but in the GdFeO3-structure type, a distorted, or-
thorhombic version with the octahedra slightly tilted.[45, 46] The ideal structure is adopted by
the heavier homologue SrTiO3.[47] Still, the GdFeO3-structure type together with other more or
less distorted versions of the cubic perovskite type belong to the perovskite structure family.[44]

Figure 1.4: Excerpts of crystal structures of the perovskite family and the related ilmenite with corre-
sponding Goldschmidt-factors: SrTiO3 [47], FeTiO3 [48], CaTiO3 [45], BaNiO3 [49].
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To predict the adopted structure and estimate the distortion Goldschmidt and co-workers de-
veloped a tolerance factor based on the ionic radii r of A, B, and X in 1926.[47, 50] Nowadays
this factor is mostly referred to as the Goldschmidt-factor τ :

τ = rA + rX√
2(rB + rX)

Of course, τ strongly depends on the ionic radii used, which are not always clear, as the per-
ovskites are not fully ionic crystals but coordination compounds. The Goldschmidt-factor, there-
fore, can only be a rough estimation. Still, if 0.8 < τ < 1, the perovskite structure is generally
observed with the ideal cubic structure for τ > 0.89 and distorted versions for smaller values.
This is easy to grasp when looking at the radius of A, which, if small, leads to a small τ , and
tilting of the {BX6}-octahedra decreases the size of the cuboctahedral hole. In extreme cases
(τ < 0.8) the octahedra are tilted so far, that they are edge-sharing instead of corner-sharing and
the former cuboctahedral hole becomes an octahedral hole, yielding the ilmenite structure type
(FeTiO3). If in the contrasting case τ exceeds 1, the hexagonal perovskite structure is observed.
Here the A and X atoms form a hexagonal closest packing instead of a cubic one, leading to face
sharing {BX6}-octahedra.[44] All structural motifs are shown in figure 1.4. It should be noted,
that there are many variations of ABX3 structures based on mixtures of cubic and hexagonal
packing of the A and X atoms, which also belong to the perovskite structure family. However,
these, as well as the normal hexagonal perovskite, are not relevant to this work. Therefore, the
term "perovskite" always refers to the cubic version or one of its distortions from here out.

1.2.2 Perovskite-structured halogenido metalates

Although the examples for perovskites in section 1.2.1 are all oxide-based minerals with ionic
charges of +2, +4 and −2 for A, B and X, respectively, it is of course also possible to achieve
the ABX3-formula with charges of +1, +2 and −1. Halide salts with this composition, namely
CsPbX3 with X = Cl, Br, I, have been synthesized as early as the late 19th century by Wells and
co-workers,[51] but were just discovered to adopt the perovskite structure by Møller in 1957,
since they do so only at elevated temperatures.[52] One year later Møller also reported that all
three CsPbX3-compounds show photoconductivity, characterizing them as semiconductors and
therefore setting them apart from the oxide perovskites, which are mostly insulating and only
show, piezo-, pyro- or ferroelectricity.[25, 53] However, the photoconductive behaviour is only
observed for the perovskite-structured phases, which are high-temperature phases and at best
meta-stable at room temperature. This is also represented in the Goldschmidt-factor of τ = 0.8
for CsPbCl3, just at the lower threshold for perovskite structures and even smaller values for
the bromide and iodide.[52] The colour, i.e. the optical band gap, of the compounds is deter-
mined by the choice of halogen and ranges from light yellow for the chloride to dark red for the
iodide.
These halide compounds can generally be classified as halogenido metalates and, in contrast to
the oxide perovskites, often be synthesized from solution, allowing for easy variation of cations
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and especially the use of organic ones.[54] This led to the synthesis of the today very famous
(MeNH3)PbI3 (Me = methyl, CH3) as well as its chlorine and bromine homologues in 1978
by Weber.[55] Due to the slightly larger size of the methylammonium cation compared to the
caesium cation, all three (MeNH3)PbX3-compounds crystallize in a perovskite structure at room
temperature with the I-compound having the smallest Goldschmidt-factor of τ = 0.91. While
the Goldschmidt-factor of compounds featuring non-spherical organic ions is even less reliable
than for all-inorganic compounds, this fits well with the proposed border of τ = 0.89 between
the distorted and ideal cubic regions. Accordingly, the Cl- and Br-compounds adopt the cubic
structure, whereas (MeNH3)PbI3 is found in a slightly distorted tetragonal version that transi-
tions to the cubic phase at 54 ℃.[56] The compounds inherit the semiconducting properties of
their perovskite-structured caesium relatives. Weber also found that it was possible to synthe-
size mixed halide compounds, which form solid solutions rather than distinctly ordered double
anionic structures, and was able to finely tune the colour (optical band gap) by varying the
halide ratios.[55]
By the end of the 20th century, many other perovskite-structured group 14 halogenido meta-
lates featuring tin and germanium for the B-site as well as different inorganic and small organic
cations for the A-site were synthesized.[54, 57] Despite this early discovery and the very interest-
ing properties regarding optical absorption and also strong and tunable photoluminescence[54],
no serious application was under discussion for this family of compounds until the discovery of
PSCs.

Starting with Miyasaka’s publication about the first PSC in 2009[21] the research interest has
increased tremendously. Given the success but also the problems of (MeNH3)PbI3 described
in section 1.1.3, the research focused—and still focuses—on two main aspects: Understanding
what makes (MeNH3)PbI3 such a good material for solar absorption and, on this basis, designing
more stable and less toxic alternatives.

Properties of (MeNH3)PbI3

The great qualities of (MeNH3)PbI3 itself are quite well understood at this point and come
down to the composition of valence and conduction band edges. The conduction band minimum
(CBM) is mostly made up of unoccupied Pb(p)-orbitals, while the valence band maximum
(VBM) comprises occupied I(p)-orbitals with a contribution of the lone pair Pb(s)-orbital (see
figure 1.5). The A-site cation (here methyl ammonium) is not found to contribute to the states
at the band edges.[58] The composition of the CBM and VBM is somewhat inverted as compared
to classical semiconductors like Si or GaAs, where the CBM consists mostly of s- and the VBM of
p-orbitals. However, the situation in (MeNH3)PbI3 results in a good delocalization of the frontier
orbitals, which gives rise to exceptional electron as well as hole mobilities and long charge carrier
diffusion lengths.[59] In practice, diffusion lengths for both, electrons and holes, of over 100 nm
in pure (MeNH3)PbI3 thin films[60] and over 1 µm in chlorine-doped (MeNH3)PbI3 thin films[61]
have been observed.
It is very surprising that these results are accomplished using solution-processed films, which are

11



1 Introduction

Figure 1.5: Left: Excerpt of the tetragonal distorted perovskite structure of (MeNH3)PbI3 at room
temperature. Hydrogen atoms and disorder of the (MeNH3)+-ions are omitted.[62] Right: Simplified MO-
schemes visualizing the contributions of atomic orbitals to states near the band edges of (MeNH3)PbI3.[58]
DI and DPb denote the qualitative energy levels of defect states induced by I- and Pb-vacancies, re-
spectively. As these states are composed mainly of non-bonding atomic orbitals of the residual atoms
("dangling bonds") and the states at both band edges have anti-bonding nature they lie in between the
corresponding atomic orbitals and band edges.[59]

generally very prone to defects due to the fast crystallization times and a high number of grain
boundaries. Such defects are among the main reasons why the thin film silicon cells mentioned
in section 1.1.1 are still showing very low PCEs compared to single crystal silicon cells. The
defects introduce additional states in the band gap, where charge carriers can get trapped and
recombine, therefore greatly reducing charge carrier diffusion lengths. The phenomenon, that
(MeNH3)PbI3 still features great charge carrier characteristics, is generally summarized under
the term "good defect tolerance". Yan and co-workers calculated the energy levels of possible
defect states as well as their formation energies and analyzed them in great detail.[59] They
found that the composition of the band edges leads to the defect states induced by vacancies
or interstitial ions being very shallow, meaning they lie close to the band edges, and therefore
do not represent good trap sites. For I- and Pb-vacancies this is exemplarily shown in figure
1.5. Defect states caused by ion substitution on the other hand lie deep within the band gap,
providing points for non-radiative recombination of charge carriers. However, it turns out that
the substitutional defects have very high formation energies, leading to few of the problematic
deep states being formed in the first place.
This explains the exceptional behaviour of (MeNH3)PbI3 thin films regarding charge carrier
characteristics and also gives hope that other compounds with similar bonding situations might
show good defect tolerance as well.

In addition, (MeNH3)PbI3 shows an optical band gap between 1.51 - 1.55 eV, depending on
sample preparation and measurement setup[21, 63], which fits the range defined by the Shockley-
Queisser limit. The absorption coefficients for light of energy larger than Eg are with 4.3 ·
105 cm−1 at 360 nm to 1.3 · 105 cm−1 at 550 nm even higher than the best performing dyes used
in DSSCs[64], and can be explained with the direct nature of the bandgap.[59] Such a high
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optical absorption in combination with the long charge carrier diffusion length allows for the
fabrication of devices where the absorption layer is as thin as or thinner than the charge carrier
diffusion lengths while still absorbing all of the incident light. This leads to an incident photon
to electron conversion near 100 % and thus, very high PCEs.

Alternatives for (MeNH3)PbI3

As mentioned before, the greatest hurdles for the application of (MeNH3)PbI3 in solar cells
concern the stability of the compound. This can be addressed by substituting the methyl
ammonium cation to improve the spatial fit as indicated by the Goldschmidt-factor and alter
the interactions with the surrounding atoms through changing the cation’s dipole moment or
hydrogen-bonding options.[54, 65] Such a substitution at the A-site of the perovskite structure
should not impact the band structure significantly and therefore maintain the excellent prop-
erties.[58, 59] However, finding suitable cations is not easy. In practice, it was found that the
most stable and also well-performing compounds are achieved not by substituting methyl am-
monium completely, but only partially. It turned out that, if ions of not too different size, like
for example formamidinium (HC(NH2)2

+), are used in combination with methyl ammonium,
solid solutions (MeNH3)x(HC(NH2)2)1–xPbI3 can be formed. Here the two A-site cations are
statistically distributed throughout the crystal and even the Goldschmidt-factor can be applied
to predict stable combinations and ratios of cations, if the ionic radii used for the calculation
are weighted according to the percentage of the ions. Of course, the possibilities here are not
limited to (MeNH3)+ and (HC(NH2)2)+ or even just two different ions, but so far lead halide
perovskites with 60/40 mixtures of methyl ammonium/formamidinium are not only leading
stability-wise but also are among the top performing absorber materials in prototypical solar
cells.[22, 25]
Aside from the A-site ion, the halide can be substituted in a similar way and with similar results.
However, the halide significantly influences Eg with lighter halides raising this value. Therefore,
only small amounts of bromide or chloride are used, when the application in PSCs is intended, to
remain within the range of the Shockley-Queisser limit.[25] Still, the possibilities of this concept
are huge and compositions with up to six different ions distributed over the A- and X-sites are
being investigated.[22]

With these methods of mixed-ion-substitution, the stability issues of (MeNH3)PbI3 can be im-
proved significantly, but not yet sorted out completely, as already mentioned in section 1.1.3.
Furthermore, the problem of toxicity remains. A suitable substitute for the Pb2+-ion in the
halide perovskite structure not only needs to have a similar size and the same charge but also
the same valence electronic structure of unoccupied p-orbitals and a fully occupied s-orbital,
as this is crucial for the outstanding charge carrier characteristics and defect tolerance. This
only leaves Sn2+ as a substituent. The corresponding (MeNH3)SnI3 crystallizes similarly to
the lead analogue in a tetragonally distorted perovskite structure and also inherits most of its
electronic perks while featuring a band gap of 1.25 - 1.3 eV, which is even better suited for solar
absorption than that of (MeNH3)PbI3.[66] Still PCEs of tin-based PSCs remain quite low at
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Figure 1.6: Concept of 2d-perovskites, examples for the ⟨100⟩-direction with thickness of the
perovskite layer of n = 1 ((BuNH3)PbI4[74]), n = 2 ((BuNH3)2(MeNH3)Pb2I7[75]) and n = 3
((BuNH3)2(MeNH3)2Pb3I10[75]). For the butylammonium/methylammonium/lead/iodide system all
compounds for up to n = 7 are known.[75–77]

only around 8 %[67] which is attributed to poor thin film quality[68] and stability issues due to
easy oxidation of Sn2+ to Sn4+, which is not a problem for lead.[25, 69] Overall, tin halide per-
ovskites suffer from similar issues as their lead counterparts, but are not yet as well investigated
despite (MeNH3)SnI3 being first reported and characterized by Weber in 1978—even before he
published his results on (MeNH3)PbI3 in the same year.[57]

1.2.3 Derivatives of the perovskite structure

In search for more stable alternatives, researchers have also looked beyond the strict perovskite
motif and discovered (or rediscovered) a range of compounds whose structures can be derived
from perovskite and are therefore hoped to have similarly suitable properties.
The first class of these derivatives are compounds that feature two-dimensional cut-outs of the
perovskite motif, which in the community are mostly referred to as layered or 2d-perovskites.
There is, however, an ongoing debate about the proper nomenclature of these substances and
whether they should or should not be called perovskites.[70–72] Following the majority of pub-
lications, they will be referred to as 2d-perovskites in this work.
These compounds can be made by substituting the A-cation of the parent perovskite partly or
completely with a much larger organic cation, mostly an ammonium ion with a long organic
group attached like n-butylammonium or 2-phenylethylammonium. The ammonium groups can
interact with the halides of the perovskite via hydrogen bonds while the organic substituents are
attracted to one another by van-der-Waals interactions. This leads to the formation of cationic
organic layers alternating with layers of perovskite cut-outs. The perovskite layers are mostly
slices through the parent structure perpendicular to the simple lattice directions ⟨100⟩, ⟨110⟩ or
⟨111⟩, as shown in figure 1.6, although more complex motifs are known as well.[73]
It should be mentioned that structurally very similar motifs were reported as early as the middle
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Figure 1.7: Excerpts of crystal structures derived from perovskite: Left: elpasolite-structured
Cs2AgBiBr6.[86] Middle: elpasolite-like vacancy perovskite Cs2SnI6 with vacancies highlighted by translu-
cent spheres.[87] Right: layered vacancy perovskite Cs3Sb2I9.[88]

of the 20th century in the form of purely inorganic Ruddlesden-Popper- and Dion-Jacobson-
phases, which were oxido or flourido metalates of d-block elements similar to the original per-
ovskite.[78–80] When disregarding the organic nature of the cations used today, many of the
modern 2d-perovskites can be classified as one of these phases as well.[75]
Interestingly, the thickness of the perovskite layers can often be tuned quite easily by altering
the ratio of the small perovskite-A-site cation (Cs+, MeNH3

+, . . . ) and the larger layer-dividing
cation (nBuNH3

+, PhEtNH3
+, . . . ). The higher the amount of the larger cation is, the thinner

the perovskite slices become, and with the correct choice of ions, the perovskite can even be "cut
down" to 1d-chains or discrete {BX6}-octahedra.[54, 73, 81]
Concerning the photovoltaic performance, the 2d-perovskites generally show improved stability
as compared to (MeNH3)PbI3 but also have significantly larger optical band gaps, which leads
to a decrease in the PCE of prototypical devices.[81–83] This increase of the band gap is not
so large of a problem when moving to tin-based materials, which have a lower Eg, anyway, and
for which similar 2d-perovskite structures are accessible. Here, the increase in stability opens a
promising path towards stable and lead-free absorber materials.[84]

Another way to overcome lead in perovskites is by heterovalent substitution. This means the
bivalent Pb(II) is replaced with equal amounts of a monovalent metal ion and a trivalent metal
ion, yielding the general formula A2BIBIIIX6. The resulting structure is a perovskite superstruc-
ture, named after the mineral elpasolite, K2NaAlF6[85] but sometimes also referred to as double
perovskite (see figure 1.7).

To retain the good properties of (MeNH3)PbI3 it is reasonable to choose ions that also feature
the same s2p0 valence electronic configuration as lead. Therefore, the obvious choices are its
direct neighbours in the periodic table, Bi(III) and Tl(I), or, one period above, Sb(III).[58, 89]
For indium and even lighter elements the low oxidation state with s2p0 configuration becomes
increasingly unstable in halide compounds as compared to the fully oxidized s0p0 configura-
tion[90] and the use of highly toxic thallium is somewhat counterproductive to the substitution
of lead. This leaves no suitable monovalent p-block elements to accompany bismuth or anti-
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mony in the elpasolite structure. However, theoretical investigations have predicted that the
use of coinage metals (copper, silver, gold) should yield elpasolites with desirable properties as
well[91], but so far only the silver compounds, A2AgEX6 (E=Sb, Bi, X= Cl, Br) have been
synthesized.[86, 92–95] Initially the charge carrier lifetimes seemed favourable in these mate-
rials[86], but it quickly turned out that the large and indirect band gaps of around or above
2 eV[96] and the large carrier effective masses, which lead to low charge carrier mobilities[97],
result in low PCEs in experimental solar cells.[98] However, the combination of group 15 and
group 11 metals in halogenido metalates aside from the perovskite motif is still promising and
will be discussed in section 1.3.2.

If the B-site ion in the halide perovskite structure is substituted by an ion with a charge higher
than +2, there is also the possibility for the formation of perovskite superstructures with ordered
vacancies. In this case, the excess charge is not compensated by an ion of lower charge, like in
the elpasolite structure, but by vacancies at a given fraction of the B-sites. This allows for ions
of higher charge than +3, like Sn4+, to be incorporated into the perovskite parent structure.
For example, Cs2SnI6 adopts an elpasolite-like structure where there is a vacancy instead of
the lesser charged ion, Cs2□SnI6, as shown in figure 1.7. While this compound is not well
suited for solar absorption, it has been successfully used as a solid state hole transport layer in
DSSCs.[99]
Ions of +3 charge can also lead to vacancy perovskite structures. In this case, one third of the
B-sites are vacant and generally 2d layers perpendicular to the perovskite ⟨111⟩-direction are
formed. One of the compounds that adopt this structure is Cs3Sb2I9, which is also considered as
promising for photovoltaic applications.[100] However, more often the group 15 elements adopt
motifs different from the perovskite or its relatives, which will be described in the next section.
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1.3 Halogenido antimonates and bismuthates

So far the focus of this work has been on the photovoltaic application of perovskite-structured
halogenido metalates and their historic development. It has become clear that, while the per-
ovskite motif is very versatile and promising for the intended use case, the amount of perovskite-
structured compounds is limited, especially if lead is to be avoided, and a satisfactory material
for solar absorption within the halide perovskite family has not been discovered, yet. Therefore
structures beyond the perovskite motif need to be explored.

Antimony and bismuth are very close to lead in the periodic table and although their stable
+3 oxidation state does not allow the formation of the simple perovskite motif it features the
same s2p0 valence electronic configuration, that proved crucial for the outstanding photovoltaic
performance of (MeNH3)PbI3. Furthermore, bismuth is well known for its very low toxicity
due to low uptake in the human body[101] and while antimony is not quite as benign it still is
considered far less problematic than lead.[94, 102]
Similarly to the plumbates, halogenido bismuthates and antimonates generally show strong ab-
sorption in or very close to the visible range[103], photoluminescence[104] and in some cases
even non-linear optical properties.[105] Because of this, they are under investigation not only
for solar absorption but for a wide range of semiconductor applications, such as LEDs[106,
107], lasers[108] and radiation detection.[109, 110] Also similarly to the plumbates, they can be
synthesized easily at low temperatures from solutions of the antimony and bismuth tri-halides
and monovalent metal or organic halides (e.g. CsX, CuX, PPh4X,. . . ) in solvents like acetoni-
trile, acetone or aqueous hydrohalic acids. The amount of different anionic motifs that can
be obtained through variation of the cation as well as stoichiometry and concentration of the
reaction mixture is immense. However, it is near impossible to predict the structure for a new
set of reaction conditions as the metal-halide bonds are very labile and the final structure is
generally believed to only assemble upon crystallization from the small fragments that exist in
solution.[111] Often, the formation energies of different motifs are very close to one another and
multiple compounds can be isolated from the same reaction.[112]
In this section, the structural motifs of halogenido antimonates and bismuthates will be elu-
cidated with the exception of the fluorides. For these, the structures can be quite different
from the heavier halides and since the preparation also needs specialized equipment due to the
reactivity towards glass, fluorides were not investigated in this project.

1.3.1 Antimonates and bismuthates with binary anions

The dominating motif in halogenido antimonates and bismuthates is the {EX6}-octahedron
(E = Sb, Bi, X = Cl, Br, I) and the isolated, mononuclear [EX6]3– -ion is known for all
combinations of E and X in the solid state.[113–116] It is important to note here that the
octahedral structure of the [EX6]3– -ion defies the rules of the simple valence shell electron
pair repulsion model (VSEPR), which for six ligands and one lone pair at the central atom
predicts a coordination polyhedron with seven points, one of which should be vacant or rather
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Figure 1.8: Examples for mono- and binuclear motifs of complex halogenido antimonate and bismuthate
anions: [Me2NH2]3[BiI6][118], [PPh4]2[SbBr5][119], [Et2NH2]3[Bi2I9][120], [C2H5N4S]4[Bi2Br10][121],
[MeNH3]5[Bi2Br11][122], [nBu4N]2[Sb2Cl8][123] and [nPr4N]2[Sb2Cl8][123].

occupied by the lone pair. However, the lone pair has predominantly s-character, is therefore
spherical and does not point in any specific direction. It is "stereochemically inactive"[117] and
thus, an octahedral coordination is observed. For the lighter element combinations (both in
terms of the E and X) the octahedron can be distorted, though, as the shift in orbital energy
compared to the heavier elements allows for interaction between the group 15 s-atomic orbital
and the other frontier orbitals. This manifests for example in [BiCl6]3– , where in some (but
not all) cases three short and three long Bi-Cl bonds are observed and the lone pair expands
towards the face spanned by the three ligands, that are further away.[117] The fact that not
all [BiCl6]3– -ions show this distortion and that its amount generally varies quite a lot between
different compounds with the same [EX6]3– -ion, can be explained with the energy differences
between distorted and undistorted structures being quite small and in the same order of
magnitude as crystal packing effects.[116]
While [EX6]3– is the most common mononuclear motif, [EX5]2– -ions are known as well.
Here, a square pyramidal coordination geometry is observed, that, when taking the lone pair
into account can also be viewed as pseudo-octahedral—now in accordance with the VSEPR
model.
The last possible mononuclear anion is [EX4]– . It is, however, only known for lighter group
15 elements, for example as [PCl4]– , where it adopts a structure that can be described as
pseudo-trigonal bipyramidal with one of the equatorial positions being occupied by the lone
pair.[116]

Starting from these mononuclear motifs, binuclear ones can be constructed by simple dimerisa-
tion or through corner-, edge- and face-sharing, yielding the motifs shown in figure 1.8: [E2X9]3–

with face-sharing octahedra, [E2X10]4– with edge-sharing octahedra, [E2X11]5– with point shar-
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ing octahedra and [E2X8]2– , which consists of two {EX5} square pyramids, that share one of
their base edges. For [E2X8]2– , there are two isomers with the axial X ligands being either in cis-
or trans-orientation. The trans-variant, however, is more common.[111, 116] Generally, all four
compositions are known for all combinations of E and X, with [E2X9]3– being most frequent.
The only exception is [E2X11]5– , which is not known for the combination Sb/I.[124]

Following the same principles of point-, edge- and face-sharing larger anionic motifs can be
obtained as well. As the sheer amount of these motifs is immense and relevant compounds are
also discussed in the cumulative part of this work (section 3), it will only be looked at in the
form of a few examples. An overview is given in figure 1.9.
One recurring motif for large discrete anions is the arrangement of edge-sharing octahedra
analogous to cut-outs of the CdI2-structure.[44, 125] Two representatives of this class are
[C9H14N]4[Bi4I16][126] and [Fe(C5H5)2][Sb6I22][127]. Another important point to note for
multinuclear ions is, that one nominal composition is not restricted to only one motif and for
the [Sb6I22]4– -ion for example, four different isomers are known in the literature with a fifth
being part of this work (see section 3.2).[112, 127–129]
When looking at polymeric anions, many 1d-motifs are known as well. The structures
range from thin chains of point-sharing octahedra with mononuclear repeating units like
[C12H14N2][BiCl5][130] to thicker motifs with large repeating units like [C9H18N3]2[Sb6I20],
where the monomer again represents a cut-out from the CdI2-structure type.[131] The com-
parison of these two anions also points towards a general loose trend that can be observed:
The lighter halides tend to form smaller or less closely packed motifs featuring point-sharing
octahedra, while the heavy halides prefer more condensed structures with more edge- and
face-sharing.[116]
Surprisingly, in contrast to discrete and 1-dimensional anions, 2d-motifs are scarce. Besides
two types of ordered or disordered vacancy perovskite derivatives[132, 133] only one bismuthate
is known, which features unusual six-membered rings of point- and edge-sharing {BiI6}-
octahedra.[134]
However, there is a growing class of compounds featuring pseudo-2d structural motifs. Here
antimonate and bismuthate anions of low dimensionality are assembled in layers and separated
by organic cations. They can be viewed as a combination of the 2d- and vacancy-ordered
perovskites described in section 1.2.3 and are obtained by a similar route as the 2d-perovskites:
Large organic cations with a polar and an unpolar part tend to order themselves with the
unpolar parts pointing towards each other. This templates a structure with separate organic
and inorganic layers. The thickness of the organic layer is tunable through the choice of cations
and influences the optical properties. In some cases, if the van-der-Waals interactions between
the cations are weak, it is even possible to exfoliate the compounds into nanometer-thin
mono-layers, making them a new class of 2d-materials2.[103, 104]

2Note the difference between 2d-structural motifs and 2d-materials: Up until this point all mentions of "2d"
referred to structural motifs, where some part of a crystal structure (which by definition is periodic in three
dimensions) spreads in two dimensions. The term "2d-material", on the other hand, refers to materials that only
expand periodically in two dimensions, like for example graphene.
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1 Introduction

Figure 1.9: Examples for multinuclear and polymeric motifs of complex halogenido antimonate and
bismuthate anions: [Fe(C5H5)2][Sb6I22] with CdI2 like motif[127], [Fe(C12H8N2)3]2[Sb6I22] with a double
hetero-cubane like motif[128], chain like, polymeric [C12H14N2][BiCl5][130] and [C9H18N3]2[Sb6I20][131]
as well as layered polymeric [C5H12N][Bi2I7][134].

When looking at 3-dimensional anions the number of compounds is even smaller and only
chlorido species are known.[135]

As mentioned before, halogenido group 15 metalates show optical properties similar to the group
14 relatives. Especially, the optical band gap is mainly influenced by the halide, with iodine
resulting in the smallest and chlorine in the largest band gaps. In contrast to this, the relation
between the band gap and the period of the metal atom is inverted between groups 14 and
15. While the halogenido stannates show significantly smaller band gaps than the plumbates,
antimonates generally show larger band gaps than bismuthates. It is, however, not possible to
derive a strict rule from that, as for example with the vacancy ordered perovskites Rb3Sb2I9

and Rb3Bi2I9, the antimony compound shows the smaller band gap.[136] Still, in the very most
cases, the band gaps of halogenido group 15 metalates become smaller with increasing weight
of the elements. A nice example is the isostructural series of [C8H11NF]4[E2X10]. Here the
optical band gap neatly rises from 2.09 eV to 3.35 eV following the order [Bi2I10]4– < [Sb2I10]4–

< [Bi2Br10]4– < [Sb2Br10]4– < [Bi2Cl10]4– < [Sb2Cl10]4– .[103] For solar absorption, these
values are too high, as even for the combination Bi/I the band gap is well outside the range
defined by the Shockley-Queisser limit. However, the comparison of [C8H11NF]4[Bi2I10] with
(MeNH3)PbI3 is not quite fair, as the former features small, discrete anions, while the latter
consists of an extended inorganic 3d-network. It is well known that size and dimensionality
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1.3 Halogenido antimonates and bismuthates

of the anionic motif drastically affect the optical band gap of lead perovskites in the way that
larger motifs lead to smaller band gaps. The 2d-perovskites with perovskite mono-layers, for
instance, show much larger band gaps than (MeNH3)PbI3 of up to 2.4 eV.[75, 137] Although
no comprehensive study exists, it is assumed that this effect also translates to bismuthates and
antimonates. In section 3.4, this phenomenon is investigated in detail for a series of iodido
antimonates.
When looking at iodido bismuthates of larger anionic dimensionality like the chain-like
[BiI2(C12H24O6)][Bi3I10], the comparison with plumbates is much more promising as it shows
a band gap of 1.62 eV, close to the arbitrary upper limit of 1.6 eV considered good for solar
absorption.[138] Surprisingly, the layered [C5H12N][Bi2I7] features a larger band gap of 1.8 eV
despite the higher dimensionality of the anion.[134] However, with so few 2d-bismuthates
known, it is impossible to draw conclusions regarding trends.
In general, iodido antimonates and bismuthates also show photoconductivity, even if they
contain discrete anions, which is detrimental to charge carrier mobility.[139, 140] And although
prototypical solar cells with these materials have low PCEs of 1 - 2 %, they show greatly im-
proved stability over lead-based materials and provide a proof of concept, encouraging further
research towards compounds with smaller band gaps as well optimized device architectures.[141,
142]

1.3.2 Metalates with ternary anions

The challenge to find such halogenido antimonates and bismuthates with small band gaps is,
however, quite difficult at this point. While it is clear that iodido bismuthates are the most
promising of all halogenido pentelates, it still is very much of a guessing game in terms of what
cations template large or extended anionic motifs. Therefore, other methods of altering the
electronic and optical properties are explored and here the incorporation of hetero-metals has
proved promising.
The first example of a compound featuring such a ternary anion was
[Bi2(C4H8O3H)3(C4H8O3H2)][Bi5CuI19] with a chain-like structure, reported well before
the rise of perovskite solar cells in 2001 by Feldmann.[143] It features {Bi5I19}-cut-outs of the
familiar CdI2-structure, which are connected by {CuI4}-tetrahedra (see figure 1.10). For a
long time, the number of structures with ternary anions remained low, simply due to a lack of
research interest. This changed with the success of lead halide perovskites and the subsequent
discovery of the whole class of halogenido metalates for semiconductor applications. Today,
the number of known compounds is rapidly increasing, and while not yet as large as the
number of compounds with binary anions, the known ternary motifs suggest a similar structural
diversity.
Fuelled by the success of Bi/Ag-elpasolites, the focus has mainly been on stable and non-toxic
silver(I) and copper(I) as hetero-metals, but other elements have been explored as well. Often
the ternary anions are composed of subunits known from the binary ones, that are expanded
or interconnected by {MX6}- or {MX4}-units (M = hetero-metal). A very common motif is
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Figure 1.10: Examples for motifs of heterometallic halogenido antimonate and bismuthate
anions. Top row: Chain-like anions from [Bi2(C4H8O3H)3(C4H8O3H2)][Bi5CuI19][143],
[Cu(MeCH3)4]2[Bi2Cu2I10][144] and [Et4N]2[Bi2Ag2I10][144, 145]. Middle row: Anions containing
hetero-metals other than copper or silver from (Et4N)4(Bi4Hg2I20)[146], [C9H14N2]4[Bi2PbI16][147]
and [Na4(C3H6O)15][Bi2PtI12]2 · 3 (C3H6O)[148]. Bottom row: Discrete complexes containing
copper and silver as well as compounds stabilized by organic ligands: [PPh4]4[Bi2Ag2I12][149],
[PPh4]2[BiCu2I7(MeCN)][150], [PBz]2[Bi2Cu2I10(MeCN)] (Bz = benzyl, DABCO = 1,4-
diazabicyclo[2.2.2]octane)[144, 151–153], [SbCu3I6(PPh3)6][152, 154, 155]. Formulas refer to shown
structures, references include all mentioned variations.

{Bi2I10} with two edge-sharing octahedra. It can occur connected into different types of chains,
like in [Cu(MeCH3)4]2[Bi2Cu2I10][144] or [Et4N]2[Bi2Ag2I10][145], as well as discrete ions, like
in [Et4N]4[Bi4Hg2I20].[146] When phosphorous or nitrogen-based ligands, especially acetonitrile
as the solvent or ammonium ions, that can be deprotonated, are available, the formation of
discrete [Bi2Cu2(L)2X10]2– (L = ligand) is also observed frequently.[151–153] Besides that
motif, of course, many others are known as well and figure 1.10 gives an overview.
Phosphine ligands are well known to coordinate coinage metals[156], and proved to be able to
stabilize a few other discrete motifs resulting in overall neutral complexes in many cases. In this
sub-class, especially a series of isostructural compounds for different E/M/X combinations are
important. These compounds help verify the trends in band gap energy observed with binary
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Figure 1.11: Excerpts of the crystal structures of the 2d-elpasolite derivatives [C4H11NI]4[BiAgI8][157]
and C6H16N2]2[BiCuI8][158] as well as anionic motif of [Et4N]2[Bi4Ag2I16].[145]

metalates with the ternary ones.[154, 155] They also help establish a new trend concerning
the influence of the hetero-metal: While silver does not seem to systematically alter the band
gap of bismuthates, copper does. Furthermore, it does so in the aimed direction towards
narrower gaps. [149, 155] Unfortunately, these are yet only indicative results with a need for
broader investigations, especially for antimony, where the number of heterometallic compounds
is scarce.
As with the binary anions, two-dimensional anionic motifs are rare. Following the same routes
that led to the 2d-perovskite class yields compounds that in comparison can be called 2d-
elpasolites with alternating layers of point-sharing bismuth and silver/copper halide polyhedra
and organic cations[157, 159]. The analogy to elpasolites works well for most of the silver
compounds but is quite far-fetched for the copper ones. There are indeed alternating layers
of organic cations and extended, complex, inorganic anions in the crystal structures, but the
coordination number of the copper atoms is 4+2 rather than 6. The coordination polyhedron
can be viewed as a heavily distorted octahedron but is better described as a tetrahedron.
This makes the anionic layer only pseudo-2d with chain-like anions of {BiI6}-octahedra and
{CuI4}-tetrahedra. Still, these copper iodido bismuthates feature small optical band gaps of
down to 1.55 eV.[158, 159] Examples for these compounds are shown in figure 1.11.
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Besides these 2d-elpasolites, only one compound with a two-dimensional anion is known:
[Et4N]2[Bi4Ag2I16].[145] Here, the CdI2-like {Bi4I16}-motif is connected via {AgI4}-units
into layers. It features a significantly smaller band gap than the related one-dimensional
[Et4N]2[Bi2Ag2I2], indicating that the trend of larger motifs leading to smaller band gaps also
holds true for ternary metalates.[145]

In summary, halogenido antimonates and bismuthates—with or without hetero-metals—show
promising behaviour in their semiconductivity, similar to lead halide perovskites and their deriva-
tives. While a huge amount of compounds in this class is known, the systematic investigation
towards their application in solar cells or other semiconductor devices is still in its infancy. As
with the lead-based compounds, a material suited for the next generation of solar cells needs
yet to be discovered, but in contrast to lead halide perovskites, the structural diversity is far
from being exhausted and with more trends in the properties being established focused research
becomes possible.
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Chapter 2

Scope of work

As discussed in the introduction, the heavy group 15 iodido metalates show a huge structural
diversity beyond the perovskite derivatives. However, their optical properties and structure-
property relationships were only scarcely investigated in the past. Especially, the class of hete-
rometallic metalates, which feature both a heavy group 15 element as well as a transition metal,
is still quite small and has only very recently received increased interest. Therefore, three main
objectives for this work can be expressed:

1. Synthesis of new compounds with heterometallic group 15 iodido metalate
anions

Iodido metalates of group 15 elements or transition metals readily crystallize from solu-
tions of the element iodides and iodides of organic cations in solvents like acetonitrile,
acetone, or aqueous hydroiodic acid. If the group 15 and transition metal salts are em-
ployed simultaneously, heterometallic metalates can form. Following this simple synthetic
route, the aim was to broaden this class of compounds and characterize them regarding
their crystal structures, ease of preparation (purity and yield), thermal stability and UV-
Vis absorption. For the transition metals, the focus lay on the coinage metals, due to
the previous success with bismuth/silver-elpasolites as well as the small optical band gaps
observed for bismuth/copper-metalates. The choice of organic cations was based on three
main considerations: They should be small to allow for extended anionic networks to form,
they should be unusual cations, not used before, and they should be either commercially
available or easy to synthesize. Further, in some cases the cations or their correspond-
ing neutral predecessors were chosen for their ability to coordinate to coinage metals to
stabilize motifs similar to the phosphine complexes mentioned in section 1.3.2.
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2 Scope of work

2. Synthesis of new compounds featuring homometallic group 15 iodido metalate
anions

The exploration of heterometallic systems benefits greatly from knowledge of the ho-
mometallic ones. Therefore, the homometallic metalates of the chosen organic cations
were to be investigated as well. Here, the focus mainly lay on the relationship between the
anionic structure or, more specifically, the size of the anions and the optical band gap.

3. Identification of new functional materials

After the initial characterization, compounds with promising properties, especially with
regard to their optical absorption and ease of preparation, were to be further investigated
towards their application as functional materials in LEDs or solar cells. For this, lumi-
nescence properties and photoconductivity were to be determined in collaboration with
physics research groups.

Figure 2.1: Scope of work. (Example crystal structure taken from this project’s first publication[160].)
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Cumulative part

This dissertation consists of individual publications, to which I contributed the majority of the
work. In the following, the publications are summarized and reprinted with permission from
the original publishers. Contributions of the authors are given for each publication. Numbering
schemes in the summaries relate to the ones used in the corresponding publication. The sup-
porting/supplementary information can be obtained free of charge from the publishers.
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3 Cumulative part

3.1 (HPy)2(Py)CuBi3I12, a low bandgap metal halide
photoconductor

Jakob Möbs, Marina Gerhard and Johanna Heine, Dalton Transactions, 2020, 49, 14397-14400,
DOI:10.1039/d0dt03427d.

Abstract

Bismuth halides represent an emergent class of materials that combines semiconductor prop-
erties with non-toxic constituents. However, many simple bismuth halide compounds feature
bandgaps that are significantly higher than those of the lead halide perovskites, which they are
supposed to replace. One way to address this issue is the preparation of multinary metal halide
materials that feature an additional metal ion. Here, we report on the synthesis and properties
of (HPy)2(Py)CuBi3I12 (1) a new copper iodido bismuthate, a photoconductor, which shows a
low band gap of 1.59 eV and good thermal and air stability.

Figure 3.1: Table-of-contents graphic of "(HPy)2(Py)CuBi3I12, a low bandgap metal halide photocon-
ductor" showing the anionic motif, optical absorption spectrum as well as a photograph of the powder of
(HPy)2(Py)CuBi3I12 (1).

Summary

In this communication, a new copper iodido bismuthate with pyridinium counter ions as well
as pyridine (py) ligands with the formula (Hpy)2(py)CuBi3I12 (1) is reported. The compound
forms in good yields when heating BiI3, CuI, pyridine (py) and pyridinium iodide in ethanol as
a precipitate and also when evaporating the ethanol solution at room temperature, indicating
the possibility of thin film preparation. The compound consists of (Hpy)+-cations and chain-like
[(py)CuBi3I12]2– -anions. In the anion, trimers of edge-sharing {BiI6}-octahedra are connected
into chains also via edge-sharing. Every trimer is decorated with a [Cu(py)]+-unit. There are
two possible positions for each trimer, between which the [Cu(py)]+-unit is distributed equally,
leading to only half occupied [Cu(py)]+-positions. Every other half is occupied by a (Hpy)+ion.
The anionic chains run along the crystallographic [0 -1 1] direction and are connected into a
pseudo-3d network by iodine-iodine contacts well below the double van-der-Waals radius. The
pyridinium ions and pyridine ligands are stacked parallel to the chains in a way that suggests
π-π interactions.

28



3.1 (HPy)2(Py)CuBi3I12, a low bandgap metal halide photoconductor

During the investigations, several other compounds featuring binary group 15 metalate anions
were also newly synthesized. Their structures are reported in the supplementary information
(see appendix ??). For one of those, (Hpy)3[Bi2I9] (2), the synthesis was optimized to have a
compound with discrete binary anions and the same cation as a point of comparison.

Compound 1 is thermally stable up to 150 ℃ and shows a narrow optical band gap of 1.59 eV.
This is surprisingly small when compared to a number of reference compounds, including 2 (Eg

= 2.01 eV) and (Hpy)[BiI4] (Eg = 1.98 eV), which features a binary but also one-dimensional
anionic motif. It is even smaller then the band gap of BiI3 (Eg = 1.69 eV).
Additionally, photoconductivity of 1 was observed under excitation with a helium neon laser,
indicating its suitability for future tests in semiconductor devices.

Own contribution

All syntheses were planned and executed by myself. Crystallographic measurements, structure
solutions and refinements as well as UV-Vis measurements were carried out by myself. Thermo-
gravimetric measurements were done by Uwe Justus, photocurrent measurements and their
analysis by Marina Gerhard. The manuscript was written through contributions of Johanna
Heine and myself.
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Bismuth halides represent an emergent class of materials that

combines semiconductor properties with non-toxic constituents.

However, many simple bismuth halide compounds feature band-

gaps that are significantly higher than those of the lead halide per-

ovskites, which they are supposed to replace. One way to address

this issue is the preparation of multinary metal halide materials

that feature an additional metal ion. Here, we report on the syn-

thesis and properties of (HPy)2(Py)CuBi3I12 (1) a new copper iodido

bismuthate, a photoconductor, which shows a low band gap of

1.59 eV and good thermal and air stability.

Main group metal halide semiconductor materials are cur-
rently under intense investigation for application in photovol-
taics, LEDs and photocatalysis.1–3 The bulk of this effort is
focused on lead halide perovskites APbX3 (A = organic or in-
organic cation, e.g. CH3NH3

+ or Cs+; X = Cl, Br, I) due to their
excellent semiconductor properties, ease of fabrication and
high defect tolerance.4 However, concerns about the toxicity of
lead have prompted researchers to look beyond this narrowly
defined class of compounds.5 Bismuth, the direct neighbor of
lead, shows a related chemistry in its halide compounds,6–9

but its compounds are of much less environmental
concern.10,11 Along with the rise of lead halide perovskites,
bismuth halide compounds have been investigated as well.
They typically show better stabilities than their lead counter-
parts,12 but fairly low efficiencies in photovoltaics.13 Instead
other semiconductor applications in X-ray detectors,14 solid

state lighting15 and photocatalysis16 are much more
promising.

One way to significantly alter the electronic properties of
bismuth halide compounds is by adding an additional metal.
Multinary metalate compounds AkMlBimXn (M = metal cation,
e.g. Cu+, Ag+ or Mn2+) can be subdivided into two families. The
first family encompasses double perovskites like
Cs2AgBiBr6

17–19 and compounds formally derived from these
like <111> perovskites, for example Cs4MnBi2Cl12

20 or 2D per-
ovskites, for example [AE2T]2AgBiI8 (AE2T = 5,5′-diylbis(amino-
ethyl)-[2,2′-bithiophene])21 or (C3H9NI)4AgBiI8 (C3H9NI =
3-iodopropylammonium).22 The second family contains “non-
perovskite” compounds, which show a rich structural diver-
sity23 as seen in (Bi2(C4H8O3H)3(C4H8O3H2))CuBi5I19,

24

(Et4N)2Ag2Bi4I16
25 or (Na4((CH3)2CO)15)[PtBi2I12]2.

26 Similar to
the chemistry of lead halide perovskites, bismuth iodide
materials are of special interest due to their lower band gaps.27

Formally adding Cu+ to iodido bismuthates yields copper
iodido bismuthates AkCulBimIn, which typically have lower
band gaps than simple iodido bismuthates AkBilIn with anions
of the same dimensionality.28–31 The ternary compound
CuBiI4 has also been investigated with regard to its semi-
conductor properties.31–34 Interestingly, it shows a fairly wide
band gap of 2.67 eV. Recent work by the Zheng group has
demonstrated the potential of double perovskite derived
copper iodido bismuthates for photovoltaic applications.35,36

Here, materials with band gaps as low as 1.53 eV were
obtained – close to the band gap of 1.51 eV reported for
CH3NH3PbI3, the prototypical lead halide perovskite
material.37 While a low band gap is not the sole criterion when
considering the suitability of a material for photovoltaics and
other semiconductor applications38 it is useful as an initial,
easy to obtain property before considering more in-depth
studies.

Overall, the chemistry of copper iodido bismuthates is still
in its infancy and more examples are needed to understand
how anion composition, dimensionality and connectivity, as
well as additional iodine–iodine interactions can influence the

†Electronic supplementary information (ESI) available: Experimental procedures
and crystallographic details, powder patterns, thermal analysis data, IR spectra,
additional UV-Vis spectroscopy data, details of photoconductivity measure-
ments. CCDC 2025569–2025576. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/d0dt03427d

aDepartment of Chemistry and Material Sciences Center, Philipps-Universität

Marburg, Hans-Meerwein-Straße, 35043 Marburg, Germany.

E-mail: johanna.heine@chemie.uni-marburg.de
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band gap and other optical and electronic properties. In this
work, we report on the synthesis and characterization of a new
type of copper iodido bismuthate, (HPy)2(Py)CuBi3I12 (1; py =
pyridine) which displays good thermal and long-term air stabi-
lity, a low band gap of 1.59 eV, photoconductive behavior and
helps to further understand this promising class of materials.

1 can be prepared in good yield simply by combining pyri-
dine, pyridinium iodide, CuI and BiI3 in ethanol (see ESI for
details†). It is also possible to prepare 1 directly from solution
via drop-casting, suggesting suitability for thin film prepa-
ration. The compound crystallizes in the triclinic space group
P1̄ in the form of very small black needles. An excerpt of the
crystal structure is shown in Fig. 1. 1 is composed of HPy+

cations and chain-like [(Py)CuBi3I12]
2− anions. The anions

feature a partially occupied copper position: the position is
only half occupied with a [(Py)Cu]+ unit while the other half is
instead occupied by a HPy+ cation. Many examples of disorder
phenomena in iodido cuprates have been described, so it is
not unusual to observe it here as well.39 The iodido bismuthate
substructure features a chain-like [BiI4]

− anion composed of
edge-sharing {BiI6}-octahedra. While related anion motifs are
well-known, for example in (C7H7)BiI4

40 the particular connec-
tivity pattern seen here is unique. It is best described as linear

{Bi3I14} units connected above and below to neighboring units.
{(Py)CuI3} units are then attached via edge-sharing. The [(Py)
CuBi3I12]

2− strands are running along the [0 −1 1] direction,
while pyridine and pyridinium moieties are stacked in parallel.

The pyridinium cation that is not part of the disorder in
the copper position is instead disordered across a center of
inversion. Significant iodine–iodine interactions below the
sum of the van der Waals radii are observed,41 which intercon-
nect the strands into a pseudo-3D network (see Fig. 2). The
parallel stacking of the Py and HPy units indicates that
additional offset π–π interactions are present.42

1 shows good thermal stability up to 150 °C (see
Fig. S13a/b†) and can be stored in air for months without
degradation (see Fig. S10†). Its absorption was measured in
comparison to a number of reference compounds: (HPy)BiI4
features a strand-like anion composed of edge-sharing {BiI6}
octahedra.43 (HPy)3Bi2I9 (2), a compound we have newly syn-
thesized during the course of our investigations (see ESI for
details†), features molecular [Bi2I9]

3− anions. BiI3 was chosen
as the parent halide for iodido bismuthates.44 Fig. 3 shows the
corresponding UV-Vis spectra.

Table 1 shows a comparison of the onset of absorption for
the materials we have investigated here, as well as some proto-
typical materials from the literature. It shows that 1 displays a
lower onset of absorption than would initially be expected in
comparison with other copper iodido bismuthates with chain-
like anions, for example (Cu(CH3CN)4)2Cu2Bi2I10.

28 Two
factors could be responsible for this: there are significant
iodine–iodine interactions present in 1, which have been

Fig. 1 Excerpts of the crystal structure of 1: (a) view along the b axis. (b)
View along the chains along the [0 −1 1] direction.

Fig. 2 Excerpts of the crystal structure of 1 showing iodine–iodine
interactions below 4 Å (3.88–3.91 Å) as fragmented lines. BiI6 octahedra
are shown as dark red polyhedra, CuI3N tetrahedra are shown as orange
polyhedra. C and N atoms are shown in grey and blue, respectively.
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shown to affect the optical properties of iodido
bismuthates.45,46

Additionally, the comparatively close contact between the
anionic substructure and the stacked π-systems of the cations
through the {CuI3(Py)} unit might allow a more direct elec-
tronic interaction, similar to what was observed in the (C7H7)
EX4 (E = Sb, Bi; X = Cl, br, I) family of compounds.40

To gain further insight into the semiconductor properties
of 1, we have investigated the material’s photoconductivity.
Under excitation with a helium neon laser (632.8 nm) and a
bias of 10 V, a pressed pellet of the material demonstrated a
photocurrent increasing linearly with excitation power, as
shown in Fig. 4 (see ESI for details†). 1 is not as strongly
photoconducting as other copper iodido bismuthates,35,36 but
our measurements confirm the material’s basic capability for
photoconduction.

In summary, we have presented the facile synthesis and
promising properties of a new multinary metal halide photo-
conductor material, with good stability and an exceptionally

low band gap compared to other bismuth halides of the same
anion dimensionality. In future work, we will test how
(HPy)2(Py)CuBi3I12 can be integrated into semiconductor
devices.
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3 Cumulative part

3.2 The influence of copper on the optical band gap of
heterometallic iodido antimonates and bismuthates

Jakob Möbs, Jan-Niclas Luy, Alena Shlyaykher, Ralf Tonner and Johanna Heine, Dalton
Transactions, 2021, 50, 15855-15869, DOI:10.1039/d1dt02828f.

Abstract

Halogenido metalates of heavy main group elements are versatile semiconductor materials with
broad applications. Especially the iodido metalates generally show small optical band gaps,
making them suitable for photovoltaics. However, the most promising results have been gen-
erated using toxic lead-based materials, raising environmental concerns, while the related and
far less toxic bismuth compounds show band gaps too large for direct use in photovoltaics. The
introduction of hetero-metals such as copper can significantly lower the band gap of iodido bis-
muthates and antimonates, but no clear trend could yet be established in this regard. In this
work, a short overview of all known copper iodido bismuthates and antimonates is given and
this small family of compounds is expanded with nine charged as well as neutral complexes
[EkMlIm(P(R)3)n ]q – (E = Sb, Bi; M = Cu, Ag; R = Ph, o-tol). The compounds’ crystal
structures, stability and optical properties are investigated and compared to the findings of
quantum chemical investigations. The main excitation is shown to be a copper-to-antimony
or copper-to-bismuth charge transfer while the relative energetic position of the organic ligand
orbitals influences the magnitude of the band gap. This reveals that the nature of the ligands
and the coordination environment at the copper atom is crucial for designing new copper iodido
antimonates and bismuthates with specific band gaps.

Figure 3.2: Table-of-contents graphic of "The influence of copper on the optical band gap of heterome-
tallic iodido antimonates and bismuthates".

Summary

When looking at the family of heterometallic group 15 metalates for photovoltaic applications,
the element combination of bismuth, copper and iodine seems most promising, as it generally
leads to the smallest band gaps. However, while the incorporation of copper into iodido
bismuthates has been shown to decrease the band gap compared to homometallic bismuthates,
the trend is still not very clear as the band gaps in this quite small group of compounds span a
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wide range from 1.59 eV to 2.21 eV.
Based on the success of earlier work, where heterometallic complexes were stabilized using
triphenylphosphine (PPh3), a different phosphine ligand with a larger Tolman cone angle,
tri(ortho-tolyl)phosphine (P(o-tol)3), was used to induce new structural motifs. The change
in cone angle from 145 ° for PPh3 to 194 ° for P(o-tol)3 led to the occurrence of [M(PR3)]+-
fragments (M = Cu, Ag) for R = o-tol instead of [M(PR3)2]+-fragments, which had been
observed with R = Ph. Through variation of solvents and careful control over the availability
of protons, ten new compounds featuring P(o-tol)3 with six different structural motifs as well
as one additional PPh3-complex could be obtained.
Under protic conditions, which were ensured by the addition of aqueous hydroiodic acid,
P(o-tol)3 is easily protonated to form phosphonium ions. This allowed the formation of
[HP(o-tol)3][EI6(Cu(P(o-tol)3))2] (1a/b) and [Cu(MeCN)3(P(o-tol)3)]3[H(P(o-tol)3)2][E3I12]
[E2I9Cu(P(o-tol)3)] (2a/b) in acetone and acetonitrile, respectively, with E = Sb (a), Bi
(b). In 1a/b, an {EI6}-octahedron is capped on opposing sides by {Cu(P(o-tol)3)}-fragments
to yield [EI6(Cu(P(o-tol)3))2]– -ions, with the charge compensated by simple [HP(o-tol)3]+.
When swapping the solvent for acetonitrile, a compound with three complex ions alongside
[HP(o-tol)3]+ is formed. There is a homometallic [Cu(P(o-tol)3)(MeCN)3]+-cation with tetra-
hedrally coordinated copper, a homometallic [E3I12]3– -anion consisting of three face-sharing
octahedra as well as a heterometallic [E2I9CuP(o-tol)3]2– -anion consisting of two face-sharing
{EI6}-octahedra capped at one of the terminal faces by a {Cu(P(o-tol)3)}-fragment.
When taking protons out of the equation by working under dry conditions,
[Cu(P(o-tol)3)(MeCN)3]4[E6I22] (3a/b) with only homometallic ions is formed in acetonitrile.
It features the same complex cation as 2 but a new isomer of the [E6I22]4– -ion in a complicated
disordered variation. On the other hand, the neutral complex [BiI5(OCMe2)(Cu(P(o-tol)3))2]
(4) crystallizes from acetone under aprotic conditions. It is similar to the anion in 1b but with
one iodide ligand swapped out for acetone. If 1,2-dimethoxy-ethane (dme) is used as a solvent
to further prevent the coordination of acetonitrile or acetone, surprisingly, the phosphine is
partly oxidized to iodo phosphonium ions, [IP(o-tol)3]+, in compound 5a/b. The anion here is
[E2I10(Cu(P(o-tol)3))2]2– , which features the well known [E2X10(M(L))2]2– described in section
1.3.2.

When changing from copper to silver, the first heterometallic iodido antimonate fea-
turing silver aside from the elpasolite structured (Me3NH3)2SbAgI6 could be obtained.
[HP(o-tol)3]2[Sb2I10(Ag(P(o-tol)3))2] (6) also adopts the [E2X10(M(L))2]2– -motif alongside the
simple [HP(o-tol)3]+-cation. However, due to the bad solubility of AgI no other silver-containing
P(o-tol)3-compounds could be synthesized.
Instead, when using PPh3 in combination with hydroiodic acid, the neutral complex
[Bi2I10(Ag(PPh3))4] · MeCN (7) was obtained.3 The structural motif of that compound is
similar to [E2X10(M(L))2]2– but with two additional [M(L)+]-fragments ([Ag(PPh3)]+).

3In scheme 2 of the published manuscript there is an error. The diagram of 7 is wrongly drawn with P(o-tol)3-
ligands.
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All compounds except 3a/b and 7 could be produced in sufficient purity for UV-Vis absorption
spectroscopy and their optical band gaps were determined. The most obvious observation to
be made here is the shift to smaller band gaps when going from antimony to bismuth in the
pairs of isostructural compounds. When looking at the band gap energies in general, however,
they lie in the same range as those of homometallic group 15 iodido metalates rather than being
significantly smaller, as was expected. This is especially apparent, when comparing 1a/b and
4 to the structurally very similar literature known PPh3-complexes [ECu3I6(PPh3)6] (see figure
1.10). For the same group 15 element, a difference of just below 0.3 eV for the optical band gaps
is observed between the PPh3- and the P(o-tol)3-compounds.
To understand this phenomenon, theoretical investigations on these compounds were carried out.
In general, the main absorption mechanism proved to be a Cu(d)- to E(p)-orbital charge transfer,
but the ground as well as the excited states are influenced by the phosphine ligands. Of course,
with the ground state being mainly Cu(d), a dependence on the coordination environment of
the copper atoms is clear, but especially for 1a/b the π*-orbitals of the ligand’s aryl groups also
significantly contribute to the excited state, which is not the case for [ECu3I6(PPh3)6].

Own contribution

All syntheses were planned by myself and executed by myself or Alena Shlyaykher under my
supervision. Crystallographic measurements, structure solutions and refinements were done by
Johanna Heine (single crystals of compounds 1a, 2a/b and 6) or myself (rest and powder diffrac-
tion). UV-Vis measurements were carried out by myself or Alena Shlyaykher and analyzed by
myself. Thermo-gravimetric measurements were done by Uwe Justus. Computational investi-
gations were carried out by Jan-Niclas Luy and Ralf Tonner-Zech. The manuscript was written
through contributions of Johanna Heine, Jan-Niclas Luy, Ralf Tonner-Zech and myself.
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Halogenido metalates of heavy main group elements are versatile semiconductor materials with broad

applications. Especially the iodido metalates generally show small optical band gaps, making them suit-

able for photovoltaics. However, the most promising results have been generated using toxic lead-based

materials, raising environmental concerns, while the related and far less toxic bismuth compounds show

band gaps too large for direct use in photovoltaics. The introduction of heterometals such as copper can

significantly lower the band gap of iodido bismuthates and antimonates, but no clear trend could yet be

established in this regard. In this work a short overview over all known copper iodido bismuthates and

antimonates is given and this small family of compounds is expanded with nine charged as well as neutral

complexes [EkMlIm(P(R)3)n]
q− (E = Sb, Bi; M = Cu, Ag; R = Ph, o-tol). The compounds’ crystal structures,

stability and optical properties are investigated and compared to the findings of quantum chemical

investigations. The main excitation is shown to be a copper to antimony or copper to bismuth charge

transfer while the relative energetic position of the organic ligand orbitals influences the magnitude of the

band gap. This reveals that the nature of the ligands and the coordination environment at the copper

atom is crucial for designing new copper iodido antimonates and bismuthates with specific band gaps.

Introduction

Main group metal halide perovskites, most prominently
methylammonium lead iodide, CH3NH3PbI3, have seen huge
research efforts in the last ten years due to their excellent semi-
conductor properties with a wide range of applications that
include photovoltaics, LEDs and photocatalysis.1–3 Most of
these efforts were directed towards lead based materials,
especially since the efficiencies of solar cells based on
CH3NH3PbI3 and related compounds have been rapidly
improved from 3.8% in 2009 to more than 22% today.4,5

However, the toxicity of lead remains a concern6,7 and thus
researchers are searching for suitable alternatives. Here, the
heavy group 15 elements bismuth and antimony present prom-

ising candidates due to the similar chemistry in their halide
compounds8–10 and—at least in the case of bismuth—a gener-
ally low toxicity.11 Unfortunately, the efficiencies of photovol-
taic cells based on halogenido bismuthates and antimonates
remain low, due to large, indirect band gaps far from the ideal
value of 1.34 eV (ref. 12) and unfavourable defect character-
istics.13 A promising way to change the optical and electronic
properties of halogenido bismuthates and antimonates is the
incorporation of additional metals. In case of a monovalent
metal like silver this even enables the formation of the double
perovskite motif, a perovskite superstructure.14 Heterometallic
bismuth and antimony double perovskites, e.g.
Cs2BiAgBr6

15–17 or (CH3NH3)2SbAgI6,
18 which are currently

under intense investigation,19–21 are still posing open ques-
tions with regard to their optical properties22 and often feature
band gaps too large for direct photovoltaic application, among
other issues.23,24

Recent advances suggest that the incorporation of copper(I)
can lower the optical band gap of iodido group 15 metalates
significantly.25,26 While the double perovskite motif is still out
of reach for copper compounds, Zheng and co-workers recently
reported a series of layered copper iodido bismuthates, which
represent a cut-out of the double perovskite structure and
show promising properties for photovoltaic applications

†Electronic supplementary information (ESI) available: Crystallographic details,
thermal analysis, powder diffraction patterns, IR spectra, additional UV-Vis
spectra. CCDC 2102772–2102774 and 2102776–2102786. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/d1dt02828f

aDepartment of Chemistry and Material Sciences Center, Philipps-Universität

Marburg, Hans-Meerwein-Straße, 35043 Marburg, Germany.

E-mail: johanna.heine@chemie.uni-marburg.de
bWilhelm-Ostwald-Institut für Physikalische und Theoretische Chemie, Universität

Leipzig, Linnéstraße 2, 04103 Leipzig, Germany

This journal is © The Royal Society of Chemistry 2021 Dalton Trans., 2021, 50, 15855–15869 | 15855
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including band gaps as small as 1.53 eV.27 However, when
comparing the overall quite small number of copper iodido
bismuthates aside Zheng’s series, the band gaps reach from
promisingly small 1.59 eV up to 2.21 eV, which is in the same
range as monometallic iodido bismuthates and too large for
direct photovoltaic applications.25,26,28–33 The same goes for
the antimonates, where even fewer compounds are known.
Here the band gaps reach from 1.93 eV to 2.34 eV.26,30 When
looking at the structural motifs and band gaps of these com-
pounds as shown in Scheme 1, no clear relation between the
motifs and band gaps can be drawn.

Therefore, we wanted to gain a better understanding of
these compounds and shed some light on why the band gap
varies so significantly between compounds. To do so, we first
needed to broaden the number of compounds for comparison
and then investigate their optical properties by experimental
and theoretical means.

In a recent work, we looked into the [EX6(M(PPh3)2)3] (E =
Sb, Bi; X = Br, I; M = Cu, Ag) family of compounds, expanding
upon earlier work by Fenske34 and Pike29 and exploring their
potential as model compounds for double perovskites.26 The
good availability of these compounds lead us to swap out PPh3

for P(o-tol)3 (tri(ortho-tolyl)phosphine), as it represents a
similar monodentate phosphine with a larger Tolman cone
angle (145° for PPh3 vs. 194° for P(o-tol)3).

35 Judging from the
known homometallic complexes [MX(P(o-tol)3)]n,

36 we sur-
mised that instead of the [M(PPh3)2]

+ fragment, we would
observe a [M(P(o-tol)3)]

+ unit that would enforce the formation
of new motifs still similar enough to [EX6(M(PPh3)2)3] for
direct comparison. In this work, we present 10 new complexes
featuring this [M(P(o-tol)3)]

+ fragment and an additional com-
pound featuring a [M(PPh3)]

+ fragment. Most of these com-

pounds are anionic complexes, suggesting that neutral motifs
are less accessible with P(o-tol)3. We discuss the formation and
structure of these compounds and explore their stability,
thermal decomposition and optical properties in comparison
to both other phosphine-decorated heterometallic complexes
as well as both simple and multinary iodido antimonates and
bismuthates without any additional ligands apart from I−.

Results and discussion
Synthesis

Initial reactions were performed by combining SbI3, CuI and
P(o-tol)3 in acetone or acetonitrile, emulating reaction con-
ditions that successfully lead to [SbI6(Cu(PPh3)2)3] and related
neutral PPh3 complexes. However, only the formation of
[P(o-tol)3CuI]-complexes and a small number of crystals of
[HP(o-tol)3][SbI6(Cu(P(o-tol)3))2] (1a) or [Cu(MeCN)3(P(o-tol)3)]3
[H(P(o-tol)3)2][Sb3I12] [Sb2I9Cu(P(o-tol)3)] (2a) (see Scheme 2)
were observed. This suggested that anionic complexes are
highly favoured over neutral ones when using P(o-tol)3 making
the formation of [CuP(o-tol)3(MeCN)3]

+ or [HP(o-tol)3]
+ as

counter ions necessary, if need be from traces of water in the
solvent. Thus, in subsequent reactions, HI-solution was used
as an additional reagent to enable a quick and quantitative for-
mation of the phosphonium ions, with reaction stoichi-
ometries chosen to target the product composition. By doing
so reasonable yields of 1a and 2a as well as their bismuthate
counterparts (1b, 2b) were achieved. Unfortunately, 1b only
formed as a microcrystalline powder, which was always con-
taminated with traces of CuI, and no single crystals suitable

Scheme 1 Overview of the known copper iodido bismuthates and antimonates, sorted according to their published band gaps. Discrete anions
above, 1D-anions below. * Reproduced and band gap determined during the preparation of this work for better comparability, see ESI† for details.
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for X-ray diffraction could be grown. But since 1a and 1b are
isostructural, it could be identified via powder diffraction.

However, the formation of [CuP(o-tol)3(MeCN)3]
+ and

[HP(o-tol)3]
+ pointed towards a strong dependence on the

solvent and the availability of protons. Thus, we investigated
the influence of different solvents under water-free conditions.
Since even the slightest traces of water were found to enable
the formation of 1a/b or 2a/b it was necessary to dry the solid
reactants directly before starting the reaction inside the reac-
tion vessel at 50 °C under vacuum.

Under these rigorously dry conditions the formation of
[Cu(MeCN)3(P(o-tol)3)]4[E6I22]·MeCN (E = Sb, Bi; 3a/b) was
observed in acetonitrile. 3a/b start to decompose as soon as
they are taken out of the mother liquor, probably due to the
loss of co-crystallized acetonitrile. Powder diffractograms of a
few days old samples show the formation of 2a/b which is
remarkable since it means that 2a and 2b are so stable that
even the small amount of protons available through humidity
enables their formation (see Fig. S43 and S44 in the ESI†).
However, the sensitivity of 3a/b unfortunately prevented
further analyses.

While these compounds only feature a non-
heterometallic antimonate or bismuthate anion alongside

[CuP(o-tol)3(MeCN)3]
+, a complex with a heterometallic motif

[BiI5(OCMe2)(Cu(P(o-tol)3))2] (4), could be obtained under
equally dry conditions from acetone. 4 is very similar to the
anion in 1b, with just one iodide ligand replaced by a molecule
of acetone. This gives the first overall neutral complex of the
series, which—in comparison to 1b—seems quite straight
forward, since the formation of [HP(o-tol)3]

+-counter ions is no
longer easily possible. Although both antimony and bismuth
variants were accessible for all of the aforementioned com-
pounds, in this case only a bismuth complex is available.
Despite the dry conditions, only the formation of 1a, which
still features a [HP(o-tol)3]

+-ion, could be observed for anti-
mony, when using acetone as the solvent. The only source of
protons in the reaction mixture is the acetone itself, possibly
forming enolate anions.

Since both acetonitrile and acetone obviously took part
in the reactions, 1,2-dimethoxy-ethane (dme) was also tested
as a solvent. In this case the formation of [IP(o-tol)3]2
[E2I10(Cu(P(o-tol)3))2] (E = Sb, Bi; 5a/b) was observed. These
compounds feature an unexpected, but not unprecedented
(IP(o-tol)3)

+-ion, formed through a disproportionation of P(o-tol)3.
Arylphosphanes are known to easily form adducts I2-P(Ar)3

with diiodine or—in combination with diiodine and a suitable

Scheme 2 Overview of the structural motifs of the products.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2021 Dalton Trans., 2021, 50, 15855–15869 | 15857

Pu
bl

is
he

d 
on

 2
8 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ar
bu

rg
 o

n 
11

/2
6/

20
21

 1
0:

18
:1

3 
A

M
. 

View Article Online



cation—the corresponding iodo phosphonium salt.37,38 The
oxidation reaction of iodide ions in combination with PPh3 to
iodo phosphonium ions has also been used to carefully reduce
uranium(VI) to uranium(V).39 In our case we believe the oxidiz-
ing agent to be remaining P(o-tol)3 since we did not observe
the formation of elemental metals and no other oxidizing
agent was part of the reaction. We also observed a colourless
amorphous powder that always formed prior to the formation
of 5a/b and should be the side product of that redox reaction.
Unfortunately, we were not able to analyse this powder via
31P-NMR spectroscopy due to its very low solubility in ethers,
pentane and acetone.

In subsequent reactions a stoichiometric amount of diio-
dine was added to the reaction which resulted in the direct for-
mation of the products.

Additional exploratory reactions with AgI instead of
CuI were performed, resulting in the synthesis of
[HP(o-tol)3]2[Sb2I10(Ag(P(o-tol)3))2] (6). Unfortunately, the low
solubility of AgI proved to be a major problem and no other
compounds could be obtained.

Because of the obviously high stability of the compounds
featuring (HP(o-tol)3)

+-ions, we also tried to expand the series
of PPh3-complexes we recently reported on.26 Therefore HI-
solution was added to a reaction mixture of coinage metal
iodides, pentele iodides and PPh3 in MeCN to enable the for-
mation of (HPPh3)

+-ions. However, only a neutral heterometal-
lic compound without the desired phosphonium ions,
[Bi2I10(Ag(PPh3))4]·MeCN (7), could be obtained in form of very
few crystals that we were not able to reproduce. This com-
pound stands in direct competition to our previously pub-
lished [BiI6(Ag(PPh3)2)3] which also was the main product,
when we tried to reproduce 7, even when HI-solution was
added.

Description of crystal structures

Crystal structure of [HP(o-tol)3][SbI6(Cu(P(o-tol)3))2] (1a).
Compounds 1a and 1b are isostructural (see ESI† for details).
Therefore, only 1a will be discussed. 1a crystallizes in the trigo-
nal space group R3̄ as yellow blocks. The anionic motif is
shown in Fig. 1. Two opposite faces of a [SbI6]

3−-octahedron
are each capped by a [CuP(o-tol)3]

+-unit resulting in a tetra-
hedral coordination sphere for the copper atoms. This motif

is quite similar to the windmill-like structure of
[SbI6(Cu(PPh3)2)3] we recently reported.26 The main difference
is induced by the large steric bulk of P(o-tol)3 compared to
PPh3. It leads to a change in the coordination environment of
the copper atoms from two iodide and two phosphine ligands
in [SbI6(Cu(PPh3)2)3] to three iodide and one phosphine ligand
in 1a. However, the Sb–I and Cu–I distances of 3.004 Å
and 2.684 Å, respectively, are similar to those found in
[SbI6(Cu(PPh3)2)3] (2.935 Å–3.140 Å and 2.655 Å–2.742 Å). The
(HP(o-tol)3)

+-counter ion is disordered over six different posi-
tions, linked by the 3̄ symmetry of the point group (see Fig. S2
in the ESI†). Cations and anions are ordered alternately along
the c-axis with centroid-to-centroid distances of 4.631 Å to
5.301 Å between the aromatic rings of cations and anions (see
Fig. 2). Each cation adopts an edge-to-face coordination
between the phenyl groups towards one and an offset-face-to-
face coordination towards the other of its neighbouring
anions. Arrangements like this were found to be typical for
aryl groups in crystals by Dance and Scudder.40

Crystal structure of [Cu(MeCN)3(P(o-tol)3)]3[H(P(o-tol)3)2][Sb3I12]
[Sb2I9Cu(P(o-tol)3)] (2a). Compounds 2a and 2b are isostruc-
tural (see ESI† for details), therefore, only 2a will be discussed.
2a crystallizes in the hexagonal space group P63 as hexagonal
red plates. There are four types of discrete ions to be
found in the structure: Two complex anions, [Sb3I12]

3− and
[Sb2I9Cu(P(o-tol)3)]

2−, one complex cation, [Cu(MeCN)3
P(o-tol)3]þ; as well as a simple (HP(o-tol)3)

+-ion. The [Sb3I12]
3−-

Fig. 1 Anionic [((P(o-tol)3)Cu)2SbI6]
−-motif of 1a. Only carbon positions

with an occupancy of 75% are shown.
Fig. 2 Packing diagrams of 1a. Only one orientation is shown for the
(HP(o-tol)3)

+-ions.
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anion is already known from various different compounds
where it forms the sole anion, e.g. in [K(15-crown-5)2][Sb3I12].

41

In contrast to the literature known example the ion does not
follow an inversion symmetry in 2a but is distorted along the
c-axis with the two Sb–Sb distances not being equal but
3.902 Å and 4.018 Å. This is possibly an effect of the I–H
interaction between three of the terminal iodide ligands and
the proton of a (HP(o-tol)3)

+-ion (see Fig. 3A). The novel
[Sb2I9Cu(P(o-tol)3)]

2−-ion occurs once per formula unit and can
be understood as a [SbI6]

3−-octahedron which is decorated with
one SbI3-molecule and one [CuP(o-tol)3]

1+-unit on opposite
faces (see Fig. 3B). The Sb–I distances at the central antimony
atom are with 2.964 Å and 3.084 Å similar to those found in
[SbI6(Cu(PPh3)2)3] and 1a. Also, Cu–I distances of 2.730 Å are
within the range of those found in [SbI6(Cu(PPh3)2)3]. However,
the Sb–I distances from the second antimony atom to the
central [SbI6]

3−-unit are with 3.418 Å even longer than the
corresponding ones typically found in [Sb3I12]

2−-anions.41 Still,
distances of that magnitude are not uncommon and can for
example be found in the polymeric [Sb10I34]

4−-anion.42

The [CuP(o-tol)3(MeCN)3]
+-ion occurs thrice per formula unit,

each time with a slightly different orientation of the acetonitrile
ligands. Thus, the tetrahedral coordination sphere around the
copper atom is more or less distorted. This can be quantified by
the P–Cu–N angles, which range from 106.7(6)° to 119.5(7)° (see
Fig. 3C). The Cu–N distances and Cu–P distances range from
1.97(2) Å to 2.04(2) Å and 2.22(1) Å to 2.28(1) Å, respectively,
which is similar to the distances found in complexes like
[Cu2I2(P(o-tol)3)2(MeCN)2] or [Cu2Br2(P(o-tol)3)2(MeCN)2].

36,43

As the packing diagrams in Fig. 4 show, the four ion types
are stacked in two different kinds of rows in the direction of the
c-axis. The rows on the edges of the unit cell consist only of
alternating [Sb2I9Cu(P(o-tol)3)]

2−- and (HP(o-tol)3)
+-ions

while the two rows in the centre contain the [Sb3I12]
3−- and

[CuP(o-tol)3(MeCN)3]
+-ions as well as an additional (HP(o-tol)3)

+.

On first glance the existence of such multi ion compounds
seems a bit surprising. However, while compounds like these
are not very common, they are not unknown. For example,
Smirani and co-workers found a chlorido antimonate with four

Fig. 3 Structural motifs of 2a, only phosphorus bonded hydrogen
atoms are shown. A: [Sb3I12]

3−-anionic motif with neighbouring
(HP(o-tol)3)

+-ion. B: [Sb2I9Cu(P(o-tol)3)]
2−-anionic motif with

neighbouring (HP(o-tol)3)
+-ion. C: Three conformers of the

[Cu(MeCN)3(P(o-tol)3)]
+-cation.

Fig. 4 Packing Diagrams of 2a. View along the b-axis (above) and the
c-axis (below). The two types of rows can be easily differentiated by the
presence or absence of the blue coloured nitrogen atoms of the MeCN-
ligands.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2021 Dalton Trans., 2021, 50, 15855–15869 | 15859

Pu
bl

is
he

d 
on

 2
8 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ar
bu

rg
 o

n 
11

/2
6/

20
21

 1
0:

18
:1

3 
A

M
. 

View Article Online



different types of complex [SbnClm]
q−-anions in addition to free

chloride ions, organic cations and solvate water.44

Crystal structure of [Cu(MeCN)3(P(o-tol)3)]4[Sb6I22]·MeCN
(3a). Compounds 3a and 3b are isostructural (see ESI† for
details), so again only the antimony compound 3a will be dis-
cussed. 3a crystallizes in the trigonal space group P3̄ as orange
hexagonal blocks. The anion is a [Sb6I22]

4−-ion, disordered
over six orientations linked by the 3̄-symmetry. This gives it the
appearance of a Sb8I25 moiety, where only the positions of the
outermost SbI6-octahedra as well as the iodide position in the
very centre of the motif are fully occupied. The rest of the atom
positions have occupancies of 2/3 or 5/6 (see Fig. 5A). When
considering that all antimony atoms should have a complete
coordination sphere of six iodide ligands, the actual connec-
tivity of the [Sb6I22]

4−-ion can be determined. Although there
are many different variations of the [Sb6I22]

4−-ion known to
literature,45–48 this particular isomer has not yet been reported.
As we have utilized previously, the known [Sb6I22]

4−-isomers
can be derived from the tetranuclear [Sb4I16]

4−-anion by
adding neutral SbI3 units.42 This is also the case with com-
pound 3a. However, while with the known examples the SbI3
units are added to the [Sb4I16]

4−-anion on opposing sides,

keeping the inversion symmetry of the ion intact, in 3a they
are added on the same side, breaking that symmetry (see
Fig. 5B).

Alongside one [Sb6I22]
4−-ion crystallize four

[CuP(o-tol)3(MeCN)3]
+-ions. There are two different conformers

similar to those found in 2a, although the P–Cu–N-angles here
are 114.6(3)° and 122.1(2)°, generally wider than in 2a.
Additionally, two MeCN molecules per formula unit are to be
found in the crystal structure. But they are heavily disordered
and thus not included in the diagrams (see ESI† for details).

The packing diagram reveals a similar pattern as was
observed in 1a and 2a with the ions stacked in rows along the
c-axis. Again, there are two different types of rows. The anions
—together with disordered acetonitrile—are stacked along the
edges, while two rows of cations and acetonitrile occupy the
body of the unit cell (see Fig. 5C).

Crystal structure of [BiI5(OCMe2)(Cu(P(o-tol)3))2] (4).
Compound 4 crystallizes in the orthorhombic space group
Pna21 in the form of thick red needles. The molecular struc-
ture is shown in Fig. 6A. As mentioned before the motif is very
similar to that of the anion in 1b with just one of the iodide
ligands replaced by an acetone molecule making the complex
overall neutral. The acetone ligand has a significant impact on
the coordination sphere of one of the copper atoms. It no
longer displays a tetrahedral environment but is better

Fig. 5 Excerpts of the crystal structure of 3a. A: Degrees of occupancy
for different atom positions in the disordered [Sb6I22]

4−-ion. B: Actual
connectivity of the [Sb6I22]

4−-ion. The [Sb4I16]
4−-ion, from which it can

be derived, is highlighted in grey. For ease of viewing the crystallo-
graphic c-axis is shown as a black line in A and B. C: Packing diagram of
3a. Disordered MeCN molecules are omitted for clarity. Fig. 6 Molecular structure (A) and unit cell (B) of 4.
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described as a 3 + 1 coordination with a nearly trigonal-planar
[Cu(I)2(P(o-tol)3)]-unit expanded by the acetone ligand, as the
copper atom is moved out of the I2P plane by only 0.285 Å.
This also has an effect on the symmetry of the structure
overall. The structures discussed before all had trigonal or hex-
agonal space groups with a threefold axis being induced by a
templating effect of the P(o-tol)3-ligand. 4 on the other hand
crystallizes in an orthorhombic space group, since the acetone
ligand no longer allows for a threefold symmetry of the
molecule.

With 2.565 Å and 2.595 Å the Cu–I distances in the trigonal-
planar [Cu(I)2(P(o-tol)3)]-unit are significantly shorter than the
ones in the tetrahedral [Cu(I)3(P(o-tol)3)]-unit in the same
molecule (2.699 Å–2.873 Å). While the Cu–O distance is with
2.949 Å quite long, it is well beneath the sum of the van der
Waals radii and on the upper end of the range of distances
that can be considered as bonding interactions according to
Alvarez.49 The four Bi–I distances perpendicular to the Bi–O
bond range from 3.037 Å to 3.099 Å, which is well in line
with what is found in [BiI6(Cu(PPh3)2)2] (3.014 Å–3.181 Å).29

The distance between the bismuth atom and the iodide
ligand opposing the acetone molecule is slightly shorter
(2.915 Å), but still longer than the corresponding distance
in [PPh3Bu][Bi2I8(OCMe2)] (2.853 Å), the only other
compound featuring a I–Bi–(OCMe2) unit.

50 On the other hand
the Bi–O distance in 4 (2.690 Å) is shorter than in
[PPhh3Bu][Bi2I8(OCMe2)] (2.747 Å).

Crystal structure of [IP(o-tol)3]2[Sb2I10(Cu(P(o-tol)3))2] (5a).
Compounds 5a and 5b are isostructural (see ESI† for details),
therefore, only 5a will be discussed. Compound 5a crystallizes in
the triclinic space group P1̄ as orange blocks. The anion is com-
posed of a [Sb2I10]

4−-unit, featuring two edge sharing SbI6-octahe-
dra, that are capped by two [Cu(P(o-tol)3)]

+-groups. Its structure is
shown in Fig. 7A. The ion adopts the 1̄-symmetry with the inver-
sion centre being in the middle between the two antimony posi-
tions. A similar PPh3 complex, but with bismuth instead of anti-
mony was already found by Pike and co-workers.29 Furthermore,
Chen and co-workers as well as our own group already reported
on the same [Bi2I10Cu2]

2−-motif as well as the bromido analogue,
but with acetonitrile ligands instead of phosphines.28,31 Still, 5a
is the first compound to feature antimony in this motif. The Sb–I
distances for the terminal and µ-bridging iodide ligands
(2.850 Å–3.050 Å) as well as the Cu–I distances (2.698 Å–2.736 Å)
are well within the ranges previously discussed, while the Sb–µ3-I
distances are significantly elongated (3.269 Å, 3.315 Å), as was
also observed with the known bismuth analogues.

What has not been observed with the previous examples of
the [Bi2I10(Cu(L))2]

2−-ions is the [IP(o-tol)3]
+-cation and its

interaction with the anion as shown in Fig. 7B. The literature-
known compounds featured NBu4

+- or PBz4
+-cations that show

no directional interaction with the anion. The [IP(o-tol)3]
+-

cation however is prone to form I–I contacts as can also be
seen in the adducts I2-P(Ar)3 and [I3][IP(Ar)3].

37,38 In 5a an I–I-
contact between the cation and the µ-bridging iodide ligand of
the anion of 3.471 Å is observed. This is longer than what is
found in free I2-P(Ar)3 (3.124 Å–3.350 Å, depending on Ar) but

fits well with the corresponding distances in [IP(Ar)3][I3] salts
(3.437 Å–3.580 Å) and [Ph3PI][U(OSiMe3)2I4] (3.480 Å), a rare
example of a halide metalate with a [IP(Ar)3]

+-cation.39

Despite this short distance which is well below the doubled
van der Waals radius of iodine,49 the contact does not seem to
have any effect on the structure of the anion, as no distortion
or significant changes of Bi–I or Cu–I distances compared to
the known bismuthates can be observed. This fact
together with the high number of discovered examples of
[E2I10(Cu(L))2]

2−-ions points to a high stability of this particu-
lar motif.

Crystal structure of [HP(o-tol)3]2[Sb2I10(Ag(P(o-tol)3))2] (6).
Compound 6 crystallizes in the triclinic space group P1̄ as
orange needles. The anionic motif is the same as in 5a but
with silver instead of copper making it is the first multinary
silver iodido antimonate ion aside from the three-dimensional
anion in the double perovskite (CH3NH3)2SbAgI6.

18 Its struc-
ture is shown in Fig. 8A. Similar to its copper analogue, the
ion adopts the 1̄-symmetry with the inversion centre between
the two antimony positions.

In contrast to 5a and the triphenylphosphine coordinated
bismuth counterparts reported by Pike and co-workers,
the central [Sb2I10]

4−-unit in 6 is far more distorted. While the
E–µ3-I distances there are fairly equal, one short and one long

Fig. 7 A: Anionic motif of 5a. B: Formula unit of 5a with I–I contacts
between anion and cations shown as intercepted bonds. C: Unit cell of
5a. All but the phosphorous bonded carbon atoms are omitted for
clarity.
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Sb–µ3-I distance can be found in 6, being 3.263 Å and 3.418 Å.
A similar but less clear-cut observation is made for the Ag–µ-I
contacts parallel to the Sb–µ3-I ones. Here a shorter distance of
2.875 Å and a longer distance of 2.942 Å is found.

The only other [E2I10(Cu(L))2]
2−-ion where a similar obser-

vation can be made is the acetonitrile coordinated version
[Bi2I10(Cu(MeCN))2]

2−, recently published by our group.30

Because of this, the distortion can neither be attributed to the
enlarged steric bulk of the P(o-tol)3-ligand nor to the different
ratio between the atomic radii of antimony and silver com-
pared to bismuth and copper.

Crystal structure of [Bi2I10(Ag(PPh3))4]·MeCN (7). Compound
7 crystallizes in the triclinic space group P1̄ as red blocks. It
features a similar motif as 5a/b and 6 but here the central
[Bi2I10]

4−-unit is surrounded by four [Ag(PPh3)]
+ – instead of

two [M(P(o-tol)3]
+ – fragments. This leads to an overall neutral

molecule with two stacked Bi2Ag2I6-cubes in its centre (see
Fig. 9). The molecule, too, has an inversion centre between the
bismuth positions.

The atom distances as well as the distortion of coordination
polyhedra are well in line with what is found in [BiAg3I6(PPh3)]
and 5a/b with the Bi–I distances ranging from 2.870 Å to
3.099 Å for terminal and µ3-bridging and 3.350 Å to 3.382 Å for
the µ4-bridging iodide ligands. For the µ4-bridging iodide
ligands a similar elongation of the bonds as for the equivalent
µ3-bridging ones in 5a/b is observed.

Stability and thermal decomposition

Combined TG-DSC measurements were carried out for all pro-
ducts that could be synthesized with sufficient purity (1a, 2a/b,
4, 5a/b, 6). All compounds that do not feature solvent mole-
cules as ligands are stable to about 200 °C and show a sharp
peak in the DSC data just before main step of thermal
decomposition that most likely corresponds to the melting of
the substances. The compounds that do feature acetonitrile or
acetone ligands, show a first small loss of mass between
120 °C and 150 °C and then behave similar to the compounds
without solvent ligands. PXRD measurements of the residues
after the measurement showed the main products to be
elemental copper and Cu3P. For more details see the ESI.†

Optical properties of the copper iodido metalates

UV-Vis absorption spectra measured as diffuse reflectance
were obtained for all compounds of the series that could be
produced in sufficient amounts and purity. The first promi-
nent observation is a red shift of the onset of absorption when
replacing Sb with Bi in the isostructural pairs of compounds.
This shift varies from about 0.1 eV for 5a/b to 0.3 eV for 1a/b
but still always makes a difference from an orange to a deep
red colour to the eye (see Fig. 10 and Table 1). This effect of
the group 15 element has also been observed with the related
PPh3 complex [SbI6(Cu(PPh3)2)3] and its Bi counterpart26 as

Fig. 8 Anionic motif (A) and unit cell (B) of 6. Free (HP(o-tol)3)
+-ions

are highlighted in green, only phosphorous bonded hydrogen atoms are
shown.

Fig. 9 Molecular motif (A) and unit cell (B) of 7.
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well as various iodido metalates with binary anions.46

However, it is not yet possible to derive a general rule from
these findings as the opposite is found with Rb3Sb2I9 (1.89 eV)
and Rb3Bi2I9 (2.06 eV).51

Also, comparing the P(o-tol)3 complexes to the PPh3 com-
plexes containing the same elements, it is apparent that Eonset
is significantly higher for the P(o-tol)3 species (see Fig. 11 and
S23†). This is especially striking when considering that one
reason for introducing copper into iodido pentelates, meaning
group 15 metalates, is to lower their optical band gaps. Aside
from the neutral PPh3 complexes this has proven to be success-
ful in a copper iodido bismuthates like [PPh4]4[Cu2Bi2I12],

25

[C6H16N2]2[CuBiI8]
52 and [HPy]2[(Py)CuBi3I12].

32 The onset of
absorption for the P(o-tol)3 complexes however is well in the
range commonly found for the binary iodide pentelates.46

Naturally, we asked ourselves what the reason for these large
differences between the structurally similar compounds 1a/b
and [SbI6(Cu(PPh3)2)3]/[BiI6(Cu(PPh3)2)3] is. The main
difference here is that 1a/b are charged complexes, while
[SbI6(Cu(PPh3)2)3] and [BiI6(Cu(PPh3)2)3] feature neutral mole-
cules. However, 4 is a neutral complex that is also structurally
quite similar, but still has a high onset of absorption.

Aside from the charge, the coordination environment of the
copper atoms changes when looking from the P(o-tol)3- to the
PPh3-complexes. While the former feature one phosphine and
three iodide ligands the latter have two iodide and two phos-
phine ligands. We think this to be the major reason for the
difference in band gaps, since theoretical investigations have
shown a significant influence of the phosphine ligands on the
frontier orbitals. However, the electronic situation proved to be
very complicated, which is why it is not possible to assign the
changes of the band gaps to one or two single parameters (see
below).

Optical properties of [HP(o-tol)3]2[Sb2I10(Ag(P(o-tol)3))2] (6)

6, which is the first discrete multinary silver iodido antimo-
nate, has an onset of absorption of 2.17 eV (see Fig. 12). This
lies in the same range as the binary iodido antimonates men-
tioned before and fits the trend that is observed when looking
at bismuthates with ternary and binary anions, as in contrast

Fig. 10 Tauc-plots from diffuse reflection UV-vis data of 1a/b, 2a/b and
5a/b. Photographs of 5a and 5b shown as insets.

Table 1 Onset of absorption as estimated from Tauc-plots of diffuse
reflection UV-Vis data, assuming an indirect allowed transition

Eonset/eV

1a [HP(o-tol)3][SbI6(Cu(P(o-tol)3))2] 2.24
1b [HP(o-tol)3][BiI6(Cu(P(o-tol)3))2] 1.91
2a [Cu(MeCN)3(P(o-tol)3)]3[H(P(o-tol)3)2]

[Sb3I12][Sb2I9Cu(P(o-tol)3)]
2.16

2b [Cu(MeCN)3(P(o-tol)3)]3[H(P(o-tol)3)2]
[Bi3I12][Bi2I9Cu(P(o-tol)3)]

1.85

4 [BiI5(OCMe2)(Cu(P(o-tol)3))2] 1.88
5a [IP(o-tol)3]2[Sb2I10(Cu(P(o-tol)3))2] 2.13
5b [IP(o-tol)3]2[Bi2I10(Cu(P(o-tol)3))2] 1.98
6 [HP(o-tol)3]2[Sb2I10(Ag(P(o-tol)3))2] 2.23

[SbI6(Cu(PPh3)2)3] 1.96 (ref. 26)
[BiI6(Cu(PPh3)2)3] 1.62 (ref. 26)

Fig. 11 Tauc-plots from diffuse reflection UV-vis data of 1a/b, 4 and
[EI6(Cu(PPh3)2)3].

Fig. 12 Tauc-plot from diffuse reflection uv-vis data of 6. Microscopic
photograph of polycrystalline 6 shown as in inset.
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to copper, silver does not seem to lower the onset of absorp-
tion compared to binary iodido bismuthates.25,26

The only other silver iodido antimonate, the double perovs-
kite (CH3NH3)2SbAgI6, shows a bandgap of 1.93 eV.18 This
trend of a small decrease of the band gap when moving to
higher dimensional anions, too, fits with the observations at
discrete silver iodido bismuthates and the corresponding
double perovskites.25,53

However, with only 6 as an example at hand it is too soon
to draw any conclusions concerning silver iodido antimonates
in general.

Theoretical investigations

In order to better understand the different factors determining
the band gaps, we calculated excitation energies (Tables
S15–23†) of [SbI6(Cu(P(o-tol)3))2]

−/[BiI6(Cu(P(o-tol)3))2]
−,

[BiI5(OCMe2)(Cu(P(o-tol)3))2] and [SbI6(Cu(PPh3)2)3]/
[BiI6(Cu(PPh3)2)3] using a time-dependent DFT approach
(exchange–correlation functional B97-3c54 with a TZVP-type
basis set,55 TD-approximation and spin–orbit coupling (SOC)
based on PBE-D356–58 optimized structures, see method
section for details). The resulting gap energies of the ground
state and the first excited state are shown next to the experi-
mental absorption onset in Table 2.

The TD-DFT results are in good agreement with experi-
mental values discussed above and all observed trends are cor-
rectly reproduced. We therefore analyse the first excited SOC
states obtained by TD-DFT more closely in the following by
investigating the spin-free states making up the SOC state.

The first excited state of the anion of 1b is a mixture of
various triplet states (shown in Table 3). The largest contri-
bution of 35% comes from T19 dominated by the excitation
from HOMO−1 to LUMO+5. Other contributions also involve
HOMO−2 and LUMO+4 which are shown in Fig. 13. The exci-
tation character of all involved spin-free states is Cu-d → Bi-p
mediated by lone pairs at iodine atoms. In contrast, the low-

lying P(o-tol) ligand acceptor orbitals are more active in the Sb
analogue complex 1a (Table S19†). Furthermore, the most
active donor orbital is here the HOMO. Additionally, major
contributions of T1 (17%) and T2 (14%) corresponding to Cu-d
→ π* character are found (Fig. S52†). When substituting one
iodine atom with acetone leading to 4, the structure of the
unoccupied frontier orbitals changes dramatically while the
HOMO stays mostly unaltered (Fig. S53†). The Bi-p states inter-
act with OCMe2, shifting them below the organic ligand orbi-
tals in energy. As a result, Egap is reduced.

The first SOC state of the “windmill” complex
[BiI6(Cu(PPh3)2)3] is comprised almost equally of triplet states
with the HOMO donating into the LUMO (T1, 29%) and
LUMO+1 (T4, 27%) (Table S18†). Furthermore, there is also a
small contribution (S9, 8%) of a singlet state involving the
LUMO+2 acceptor orbital. Similar to the other Bi complexes
(1b, 4), the character of all contributions to this excitation can
be described as Cu-d → Bi-p (Fig. S51†).

However, the ligand orbitals do not play a role for the
excitations in 1b (Table 3) but contribute significantly
to 1a (Table S20†). In contrast, the Sb windmill complex
[SbI6(Cu(PPh3)2)3] has a stronger contribution of the T1 state of
45% while contribution of T4 is reduced slightly to 25%
(Table S16†). Furthermore, the LUMO+2 acceptor orbital con-
tributes 7% (T11). The character of all these transitions can be
described as Cu-d → Sb-p (Fig. S50†). However, the Sb-s orbital
also acts as a donor orbital for the LUMO (T7, 8%).

In summary, our theoretical investigations highlight why it
is so difficult to find simple common descriptors to categorize

Table 2 Comparison of theoretical gap (Egap) – and measured absorp-
tion onset energies (Eonset) of selected complexes

Complex Eonset/eV Egap/eV

[SbI6(Cu(P(o-tol)3))2]
− (anion of 1a) 2.24 2.38

[BiI6(Cu(P(o-tol)3))2]
− (anion of 1b) 1.91 2.03

[BiI5(OCMe2)(Cu(P(o-tol)3))2] (4) 1.88 1.66
[SbI6(Cu(PPh3)2)3] 1.96 (ref. 26) 1.96
[BiI6(Cu(PPh3)2)3] 1.62 (ref. 26) 1.34

Table 3 Contributions of spin-free states to spin–orbit state 1 of
[BiI6(Cu(P(o-tol)3))2]

− (anion of 1b)

Spin-free
state (%) Molecular orbital contributions (%) Character

T19 (35) HOMO−1 → LUMO+5 (81) Cu-d → Bi-p
T15 (33) HOMO−1 → LUMO+4 (96) Cu-d → Bi-p
T17 (12) HOMO-2 → LUMO+5 (94) Cu-d → Bi-p
T16 (10) HOMO-2 → LUMO+4 (89) Cu-d → Bi-p

Fig. 13 Relevant molecular orbitals of [BiI6(Cu(P(o-tol)3))2]
−.
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the effects of the introduction of copper into iodido pentelates.
While the nature of the transition can be broadly described at
Cu-d → E-p (E = Sb, Bi) in all investigated cases, both the
ground and excited state will be influenced by additional
factors: (i) The energy level of the Cu-d ground state will be
modified through the coordination environment of the copper
atom, e.g. the number and nature of the ligands and, in the
case of [SbI6(Cu(PPh3)2)3], by contributions from the Sb-s
orbital; (ii) the energy level of the excited state will be influenced
by the coordination environment of the E atom, which is com-
paratively similar throughout the series, but also by additional
contributions from Sb-s and π* states, while the latter depend
on the nature and arrangement of the phosphine ligands.
Nevertheless, our findings suggest that a possible starting point
in systematically tuning the absorption properties of copper
iodido pentelates lies in controlling the coordination environ-
ment of the copper atom. This is underscored by the obser-
vation that in the series A2[Bi2I10(Cu(L))2] (A = ammonium or
phosphonium cation; L = PR3 or MeCN)28,29 the band gap
becomes smaller as the electron donor capability of L
increases,59 from 2.21 eV for L = P(OPh)3 (see also Scheme 1) to
1.98 eV for L = P(o-tol)3 in compound 5b.

Conclusions

Overall, we show that numerous new multinary halogenido
metalates and metal halide complexes featuring group 11 and
group 15 (semi)metals are readily available when using phos-
phine ligands and phosphonium counterions. This suggests a
broad new chemistry in this field, far beyond the small
number of current literature examples. We also underscore
how complex the interplay between different building units in
these materials can be and how simple rationales like ‘copper
lowers the band gap in iodido bismuthates’ fail to capture
this. This suggests that in future work, not only the elemental
combination can be used to tune the optical properties of
materials in this class, but also other factors influencing the
electronic situation at individual building units, like ligands at
the copper atoms, although more work is still needed to gain a
deeper understanding of this.

Experimental
General

SbI3 and BiI3 were synthesized from the elements according to
literature procedures.60,61 CuI, AgI, HI (57% solution in water,
stabilizer: 0.75% H3PO2) and P(o-tol)3 were used as supplied
from commercial sources unless indicated otherwise. Acetone
and acetonitrile were generally flash-distilled prior to use. In
cases where rigorously dry conditions were needed, the flash-
distilled solvents where stored over molecular sieves for three
days and then distilled onto a fresh portion of molecular
sieves and stored under argon. 1,2-Dimethoxyethane (dme)
was handled the same way, but only used in the dried form

and under argon atmosphere since it is prone to the formation
of peroxides. For filtration cellulose filters with a pore size of
5–8 µm were used. When dry conditions were needed, glass
microfiber filters with a pore size of 1.6 µm which were dried
at 120 °C were used. CHN analysis was carried out on an
Elementar CHN-analyzer. Thermal analysis was carried out by
simultaneous DTA/TG on a NETZSCH STA 409 C/CD in the
temperature range of 25 °C to 1000 °C with a heating rate of
10 °C min−1 in a constant flow of 80 ml min−1 N2. Powder pat-
terns were recorded on a STADI MP (STOE Darmstadt) powder
diffractometer, with CuKα1 radiation with λ = 1.54056 Å at
room temperature in transmission mode. IR spectra were
measured on a Bruker Tensor 37 FT-IR spectrometer equipped
with an ATR-Platinum measuring unit. Optical absorption
spectra were recorded on a Varian Cary 5000 UV/Vis/NIR
spectrometer in the range of 200–800 nm in diffuse reflectance
mode employing a Praying Mantis accessory (Harrick). The raw
data was transformed from reflectance R to absorption accord-
ing to the Kubelka–Munk function F(R) and then plotted as a
Tauc-plot, assuming an indirect allowed transition (see ESI†
for details).

Synthesis

[HP(o-tol)3][SbI6(Cu(P(o-tol)3))2] (1a). A total of 37 mg
of SbI3 (0.075 mmol), 19 mg of CuI (0.1 mmol) and 46 mg of
P(o-tol)3 (0.15 mmol) were suspended in 7.5 mL of acetone.
6.6 µL of HI (57% solution in water, 0.05 mmol) were added
under stirring and the mixture was heated to 65 °C for 1.5 h
under reflux cooling. The yellow solution with orange precipi-
tate was left to cool to room temperature and then filtered.
Within one day orange crystals of 1a formed in the filtrate. The
crystals were collected and washed three times with 3 mL of
pentane. Yield: 29 mg (30%). CHN (calculated for
C63H64Cu2I6P3Sb): C 39.25 (39.28), H 3.430 (3.450), N 0 (0).

Crystal data for 1a. Trigonal, space group R3̄ (no. 148),
a = 15.8066(5) Å, c = 22.7061(6) Å, V = 4913.0(3) Å3, Z = 3,
T = 100.00 K, μ(MoKα) = 3.991 mm−1, Dcalc = 1.951 g cm−3,
33 984 reflections measured (4.662° ≤ 2Θ ≤ 50.88°), 2024 unique
(Rint = 0.0468, Rsigma = 0.0168) which were used in all calcu-
lations. The final R1 was 0.0364 (I > 2σ(I)) and wR2 was 0.0695
(all data).

[HP(o-tol)3][BiI6(Cu(P(o-tol)3))2] (1b). A total of 59 mg of BiI3
(0.1 mmol), 19 mg of CuI (0.1 mmol) and 60 mg of P(o-tol)3
(0.2 mmol) were suspended in 9 mL of acetone. 8.6 µL of HI
(57% solution in water, 0.06 mmol) were added under stirring
and the mixture was heated to 65 °C for 2 h under reflux
cooling. After cooling to room temperature the clear solution
was stored at 5 °C. Within one week 1b formed as a red micro-
crystalline powder. The product was collected and washed
three times with 3 mL of pentane. The reaction yielded 45 mg
(22%) of the product, but contaminated with traces of CuI,
wich could not be removed (see Fig. S40 in the ESI†).

[Cu(MeCN)3(P(o-tol)3)]3[H(P(o-tol)3)2][E3I12][E2I9Cu(P(o-tol)3)]
(E = Sb (2a), Bi (2b)). A total of 125 mg of SbI3 (2a) or 148 mg
of BiI3 (2b) (0.25 mmol), 38 mg of CuI (0.2 mmol) and 91 mg
of P(o-tol)3 (0.3 mmol) were dissolved in 10 mL of acetonitrile
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by heating the mixture to 95 °C under reflux cooling for 5 min.
To the hot solution 13.2 µL of HI (57% solution in water,
0.1 mmol) were added under stirring and the mixture was kept
at 95 °C for 45 min under reflux cooling. The clear orange solu-
tion was filtered while still hot and left to crystallize at room
temperature. Within one day orange crystals of 2a or red crys-
tals of 2b formed in the filtrate. The crystals were collected
and washed once with 3 mL of cold acetonitrile, twice with
3 mL of methanol and dried under vacuum. Yield: 143 mg
(54%) for 2a, 224 mg (73%) for 2b. CHN of 2a (calculated for
C144H155Cu4I21N9P6Sb5): C 29.87 (30.21), H 2.673 (2.730), N
2.17 (2.20). CHN of 2b (calculated for C144H155Cu4I21N9P6Bi5):
C 28.19 (28.48), H 2.679 (2.570), N 2.10 (2.08).

Crystal data for 2a. Hexagonal, space group P63 (no. 173),
a = 14.9870(10) Å, c = 44.289(2) Å, V = 8615.0(12) Å3, Z = 2,
T = 100 K, μ(MoKα) = 5.120 mm−1, Dcalc = 2.207 g cm−3, 123 138
reflections measured (4.836° ≤ 2Θ ≤ 50.722°), 10 521 unique
(Rint = 0.2247, Rsigma = 0.1101) which were used in all calcu-
lations. The final R1 was 0.0681 (I > 2σ(I)) and wR2 was 0.1276
(all data).

Crystal data for 2b. Hexagonal, space group P63 (no. 173),
a = 14.9871(5) Å, c = 44.5600(17) Å, V = 8667.8(7) Å3, Z = 2,
T = 100.0 K, μ(MoKα) = 9.378 mm−1, Dcalc = 2.361 g cm−3,
71 055 reflections measured (4.818° ≤ 2Θ ≤ 50.694°), 10 523
unique (Rint = 0.0992, Rsigma = 0.0837) which were used in all
calculations. The final R1 was 0.0456 (I > 2σ(I)) and wR2 was
0.0766 (all data).

[Cu(P(o-tol)3)(MeCN)3]4[E6I22]·MeCN (E = Sb (3a), Bi (3b)).
The synthesis was carried out completely under an atmosphere
of dry Ar. A total of 75 mg of SbI3 (3) or 89 mg of BiI3 (3b)
(0.15 mmol), 19 mg of CuI (0.1 mmol) and 30 mg of P(o-tol)3
(0.1 mmol) were added to flask and dried at 50 °C and 10–3

mbar for one hour. 25 mL of dry acetonitrile were added and
the mixture was heated to 95 °C for 45 min under reflux
cooling. After cooling to room temperature the solution was fil-
tered and then left for crystallisation at 5 °C. After one week
large orange crystals of 3a or large red crystals of 3b had
appeared, that started to decompose when taken out of the
mother liquor.

Crystal data for 3a. Trigonal, space group P3̄ (no. 147),
a = 14.7250(2) Å, c = 22.9033(6) Å, V = 4300.70(16) Å3, Z = 1,
T = 100 K, μ(CuKα) = 39.543 mm−1, Dcalc = 2.161 g cm−3, 32 766
reflections measured (6.932° ≤ 2Θ ≤ 151.448°), 5930 unique
(Rint = 0.0328, Rsigma = 0.0286) which were used in all calcu-
lations. The final R1 was 0.0695 (I > 2σ(I)) and wR2 was 0.1786
(all data).

Crystal data for 3b. Trigonal, space group P3̄ (no. 147),
a = 14.6948(7) Å, c = 23.2365(13) Å, V = 4345.4(5) Å3, Z = 1,
T = 100.0 K, μ(MoKα) = 10.512 mm−1, Dcalc = 2.297 g cm−3,
28 417 reflections measured (3.2° ≤ 2Θ ≤ 53.71°), 6226 unique
(Rint = 0.0684, Rsigma = 0.0591) which were used in all calcu-
lations. The final R1 was 0.0321 (I > 2σ(I)) and wR2 was 0.0768
(all data).

[BiI5(OCMe2)(Cu(P(o-tol)3))2] (4). The synthesis was carried
out completely under an atmosphere of dry Ar. A total of
89 mg of BiI3 (0.15 mmol), 19 mg of CuI (0.1 mmol), 45 mg of

P(o-tol)3 (0.15 mmol) were dissolved in 10 mL of dry acetone
by heating the mixture to 65 °C for 1 h under reflux cooling.
The clear orange solution was left to cool to room temperature
and then filtered. Within one day at 5 °C 4 formed as hexag-
onal plates. The crystals were washed two times with 3 mL of
cold acetone and dried on air. Yield: 18 mg (11% with respect
to the limiting agent of CuI). CHN (calculated for
C45H48BiCu2I5OP2): C 32.66 (33.01), H 2.95 (2.95).

Crystal data for 4. Orthorhombic, space group Pna21 (no.
33), a = 17.9943(12) Å, b = 17.7272(13) Å, c = 15.8671(9) Å, V =
5061.4(6) Å3, Z = 4, T = 100.0 K, μ(CuKα) = 32.472 mm−1, Dcalc =
2.149 g cm−3, 126 688 reflections measured (7° ≤ 2Θ ≤
151.432°), 8754 unique (Rint = 0.0486, Rsigma = 0.0295) which
were used in all calculations. The final R1 was 0.0241 (I > 2σ(I))
and wR2 was 0.0531 (all data).

[IP(o-tol)3]2[E2I10(Cu(P(o-tol)3))2] (E = Sb (5a), Bi (5b)). The
synthesis was carried out completely under an atmosphere of
dry Ar. A total of 50 mg of SbI3 (5a) or 59 mg of BiI3 (5b)
(0.1 mmol), 19 mg of CuI (0.1 mmol), 92 mg of P(o-tol)3
(0.3 mmol) and 13 mg of I2 (0.05 mmol) were suspended in
10 mL of dry dme. After heating the mixture to 85 °C under
reflux cooling for 30 min the product had formed as an orange
(5a) or bright red (5b) precipitate. The product was collected,
washed once with 3 mL of dry dme, twice with 3 mL of dry
pentane. The reaction yielded 70 mg (49%) and 79 mg (52%)
of 5a and 5b, respectively, but in both cases contaminated
with traces of CuI, wich could not be removed (see Fig. S46
and S47 in the ESI†). CHN of 5a (calculated for
C84H84Cu2I12P4Sb2): C 31.86 (32.43), H 2.746 (2.720). CHN of
5b (calculated for C84H84Cu2I12P4Bi2): C 30.33 (30.71), 2.612
(2.580).

Initially crystals were grown over the course of four to six
weeks from a solution of 75 mg of SbI3 (5a) or 89 mg of BiI3
(5b) (0.15 mmol), 19 mg of CuI (0.1 mmol), 46 mg of P(o-tol)3
(0.15 mmol) in dry dme at room temperature.

Crystal data for 5a. Triclinic, space group P1̄ (no. 2), a =
14.1928(2) Å, b = 14.5293(2) Å, c = 14.6615(4) Å, α = 117.9820
(10)°, β = 104.6040(10)°, γ = 105.1260(10)°, V = 2315.30(8) Å3,
Z = 1, T = 100 K, μ(CuKα) = 37.467 mm−1, Dcalc = 2.231 g cm−3,
59 560 reflections measured (7.066° ≤ 2Θ ≤ 135°), 8276 unique
(Rint = 0.0418, Rsigma = 0.0341) which were used in all calcu-
lations. The final R1 was 0.0357 (I > 2σ(I)) and wR2 was 0.0889
(all data).

Crystal data for 5b. Triclinic, space group P1̄ (no. 2),
a = 14.2398(3) Å, b = 14.5995(3) Å, c = 14.7020(3) Å, α = 105.454
(2)°, β = 117.2590(10)°, γ = 105.296(2)°, V = 2338.21(9) Å3, Z = 1,
T = 100 K, μ(CuKα) = 39.820 mm−1, Dcalc = 2.333 g cm−3, 59 581
reflections measured (7.036° ≤ 2Θ ≤ 140.204°), 8744 unique
(Rint = 0.0671, Rsigma = 0.0479) which were used in all calcu-
lations. The final R1 was 0.0417 (I > 2σ(I)) and wR2 was 0.1069
(all data).

[HP(o-tol)3]2[Sb2I10(Ag(P(o-tol)3))2] (6). A total of 100 mg of
SbI3 (0.2 mmol), 47 mg of AgI (0.2 mmol), 91 mg of P(o-tol)3
(0.3 mmol) and 13.2 µL of HI (57% solution in water,
0.1 mmol) were dissolved in 20 mL of acetonitrile by heating
the mixture to 95 °C for 2 h under reflux cooling. The yellow

Paper Dalton Transactions

15866 | Dalton Trans., 2021, 50, 15855–15869 This journal is © The Royal Society of Chemistry 2021

Pu
bl

is
he

d 
on

 2
8 

O
ct

ob
er

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
M

ar
bu

rg
 o

n 
11

/2
6/

20
21

 1
0:

18
:1

3 
A

M
. 

View Article Online



solution with yellow precipitate was left to cool to room temp-
erature and then filtered. Within a few week at 5 °C 6 formed
as agglomerates of orange needles alongside a powder of AgI.
The AgI was suspended by agitation of the solution and
removed together with the liquid. The crystals were washed
two times with 3 mL of cold acetonitrile and dried on air.
Yield: 30 mg (5% with respect to the limiting agent of HI).
CHN (calculated for C84H86Ag2I10P4Sb2): C 34.10 (34.23), H
3.012 (2.940).

Crystal data for 6. Triclinic, space group P1̄ (no. 2),
a = 13.3248(5) Å, b = 14.3029(6) Å, c = 14.7856(6) Å, α = 61.9970
(10)°, β = 76.4210(10)°, γ = 66.4810(10)°, V = 2277.38(16) Å3,
Z = 1, T = 100.0 K, μ(MoKα) = 4.510 mm−1, Dcalc = 2.149 g cm−3,
41 912 reflections measured (4.438° ≤ 2Θ ≤ 50.638°),
8277 unique (Rint = 0.0669, Rsigma = 0.0506) which were used in
all calculations. The final R1 was 0.0438 (I > 2σ(I)) and wR2 was
0.0776 (all data).

[Bi2I10(Ag(PPh3))4]·MeCN (7). A total of 100 mg of BiI3
(0.16 mmol), 50 mg of AgI (0.21 mmol) and 104 mg of PPh3

(0.4 mmol) were suspended in 10 mL of acetonitrile. 17.2 µL of
HI (57% solution in water, 0.13 mmol) were added under stir-
ring and the mixture was heated to 95 °C for 1 h under reflux
cooling. The yellow solution with yellow precipitate was filtered
while still hot and left for crystallization at 5 °C. Within three
weeks red blocks of 7 appeared. Unfortunately, repetition of
the synthesis under the same conditions did not yield 7 again,
but only produced [BiI6(Ag(PPh3)2)3].

Crystal data for 7. Triclinic, space group P1̄ (no. 2), a =
13.2600(10) Å, b = 14.3061(13) Å, c = 14.5411(11) Å, α = 101.487
(6)°, β = 108.303(6)°, γ = 115.047(6)°, V = 2188.6(3) Å3, Z = 1, T =
100.0 K, μ(MoKα) = 8.522 mm−1, Dcalc = 2.447 g cm−3, 24 200
reflections measured (3.198° ≤ 2Θ ≤ 53.826°), 9283 unique
(Rint = 0.0821, Rsigma = 0.0983) which were used in all calcu-
lations. The final R1 was 0.0469 (I > 2σ(I)) and wR2 was 0.1132
(all data).

Crystallography

Single crystal X-ray determination was performed at 100 K on a
Bruker Quest D8 diffractometer with microfocus MoKα radi-
ation and a Photon 100 (CMOS) detector, a STOE StadiVari
diffractometer with CuKα radiation and a Detectris Pilatus
300K detector or a STOE IPDS-2/2T diffractometer equipped
with an imaging plate detector system using MoKα radiation
with graphite monochromatization. Low temperature measure-
ment was chosen to reduce thermal vibrations and to avoid
the loss of solvate molecules where necessary.

The structures were solved using direct methods, refined by
full-matrix least-squares techniques and expanded using
Fourier techniques, using the ShelX software package62–64

within the OLEX2 suite.65 All non-hydrogen atoms were
refined anisotropically unless otherwise indicated. Hydrogen
atoms were assigned to idealized geometric positions and
included in structure factors calculations. Pictures of the
crystal structures were created using DIAMOND.66 For
additional details on individual refinements, including dis-
order and twinning found in a number of structures, we refer

the reader to the ESI.† The data has been deposited as CCDC
2102772–2102774 and 2102776–2102786.†

Computational methods

Structures of the anionic complexes excluding counterions
were extracted from the experimentally determined crystal
structures and fully optimized with the exception of 4 for
which only positions of hydrogen atoms were relaxed due to
large distortions occurring otherwise. Optimizations were per-
formed with TURBOMOLE67 7.3 with forces converged to at
least 10−3 Eha0

−1. The GGA-type exchange–correlation func-
tional PBE56 was used including the semiempirical dispersion
correction DFT-D357 with an improved damping function.58

The self-consistent field energy was converged to 10−8 Eh on a
fine integration grid (m4) using the def2-TZVPP68 basis set
and corresponding effective core potentials for I, Sb and Bi.
Furthermore, the resolution of the identity69 (RI) approxi-
mation was employed throughout.

Time-dependent density functional theory calculations in
the Tamm–Dancoff approximation were performed with ORCA
4.2.070 using the B97-3c functional54 and including spin–orbit
coupling (SOC) effects. For the purpose of calculating exci-
tation energies, the lowest 20 transitions (roots) were con-
sidered. Scalar relativistic effects were treated with the zeroth
order regular approximation (ZORA) formalism.71 The basis
set old-ZORA-TZVP,55 a relativistically recontracted version of
the all-electron def2-TZVP68 basis set was used in conjunction
with the auxiliary basis set SARC/J. Due to a missing basis set,
SARC-ZORA-TZVP was used for Bi instead. Similar to
TURBOMOLE, the RI approximation was used and SCF conver-
gence was set to 10−8 Eh on a fine grid (Grid5) while the grid
was improved to Grid6 for the final post-SCF evaluation.
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3 Cumulative part

3.3 [SMe3]2[Bi2Ag2I10], a silver iodido bismuthate with an
unusually small band gap

Jakob Möbs, Sudip Pan, Ralf Tonner-Zech and Johanna Heine, Dalton Transactions, 2022, 51,
13771–13778, DOI:10.1039/d2dt02305a.

Abstract

Iodido metalates of heavy main group elements have seen much research interest in the last years
due to their possible application as absorbers in photovoltaics. However, for materials based
on the non-toxic element bismuth, one challenge lies in narrowing the optical band gap for
sufficient solar absorption. Here, we present a new iodido silver bismuthate, [SMe3]2[Bi2Ag2I10]
(1), which is prepared from solution and characterized regarding its structure, thermal stability
and optical absorption. While compounds with similar anion compositions are known, the
band gap of 1.82 eV is the smallest in chain-like Bi/Ag/I-compounds that has been reported to
date. To support our experimental findings we carried out computational investigations and
were able to reproduce the surprisingly narrow band gap, highlighting the subtle influence of
the connectivity of different building units in multinary bismuthates. We also prepared and
characterized the simple iodido pentelates [SMe]3[E2I9] (E = Bi, Sb; 2, 3) to provide a point of
comparison.

Figure 3.3: Table-of-contents graphic of "[SMe3]2[Bi2Ag2I10], a silver iodido bismuthate with an unusu-
ally small band gap".

Summary

The preparation and properties of a new iodido silver bismuthate, [SMe3]2[Bi2Ag2I10] (1), as
well as two homometallic iodido group 15 metalates, [SMe]3[E2I9] (E = Bi (2), Sb (3)) all fea-
turing the same [SMe3]+-cation are reported and an overview over all literature known Ag/Bi/I
complexes aside elpasolite derivatives is given.
All three compounds are easily synthesized from acetonitrile solutions of the binary metal iodides
and trimethyl sulfonium iodide. 1 has a one-dimensional anionic motif made up of {Bi2I10}-
and {Ag2I6}-subunits of edge-sharing octahedra and tetrahedra, respectively. These subunits
are connected via shared edges and corners into chains that are very similar to the literature
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known anionic motifs of [NEt4]2[Bi2Ag2I10] and [1,3,5–Me3py]2[Bi2Ag2I10] with the same nom-
inal composition but still distinctly different. The optical band gap of 1 is significantly smaller
than those of the literature compounds, which is surprising given the closely related crystal
structures. Furthermore, it is even slightly smaller than the band gaps found for 2d-elpasolites,
which also is unexpected, as higher dimensional systems generally lead to smaller band gaps.
The optical properties of 2 and 3 on the other hand are well in line with what is generally found
for homometallic metalates featuring small, discrete anions. All three compounds are thermally
robust and only start to decompose around 200 ℃.
To further understand the findings concerning the optical band gap of 1, computational in-
vestigations of the electronic structures of 1 as well as [NEt4]2[Bi2Ag2I10] for comparison were
carried out. No qualitative differences concerning the orbital contributions to the band edges
were found. In both cases, the valence band is mostly made up of Ag and I orbitals, while the
conduction band comprises Bi and I orbitals. However, in 1, the charges are more delocalized
than in [NEt4]2[Bi2Ag2I10], which leads to a decrease of the band gap similar to large aromatic
systems.

Own contribution

All syntheses were planned by myself and executed by myself, Alena Shlyaykher or Chantsalmaa
Berthold under my supervision. Crystallographic measurements, solutions and refinements as
well as UV-Vis measurements were done by myself. Thermo-gravimetric measurements were
done by Uwe Justus. Computational investigations were carried out by Sudip Pan and Ralf
Tonner-Zech. The manuscript was written through contributions of Johanna Heine, Sudip Pan,
Ralf Tonner-Zech and myself.
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[SMe3]2[Bi2Ag2I10], a silver iodido bismuthate with
an unusually small band gap†

Jakob Möbs, a Sudip Pan, b Ralf Tonner-Zech b and Johanna Heine *a

Iodido metalates of heavy main group elements have seen much research interest in the last years due to

their possible application as absorbers in photovoltaics. However, for materials based on the non-toxic

element bismuth one challenge lies in narrowing the optical band gap for sufficient solar absorption.

Here, we present a new iodido silver bismuthate, [SMe3]2[Bi2Ag2I10] (1), which is prepared from solution

and characterized regarding its structure, thermal stability and optical absorption. While compounds with

similar anion compositions are known, the band gap of 1.82 eV is the smallest in chain-like Bi/Ag/

I-compounds that has been reported to date. To support our experimental findings we carried out com-

putational investigations and were able to reproduce the surprisingly narrow band gap, highlighting the

subtle influence of the connectivity of different building units in multinary bismuthates. We also prepared

and characterized the simple iodido pentelates [SMe]3[E2I9] (E = Bi, Sb; 2, 3) to provide a point of

comparison.

Introduction

Main group halide metalates have seen strong research interest
in the last decade as their semiconductor properties make
them suitable for a wide range of applications from photovol-
taics and LEDs to X-ray detectors and photocatalysis.1 The
starting point for this interest and still one of the most promi-
nent of these compounds is the lead halide perovskite
CH3NH3PbI3 (MAPI). With optimized versions of this material
record efficiencies of 25.5% were achieved in single-junction
solar cells, which nearly matches the performance of the best
crystalline silicon based cell,2 while being cheaper and easier
to fabricate.3 Despite this success, the toxicity of lead4 in com-
bination with the low stability of CH3NH3PbI3 against tempera-
ture and moisture5 remains a serious issue and has led
researchers to look beyond Pb toward other heavy main group
metals. An obvious choice when trying to substitute lead is its
neighbor bismuth as it shows a similar chemistry in its halide
compounds6 and an overall low toxicity.7 The changed charge
of the most stable oxidation state of bismuth compared to

lead, however, prevents direct substitution and the formation
of the favorable perovskite motif.8 Efficiencies of photovoltaic
cells based on halide bismuthates have remained low due to
mostly large and indirect band gaps.3

To address this, the electronic structure and optical pro-
perties of halide bismuthates can be altered by the introduc-
tion of heterometals. In case of monovalent metals like silver,
this also allows for the formation of the elpasolite motif,
A2BiMX6 (A = monovalent organic or inorganic cation, M =
monovalent metal, X = Cl, Br, I), which is a superstructure of
perovskite, where one half of the bivalent Pb2+ is substituted
by a monovalent and the other half by a trivalent metal.9

These compounds, especially Cs2BiAgBr6, have also been
intensely investigated recently and show promising properties
for various semiconductor applications in bulk form as well as
thin films and nanocrystals.10 However, overall quite large
optical band gaps of around or above 2 eV and short electron
diffusion length in Cs2BiAgBr6, have so far prevented high
efficiencies in photovoltaic applications.11,12 As the trends for
other halogenido plumbates and bismuthates show, the band
gap should narrow with the transition from chlorido and
bromido to iodido compounds.13–15 Unfortunately though, the
corresponding Cs2BiAgI6 proved to be unstable and so far
could only be synthesized in nanocrystalline form.16 Instead
the related compound Cu2BiAgI6 could recently be obtained. It
does not feature the elpasolite structure, but 2D layers of edge-
sharing BiI6 and AgI6 octahedra with a disorder of bismuth
and silver atoms.17 While the band gap of 2.06 eV is still too
large for application in single-junction solar cells, its overall
optical properties make it a promising candidate for hetero-

†Electronic supplementary information (ESI) available: Additional crystallo-
graphic details, thermal analysis, optical properties, powder patterns, details of
the computational investigations, cif-files. CCDC 2182488–2182491. For ESI and
crystallographic data in CIF or other electronic format see DOI: https://doi.org/
10.1039/d2dt02305a

aDepartment of Chemistry and Material Sciences Center, Philipps-Universität

Marburg, Hans-Meerwein-Straße 4, 35043 Marburg, Germany.

E-mail: johanna.heine@chemie.uni-marburg.de
bWilhelm-Ostwald-Institut für Physikalische und Theoretische Chemie, Fakultät für

Chemie und Mineralogie, Universität Leipzig, Linnéstraße 2, 04103 Leipzig, Germany
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junction cells.17,18 Furthermore, a number of iodido silver bis-
muthates with crystal structures that feature 2D cut-outs of the
elpasolite motif spaced apart by layers of organic cations have
been reported.19,20 These 2D elpasolites show band gaps as
small as 1.86 eV.21 But aside from these elpasolite derivatives
only nine iodido silver bismuthates with an anion dimension-
ality of two or lower are recorded in the Cambridge Structural
database,22 including two overall neutral complexes. These
compounds feature optical band gaps between 1.93 eV and
2.29 eV.14,15,23–25 Fig. 1 gives an overview of their structural
motifs.

Here, we present a new silver iodido bismuthate,
[SMe3]2[Bi2Ag2I10] (1), that features a one-dimensional ternary
anion. We used the trimethyl sulfonium cation [SMe3]

+, which
has been shown to template halogenido metalates with
unusual anion motifs, like [SMe3][SbCl4], the singular example
of a halogenido pentelate with a three-dimensional anion
structure,27 and useful properties, like [SMe3][PbI3], an air-
stable hexagonal perovskite28 and [SMe3]4[Pb3Br10], a layered
bromido plumbate with a broad red emission.29 The anion
motif in 1 is deceptively similar to the ones found in
[NEt4]2[Bi2Ag2I10] by Chen23 and [1,3,5-Me3py]2[Bi2Ag2I10] by
Adonin,26 however 1 features a band gap of 1.82 eV, much
smaller than those found in these previously reported chain-
like silver iodido bismuthates. We have also newly prepared
the simple iodido pentelates [SMe]3[E2I9] (E = Bi, Sb; 2, 3),
which serve as a point of comparison.

Experimental
General

BiI3 and SbI3, were synthesized from the elements according to
literature procedures.30 AgI and SMe3I were used as supplied
from commercial sources. Solvents were flash distilled prior to
use. BiI3 and SbI3 were stored under inert conditions.
Reactions with AgI were carried out under exclusion of light.
The dried products are air-stable.

CHN/S analysis was carried out on an Elementar CHN/S
analyser. Thermal analysis was carried out by simultaneous
DTA/TG on a NETZSCH STA 409 C/CD in the temperature
range of 25–1000 °C with a heating rate of 10 °C min−1 in a
constant flow of 80 mL min−1 N2. IR spectra were measured on
a Bruker Tensor 37 FT-IR spectrometer equipped with an ATR
platinum measuring unit. Optical absorption spectra were
recorded on a Varian Cary 5000 UV/vis/NIR spectrometer in
the range of 300–800 nm in diffuse reflectance mode employ-
ing a Praying Mantis accessory (Harrick). The raw data was
transformed from reflectance R to absorption according to the
Kubelka–Munk function F(R) and then plotted as a Tauc-plot
assuming an indirect allowed transition (see ESI† for details).

Synthesis

[SMe3]2[Bi2Ag2I10] (1). A total of 118 mg of BiI3 (0.2 mmol,
2 eq.), 23 mg of AgI (0.1 mmol, 1 eq.) and 41 mg of SMeI3
(0.2 mmol, 2 eq.) were suspended in 10 mL of MeCN and
heated to 95 °C for 30 min under reflux cooling resulting in a
red solution with a yellow precipitate, which could be identi-
fied as AgI via powder diffraction. While still hot, the solution
was filtered through a paper filter and left for crystallization at
room temperature. After one day the cover of the crystallization
vial was pricked with a needle to allow for slow evaporation of
the solvent. After one week reddish black needles of 1 had
formed, accompanied by a small number of orange blocks of 2
which were easily separated. Yield: 7 mg (7% with regard to
the limiting factor of AgI). CHN/S (calculated): C 3.71 (3.50), H
0.896 (0.88), S 2.88 (3.13).

Fig. 1 Overview of the structural motifs of literature-known Bi–Ag–I
complexes. Note that the disorder of silver atoms in [1,3,5-
Me3py]2[Bi2Ag2I10]

26 is not shown.
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[SMe3]3[Bi2I9] (2). A total of 59 mg of BiI3 (0.1 mmol, 1 eq.)
and 31 mg of SMe3I (0.15 mmol, 1.5 eq.) were suspended in
5 mL of MeCN and heated to 95 °C under reflux cooling. After
30 min an orange precipitate of 2 formed, which was collected
and washed twice 3 mL of methanol as well as twice with 3 mL
of n-pentane. Yield: 61 mg (68%). CHN/S (calculated): C 6.30
(6.03) H 1.582 (1.52) S 5.08 (5.37). Single crystals suitable for
X-ray diffraction were grown from filtered reaction solution
over the course of two days.

[SMe3]3[Sb2I9] (3). A total of 100 mg of SbI3 (0.2 mmol, 1 eq.)
and 60 mg of SMe3I (0.3 mmol, 1.5 eq.) were suspended in
10 mL of acetone and heated to 65 °C. After 30 min an orange
precipitate of 3 formed, which was collected and washed twice
3 mL of methanol as well as twice with 3 mL of n-pentane.
Yield: 133 mg (83%). CHN/S (calculated): C 6.85 (6.68), H 1.696
(1.68), S 5.69 (5.95).

Single crystals suitable for X-ray diffraction were initially
grown from a solution of 50 mg SbI3 (0.1 mmol, 1 eq.), 12 mg
AgI (0.05 mmol, 0.5 eq.) and 20 mg SMe3I (0.1 mmol. 1 eq.) in
10 ml of aqueous hydroiodic acid (c = 2 mol L−1).

X-ray crystallography

Single crystal X-ray determination was performed on a STOE
IPDS2 diffractometer equipped with an imaging plate detector
system using MoKα radiation with graphite monochromatiza-
tion or a STOE StadiVari diffractometer using CuKα radiation
from an X-ray micro source with X-ray optics and a Pilatus
300 K Si hybrid pixel array detector. The structures were solved
using direct methods, refined by full matrix least-squares tech-
niques, and expanded using Fourier techniques, using the
ShelX software package31 within the OLEX2 suite.32 All non-
hydrogen atoms were refined anisotropically unless otherwise
indicated. Hydrogen atoms were assigned to idealized geo-
metric positions and included in structure factors calculations.
Pictures of the crystal structures were created using
DIAMOND.33 Additional details on individual refinements are
reported in the ESI.† The data for compounds 1, 2 and 3 were
deposited as CCDC 2182488–2182491.† Powder patterns were
recorded on a STADI MP (STOE Darmstadt) powder diffract-
ometer, with CuKα1 radiation with λ = 1.54056 Å at room temp-
erature in transmission mode. Rietveld refinement was carried
out using TOPAS-Academic Version 7.34 Details on individual
refinements are given in the ESI.†

Results and discussion
Synthesis

The only reliable method to produce compound 1 proved to be
the one described in the Synthesis section. Although trying
various stoichiometric ratios and different solvents such as
acetone, 1,2-dimethoxyethane, butanone, dimethylformamide
and hydroiodic acid to improve the yield of the reaction and
the purity of the product we always observed the formation of
2 as the main product alongside unreacted AgI.

In addition we also tried to prepare the corresponding silver-
antimony compound, but only observed the formation of 3.

X-Ray crystallography

1 crystallizes in the monoclinic crystal system in the space
group P21/n with Z = 2. An excerpt of the crystal structure is
shown in Fig. 2. 1 features chain-like [Bi2Ag2I10]

2−-anions
oriented in the direction of the a-axis and disordered [SMe3]

+-
cations. The anionic chains are built from pairs of edge-
sharing BiI6-octahedra forming Bi2I10 sub-units, which are
connected into chains by pairs of silver atoms. The silver
atoms themselves feature a tetrahedral coordination sphere,
which is typical for silver halide complexes. The space in-
between the anionic chains is occupied by [SMe3]

+-cations that
show a disorder of the sulfur atom over two positions which
are occupied with 72.5(12)% and 27.5(12)%.

A very similar anion motif with the same sum formula has
already been described by Chen and co-workers.23 However,
this compound features a [NEt4]

+-cation and a different con-
nectivity of the anionic chain. There, the Bi–I–Bi-bridging
iodide ligands take part in the coordination of the silver
atoms, enforcing additional edge-sharing between BiI6 and
AgI4 polyhedra, while this is not the case with our compound
(see Fig. 3). The interatomic distances of the two compounds
are well in line with each other, with Bi–I bond lengths
ranging from 2.92 Å to 3.32 Å in 1 and, with a larger range,

Fig. 2 Excerpt of the crystal structure of 1 (top). Unit cell of 1 (bottom).
Lesser occupied positions of disordered sulfur atoms are shown in
lighter colors. Hydrogen atoms are omitted for clarity.
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from 2.87 to 3.42 Å in the literature compound. Ag–I bond
lengths of 2.82 to 2.91 Å and 2.83 to 2.92 Å, respectively, are
found in 1 and in [NEt4]2[Bi2Ag2I10]. Secondary bonding inter-
actions show more distinct differences between the two com-
pounds: In the crystal structure of [NEt4]2[Bi2Ag2I10], argento-
philic Ag⋯Ag (3.32 Å) contacts35 and I⋯I (3.85 Å) interactions
below the sum of the van der Waals radii are observed,36

which are absent in 1. In addition to 1 and [NEt4]2[Bi2Ag2I10]
yet another compound with the nominal anionic formula
[Bi2Ag2I10]

2− has been reported by Adonin and co-workers. It
features a [1,3,5-Me3py]

+-cation and in contrast to the other
two compounds the silver atoms are disordered over two
equally occupied positions. The Bi–I and Ag–I distances are
generally in a similar range but because of the disorder we did
not analyze them in detail.

2 crystallizes in the monoclinic crystal system in the space
group C2/c with Z = 16. It features the well-known [Bi2I9]

3−-
anion which is composed of two face-sharing BiI6-octaherda
and was first described by Chabot et al. in 1978 in Cs3[Bi2I9].

37

An excerpt of the crystal structure is shown in Fig. 4. Bi–I dis-
tances range from 2.95 Å to 3.35 Å, which is well in line with
what is generally found in iodido bismuthates.38 The [SMe3]

+-
cations suffer from a similar disorder as in 1 (see ESI† for
details). At room temperature 3 is isostructural to 2 (see ESI†
for details). However, when cooled down to 100 K it undergoes
a transition to a phase of lower symmetry with the space group

Cc, which is one of the maximal non-isomorphic subgroups of
C2/c. Additionally, the unit cell of the low temperature phase is
only a quarter the size of the room temperature phase’s one
with two of the axis being cut in half. An excerpt of the crystal
structure at 100 K is shown in Fig. 4. Despite the room temp-
erature phase of 3 showing a similar disorder of the (SMe3)

+-
cations as 1 and 2 no disorder is observed at 100 K. This
phenomenon is also found in the closely related
[SMe3]3[Bi2Br9], although no accompanying phase transition is
observed here.39 Like its bismuth counterpart, the [Sb2I9]

3−

anion is well known throughout the literature and was also
first described by Chabot et al. in 1978 in Cs3[Sb2I9].

37 The Sb–
I distances of 2.87 Å to 3.29 Å at room temperature are well in
line with the distances reported there. At 100 K these range
from 2.82 Å to 3.42 Å with two quite long contacts between
antimony and the µ-bridging iodide ligands of 3.38 Å and
3.42 Å, which are longer than what is typically observed.40

However, in chlorido antimonates with [Sb2Cl9]
3− anions

similar distortions of the Sb–Cl bond lengths have been
reported.41 Also, [SMe3]

+-cations, as well as the closely related
[NMe4]

+-cations are somewhat prone to producing halogenido
metalate compounds that feature solid–solid phase tran-
sitions, as a number of literature examples show.28,42

Thermal analysis

Combined TGA-DSC measurements were carried out for all
three compounds. 1 and 2 show a first mass loss of 19.4% and
34.9%, respectively, between 195 °C and 275 °C. This corres-
ponds to the loss of two (1) and three (2) formula units of
SMe3I (19.8% and 34.2% theoretically). Directly afterwards
between 275 °C and 460 °C a second mass loss of 56.9% (1)
and 65.1% (2) is observed which corresponds to the sublima-
tion of BiI3 (57.3% and 65.8% theoretically). In case of 2 this
means the complete decomposition of the product, while for 1
only AgI is left, that slowly decomposes further up to around
940 °C. At this point a final mass 9.3% of the starting material
is left which fits the overall share of silver in the compound
(10.5% theoretically).

The decomposition of 3 is very similar to the one of 2 with
the difference that the two decomposition steps overlap each
other and become indistinguishable, due to the lower sublima-

Fig. 3 Comparison of the anionic motifs of 1 (top), [NEt4]2[Bi2Ag2I10] by
Chen and co-workers (center)23 and [1,3,5-Me3py]2[Bi2Ag2I10] by Adonin
and co-workers (bottom, only for the leftmost of the repeating units all
silver positions are shown).26

Fig. 4 Excerpts of the crystal structures of 2 (left) and 3 (right). Lesser
occupied positions of disordered sulfur atoms as well as hydrogen
atoms are omitted for clarity.
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tion temperature of SbI3. TGA diagrams of 1, 2 and 3 are
shown in Fig. 5. Additional data including the DSC measure-
ments can be found in the ESI.†

UV-Vis spectroscopy

UV-Vis-absorption spectra were obtained for all three com-
pounds. Tauc plots of these measurements are shown in
Fig. 6. The optical band gaps of 2 and 3 are estimated from the
Tauc-plots to be 2.10 eV and 2.27 eV, respectively, when assum-
ing an indirect allowed transition. This fits well into the
ranges that are typically found for iodido antimonates and
bismuthates.43

1 on the other hand has an optical band gap of 1.82 eV,
which is similar to those found in 2D elpasolites, such as
[(3AMPY)2AgBiI8·H2O] (3AMPY = 3-(aminomethyl) pyridi-
nium)21 and (4FPEA)4AgBiI8 (4FPEA = 4-fluorophenethyl-
ammonium)44 with optical band gaps of 1.86 eV and 1.84 eV,

respectively. Importantly, the band gap is significantly smaller
than the 2.05 eV and 1.92 eV reported for the aforementioned
and structurally very similar [NEt4]2[Bi2Ag2I10]

23 and
[1,3,5-Me3py]2[Bi2Ag2I10],

26 respectively. Generally, structure–
property relationships in halogenido pentelates and copper
and silver halogenido pentelates are an area of ongoing investi-
gations. Several broad trends are well established. As predicted
by the dimensional reduction approach, halogenido pentelates
with the same E/X composition will show smaller band gaps
upon an increase in anion size and dimensionality.45 Also,
band gaps will decrease within the series Cl → Br → I and anti-
mony compounds will typically display larger band gaps than
isostructural bismuth compounds.46 With regard to copper
and silver halogenido pentelates it has been established that
while copper significantly contributes states that narrow the
band gap, silver does not,25 a phenomenon that has been
described as a difference in structural and electronic dimen-
sionality in double perovskites like Cs2AgBiBr6 and related
compounds.11,20,47 Judging from these findings, one might
assume that [NEt4]2[Bi2Ag2I10]

23 and 1 should have very similar
band gaps, as the Bi–I units in each case are the same and the
compounds differ only in the connectivity of the silver atoms.

Computational investigations

The puzzling finding of rather strong changes in the band gap
upon mere change in the connectivity led us to investigate the
electronic structures of the two solids 1 and [NEt4]2[Bi2Ag2I10]
using density functional theory (DFT). We used periodic
boundary conditions to account for the translational symmetry
of the crystals. Based on our previous experience with similar
compounds,25 we derived a computationally optimized unit
cell of 1 starting from the experimental structures with the
PBE functional using DFT-D3 dispersion correction in combi-
nation with Becke–Johnson (BJ) type damping functions.48 The
resulting structure is in very good agreement with experiment
(error in unit cell volume ca. 1.3%, see Table S5 in the ESI† for
details). We applied the same procedure to the literature-
known compound [NEt4]2[Bi2Ag2I10] achieving similar accuracy
(see Table S6†). This agreement in atomic structure lends con-
fidence to the investigation of the electronic structure on the
same level of approximation. Although, PBE is notoriously
known to underestimate band gaps for elemental and com-
pound semiconductors, it performs much better for ionic com-
pounds.25 More crucial for an accurate representation of the
electronic structure and band gap is the incorporation of spin–
orbit coupling (SOC) effects if heavy atoms like Bi are
involved.25

We thus computed the density of states (DOS) for 1 (Fig. 7)
and [NEt4]2[Bi2Ag2I10] (Fig. S14†). Band structure calculations
showed that we find an indirect band gap while the conduc-
tion band is slightly (<0.1 eV) higher in energy at the Γ-point
compared to the Y and Z points in k-space for both com-
pounds. Since we can assume that the transition probability
for the direct transition is much higher, we only focus on the
difference between valence and conduction band energy as
given by the DOS plot. We find a band gap of 1.6 eV for 1,

Fig. 5 Thermal decomposition diagrams of 1, 2 and 3.

Fig. 6 Tauc-plots from diffuse reflection UV-Vis data of 1, 2 and 3.
Photographs of corresponding powders smoothed out over filter paper
are shown as insets.
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while 1.8 eV is found for [NEt4]2[Bi2Ag2I10]. Although the absol-
ute values are slightly smaller, the trend is in line with the
experimental finding of 1 having a significantly smaller band
gap than that of previously reported [NEt4]2[Bi2Ag2I10].

The analysis of the atomic contributions to the DOS high-
lights the nature of the transition. The valence band is domi-
nated by the contributions from Ag and I atoms – these states
thus stem from the Ag–I bonds in the 1D chains. The conduc-
tion band on the other hand is clearly dominated by the con-
tributions from Bi and I – thus states resulting from the Bi–I
bonds. Therefore, the transition experimentally observed is
very likely resulting from an excitation of electrons from the
Ag–I into the Bi–I bonding states of the anionic chains. There
is no qualitative difference between 1 (Fig. 7) and
[NEt4]2[Bi2Ag2I10] (Fig. S14†) with respect to the atomic contri-
butions to the DOS. Thus, the difference in band gap does not
result from a change in nature of the valence or conduction
band.

The reason for the difference in band gaps is more subtle.
While analyzing the charge density of the valence and conduc-
tion bands for 1 (Fig. S15†) and [NEt4]2[Bi2Ag2I10] (Fig. S16†),
we see a significant increase in delocalization for the newly
synthesized compound 1. As is well-known for aromatic
systems (e.g. oligoacenes or polyacenes), an increase in deloca-
lization leads to a decrease in band gap. Furthermore, the Bi
atoms in 1 are significantly more electropositive in nature
(charge from AIM analysis: 0.81 and 0.67e) compared to the Bi
atoms in [NEt4]2[Bi2Ag2I10] (0.38e). This is indicative of a stron-
ger ionic Bi–I interactions in 1 compared to the other complex.
This will stabilize the conduction band, lowering the bandgap.

Conclusions

In summary, we show that using [SMe3]
+ as a templating

cation, we were able to prepare a new multinary silver iodido

bismuthate with a chain-like anion. This compound features a
significantly lower band gap than literature-known compounds
with chain-like anions of the same composition and a novel
connectivity between BiI6 and AgI4 units. Using computational
investigations, we show that the difference in band gap does
not stem from a fundamental difference in the composition of
the valence and conduction band, but can be traced back to
more subtle effects of delocalization and ionicity.
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3 Cumulative part

3.4 Establishing Family Relations in Group 15 Halogenido
Metalates with the Largest Molecular Antimony Iodide
Anion

Jakob Möbs, Gina Stuhrmann, Florian Weigend and Johanna Heine, Chemistry - A European
Journal, 2023, 29, e202202931, DOI:10.1002/chem.202202931.

Abstract

Studying structurally related families of compounds is a valuable tool in understanding and
predicting material properties and has been extensively used for metal halide perovskites. Due
to the variable anion structures in group 15 halogenido metalates, similar family relations are
still largely missing. Herein, we present compounds featuring the [Sb2nI6n+4]4– family of anions,
including the first n = 5 member in [Hpyz]4[Sb10I34] (Hpyz = pyrazinium), which contains
the largest halogenido pentelate anion reported to date. The optical properties of compounds
featuring n = 1 - 5 anions show a clear trend as well as an outlier, a low band gap of 1.72 eV
for [Hpyz]4[Sb10I34], that can be well understood using quantum chemical investigations. Also
using SbI3 and [H2NMe2]3[SbI6], a compound featuring a single octahedral [SbI6]3– -unit, as
limiting cases, we show that structure-property relationships can be established in group 15
halogenido metalates in a similar way as in metal halide perovskites, thus providing a framework
for understanding new and known compounds in this emerging class of materials.

Figure 3.4: Table-of-contents graphic of "Establishing Family Relations in Group 15 Halogenido Meta-
lates with the Largest Molecular Antimony Iodide Anion".

Summary

In this publication, the influence of anion size on the optical properties of group 15 halogenido
metalates is investigated. For derivatives of the lead halide perovskites, it is well established
that larger anionic motifs or motifs of higher dimensionality lead to smaller band gaps. This
trend should continue for group 15 halogenido metalates but the immense structural variety
of anions makes it difficult to find families of compounds related closely enough to confirm it.
Furthermore, published band gaps for these compounds can vary greatly even for the same
exact material due to differences in sample preparation and measurement setups, which further
complicates the identification of trends. For (MeNH3)3Sb2I9, for example, values between 1.9 eV
and 2.36 eV have been reported.

Here, the newly synthesized compound [Hpyz]4[Sb10I34] · MeCN · pyz (2) is presented. The anion
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is the largest discrete halogenido group 15 metalate ion yet and belongs to the [Sb2nI6n+4]4– -
family (n = 5) that features cut-outs of the CdI2 structure type as the anionic motif. Including
compound 2, examples of that family for n = 1 - 5 are known, making the series suitable to
investigate the influence of anion size on the properties. Example compounds for each n were
prepared and their optical band gaps determined under the exact same conditions. Addition-
ally, [H2NMe2]3[SbI6] (3) featuring isolated {SbI6}-octahedra as well as SbI3 were synthesized
and their band gaps determined as examples of Sb/I-compounds with the smallest and largest
possible motifs consisting of {SbI6}-octahedra.
3 and SbI3 have optical band gaps of 2.30 eV and 2.10 eV, respectively, and the values of the
[Sb2nI6n+4]4– -family fit neatly within that range, with the exception of 2, which shows a sur-
prisingly low band gap of 1.72 eV. For n = 1 - 3, the optical band gaps follow the expected
decreasing trend but the example for n = 4 shows a band gap slightly larger than that for
n = 3.
To unravel these discrepancies, excitation energies for the isolated anions as well as anions with
relevant surrounding cations were calculated using quantum chemical methods. For both mod-
els, the calculations show a trend of consistently decreasing excitation energies for n = 1 - 4 due
to a decrease of the LUMO’s energy level. This points to a packing effect of the individual ex-
amples for n = 3 and n = 4 being responsible for the slight increase that was observed with their
experimental band gaps. When looking at compound 2 with n = 5, however, the models with
and without cations differ significantly. The excitation energy of the isolated [Sb10I34]4– -anion
fits the trend of the smaller ones perfectly and the unexpected drop observed in the experiment
is not replicated in the calculations. The inclusion of cations, on the other hand, reveals a pure
charge transfer transition from the anion to unoccupied π-orbitals of the pyrazinium cations to
be the main mechanism for visible light absorption. This narrows the optical band gap and
explains the experimental observations.

Overall, the trend in optical properties found in other classes of semiconductors is confirmed
for the [Sb2nI6n+4]4– -family and it seems reasonable to at least qualitatively expand it to group
15 halogenido metalates in general. Furthermore, strong deviations from that trend and espe-
cially optical band gaps outside the range defined by [H2NMe2]3[SbI6] and SbI3 point towards
additional absorption mechanisms like charge transfer transitions that are not centered at the
anion.

Own contribution

All syntheses were planned by myself and executed by myself or Gina Stuhrmann under my
supervision. Crystallographic measurements, solutions and refinements as well as UV-Vis mea-
surements were done by myself. Thermo-gravimetric measurements were done by Uwe Justus.
Quantum chemical calculations were carried out by Florian Weigend. The manuscript was
written through contributions of Johanna Heine, Florian Weigend and myself.
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3.5 Optical Properties and Metal-Dependent Charge Transfer in Iodido Pentelates

3.5 Optical Properties and Metal-Dependent Charge Transfer
in Iodido Pentelates

Jakob Möbs, Gina Stuhrmann, Stefan Wippermann and Johanna Heine, ChemPlusChem, 2023,
e202200403, DOI:10.1002/cplu.202200403.

Abstract

Lead-free heavy halogenido metalates are currently under intense investigation, as they show
similar promising semiconducting properties as their famous but toxic lead relatives. A major
interest in this regard is the understanding and control of optical properties with the goal of
designing highly efficient photoconducting materials. Here, we present two isostructural iodido
pentelates (Hpyz)3E2I9 · 2 H2O (pyz = pyrazine; E = Sb, Bi). Both compounds are stable up
to 100 ℃. We observe an inverted order of band gap sizes, 1.91 eV and 1.98 eV for the antimony
and bismuth compound, respectively, compared to similar pairs of compounds. We use DFT
calculations to confirm that this surprising finding can be traced back to the presence of charge
transfer excitations in both compounds.

Figure 3.5: Table-of-contents graphic of "Optical Properties and Metal-Dependent Charge Transfer in
Iodido Pentelates".

Summary

The preparation and properties of two isostructural group 15 iodido metalates,
(Hpyz)3E2I9 · 2 H2O (pyz = pyrazine; E = Sb (1), Bi (2)), are reported. They feature
binuclear [E2I9]3– -anions of two face-sharing {EI6}-octahedra and singly protonated pyrazinium
cations that are interconnected by hydrogen bonds and co-crystallized water. There are short
contacts between the iodine atoms and the pyrazinium cations with centroid to iodine distances
as low as 3.737 Å for 1 and 3.574 Å for 2. These distances are very close to those found in
similar compounds, where anion-to-pyrazinium charge transfer has been observed.
When looking at examples of pairs of isostructural antimonates and bismuthates in the
literature, the bismuth compounds generally show optical band gaps that are 0.08 eV to 0.20 eV
smaller than those of the antimony compounds. For 1 and 2, however, this order is inverted
with 1 having an optical band gap of 1.91 eV and 2 of 1.98 eV. Similar to what was observed
with [Hpyz]4[Sb10I34], the close proximity of pyrazinium ions to the anion should give rise to
an anion-to-cation charge transfer excitation that narrows the optical band gap in both cases.
Computational investigations confirmed this hypothesis, and for both compounds the CBM is
composed mostly of iodine p-states, while VBM comprises the pyrazinium π*-orbitals. Due to
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differences in the absolute energies, however, the effect of this charge transfer on the band gap is
much larger for the antimony compound explaining the reverse order observed experimentally.

Own contribution

All syntheses were planned by myself and executed by myself or Gina Stuhrmann under my
supervision. Crystallographic measurements, solutions and refinements as well as UV-Vis mea-
surements were done by myself. Thermo-gravimetric measurements were done by Uwe Justus.
Quantum chemical calculations were carried out by Stefan Wippermann. The manuscript was
written through contributions of Johanna Heine Stefan Wippermann and myself.
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Optical Properties and Metal-Dependent Charge Transfer in
Iodido Pentelates
Jakob Möbs,[a] Gina Stuhrmann,[a] Stefan Wippermann,[b] and Johanna Heine*[a]

Lead-free heavy halogenido metalates are currently under
intense investigation, as they show similarly promising semi-
conducting properties as their famous but toxic lead relatives. A
major interest in this regard is the understanding and control of
optical properties with the goal of designing highly efficient
photoconducting materials. Here, we present two isostructural
iodido pentelates (Hpyz)3E2I9 · 2H2O (pyz=pyrazine; E=Sb, Bi).

Both compounds are stable up to 100 °C. We observe an
inverted order of band gap sizes, 1.91 eV and 1.98 eV for the
antimony and bismuth compound, respectively, compared to
similar pairs of compounds. We use DFT calculations to confirm
that this surprising finding can be traced back to the presence
of charge transfer excitations in both compounds.

Introduction

Inspired by the success of lead halide perovskites as solar
absorber materials,[1] main group halogenido metalates have
developed into an active field of semiconductor material
research encompassing applications such as solid state
lighting,[2] detector materials for X-rays and high energy
particles[3] and novel photocatalysts.[4] Antimony and bismuth
based materials provide the added benefit of avoiding the
environmental instability[5] and significant toxicity of lead halide
perovskites[6] and have been used in memristors,[7] remote
thermography[8] and battery materials.[9]

Heavy halogenido pentelates with [ExXy]
q� anions (E=Sb, Bi;

X=Cl, Br, I) display a highly variable structural chemistry with
molecular, chain-like, layered and network anions typically
based on {EX6} units connected via corner-, edge- or face-
sharing.[10] The dinuclear ions [E2X9]

3� , [E2X10]
4� and [E2X11]

5� ,
shown in Scheme 1, are especially ubiquitous species and
constitute important species in the solution chemistry of
halogenido pentelates.[11]

The first examples of compounds featuring them have been
reported as early as 1897,[12] with single crystal determinations
following in 1955.[13] Despite this long history, methods to

rationally modify the optical properties of these compounds are
of continuing interest. The use of organic cations functioning as
cationic acceptors can dramatically change the light absorption
of the respective material through charge-transfer (CT)
effects.[14] This has been studied for viologens[15] and
tetrathiafulvalenes[16] in some depth, however, CT phenomena
in materials featuring other cations have remained under-
explored, especially across series of isostructural compounds.[17]

Here, we present the synthesis and characterization of two
isostructural iodido pentelates (Hpyz)3E2I9 · 2H2O (pyz=pyrazine;
E=Sb (1), Bi (2)). UV-Vis spectroscopy and the comparison with
selected literature examples reveals that CT effects lower the
optical band gap in the two materials and reverse the typically
observed order of optical band gaps in isostructural antimony
and bismuth iodide materials. This highlights the potential for
using electron acceptors as templating organic cations in
halogenido pentelates materials, but also underlines that CT
may be found beyond the prototypical viologens and tetrathia-
fulvalenes.

Results and Discussion

Description of crystal structures

(Hpyz)3Sb2I9 · 2H2O (1) and (Hpyz)3Bi2I9 · 2H2O (2) crystallize from
solutions of pyrazine and Sb2O3/Bi2O3 with the ratios corre-
sponding to the target compositions in dilute hydroiodic acid.

[a] J. Möbs, G. Stuhrmann, Dr. J. Heine
Department of Chemistry
Philipps-University Marburg
Hans-Meerwein-Straße 4, 35032 Marburg (Germany)
E-mail: johanna.heine@chemie.uni-marburg.de

[b] Prof. Dr. S. Wippermann
Department of Physics
Philipps-University Marburg
Renthof 5, 35032 Marburg (Germany)
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Scheme 1. Ball and stick models of the halogenido pentelates anions
[E2X9]

3� , [E2X10]
4� and [E2X11]

5� with halogen atoms shown in cyan and metal
atoms shown in grey.
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1 and 2 are isostructural and crystallize in the tetragonal
crystal system with 8 formula units per unit cell. Note that the
structures of 1 and 2 have been solved in the different but
isomorphic space groups P41212 and P43212, respectively, from
data collected at 230 K. Upon cooling to 100 K both compounds
undergo a phase transition to the orthorhombic space group
P212121. Since the datasets collected at 100 K are of significantly
worse quality than those collected at 230 K and the optical
properties of the compounds were investigated at room
temperature only the structures of the high temperature phases
will be discussed.

The [E2I9]
3 � -anions are composed of two face-sharing {EI6}-

octahedra. For 1 Sb� I-distances range from 2.820 Å to 2.879 Å
for terminating iodido ligands and from 3.201 Å to 3.365 Å for
bridging ones. The respective values for 2 are 2.893 Å to
2.950 Å and 3.234 Å to 3.366 Å. In both cases this is well in line
with what is found for other compounds featuring the same
anionic motif measured at similar temperatures.[18–20] The anions
are surrounded by pyrazinium cations, which are intercon-
nected via hydrogen bonding with co-crystallized water (see
Figure 1A/B). Although, it was not possible to reliably locate the
hydrogen position in the electron density map, we assume that
each pyrazine moiety is singly protonated, as this fits the overall
charge. Additionally, we observed in previous works that
pyrazine does not form di-cations under the reaction conditions
employed in the synthesis of 1 and 2.[21] One of the three
crystallographically independent pyrazinium ions is disordered
over two positions. For both 1 and 2 the occupancies were
refined freely to about 3=4 and 1=4 for the two parts.

Furthermore, significantly short iodine to pyrazine contacts
are observed with the shortest centroid-to-iodine distance
being 3.72 Å for 1 and 3.57 Å for 2 (see Figure 1C/D). For the
antimony compound this is very close to the corresponding
distance of 3.75 Å observed in (Hpyz)4Sb10I34 where it gives rise
to a charge-transfer excitation between the anions and
cations.[21]

Optical Properties

When looking at the optical properties, specifically the optical
band gap Eg, of isostructural iodido pentelates, a typical
observation can be made: The bismuthates will generally
display smaller values of Eg than the antimonates. This is shown
for a number of examples in Table 1. We note that the absolute
values of Eg can depend significantly on the specific technique
used for measuring and whether single crystals, powders or
thin films are investigated.[22] Thus, we only selected examples
were measurements were conducted under the same condi-
tions by the same group. Across these examples, the optical
band gap of the respective bismuth compounds is 0.08–0.20 eV
smaller than that of the isostructural antimony compound. This
fits well with dimensional reduction deliberations[23] regarding
the parent halides, which show optical band gaps of 2.2 eV for
SbI3

[24] and 1.7 eV for BiI3,
[25] which are isostructural as well.[26]

Interestingly, the opposite order of optical band gaps is
typically observed in isostructural iodido stannates and plum-
bates, for example in (CH3NH3)SnI3 (1.2 eV) and (CH3NH3)PbI3
(1.5 eV), but also in more complex compounds[27] and is

Figure 1. A/B: Structural motifs of 1 and 2. Hydrogen bonds indicated as fragmented lines. C/D: Anions of 1 and 2 with surrounding pyrazine moieties,
centroids shown as black balls. Centroid-to-iodine contacts of below 4 Å are highlighted. A–D: All hydrogen atoms are omitted for clarity, less occupied parts
of disordered pyrazine molecules shown in lighter colours. E: Tauc-plots of diffuse reflection UV-Vis data of 1 and 2. Photographs of crystals of the compounds
shown as insets. F: Thermo-gravimetric measurements of 1 and 2.
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attributed to the higher electronegativity of tin compared to
lead.[28] These deliberations should hold true for the pair Sb/Bi,
where electronegativity differences are similar,[29] but appa-
rently, other considerations are needed here.

We recorded diffuse reflectance UV-Vis spectra of both
compounds against a BaSO4-standard as a 5 % mixture of the
compound in BaSO4. From Tauc-plots of these measurements
(see Figure 1E) optical band gaps Eg of 1.91 eV for 1 and 1.98 eV
for 2 could be extracted.

In contrast to the typically observed difference between
isostructural iodido antimonates and bismuthates, optical band
gaps in 1 and 2 show an inverse order, with the antimony
compound featuring the smaller band gap. We assign this
phenomenon to a low energy CT-excitation from the antimo-
nate to the pyrazinium ion, which has been observed before in
pyrazinium iodido metallates. Quantum chemical investigations
of the related (Hpyz)4Sb10I34 revealed the HOMO to be mostly
situated at the antimonate ion, while the LUMO is composed of
π-orbitals of the pyrazinium ion. The relation of 1 and
(Hpyz)4Sb10I34 is also supported by the shape of the Tauc-plot. In
both cases a very slow incline of the absorption with increasing
energy is observed, in contrast to the generally quite sharp
absorption edges found for other iodido pentelates.[21] For the
bismuth compound the similarly small pyrazine� iodine contacts
suggest that CT is also the main mechanism of absorption in
this case. However, as shown by Neilson and co-workers for a
series of tropylium halogenido pentelates the effect of the
metalate-to-cation-CT on the optical band gap of bismuthates
is weaker than for antimonates due to the energetically lower
lying valence band maximum.[17]

Stability and Thermal Decomposition

Combined TG-DSC measurements were performed on both
compounds. The TG data is shown in Figure 1F. Both com-
pounds are stable up to around 100 °C, where the first step of
decomposition occurs. For 2 this first step is finished at 130 °C
after 1.9 % of the initial mass are lost. This corresponds well to
the overall part of 1.9 % water in the compound. For 1 no
distinct end of the first decomposition can be identified as it
overlaps with the second and main decomposition step, which

is mostly finished at 500 °C and corresponds to the complete
evaporation of the compound. For 2 the main decomposition
occurs between 180 °C and 600 °C as a combination of two
overlapping steps. Small endothermic peaks can be found in
the DSC-data (see Supporting Information) at 180 °C for 1 and
205 °C for 2 indicating the melting of both compounds at the
beginning of decomposition.

Computational Investigations

Density-functional theory (DFT) simulations were performed,
starting from the crystallographically determined structures. We
observed only minor deviations during structural relaxation via
the DFT-calculated forces, cf. supplemental information. Fig-
ure 2a/c shows the projected densities of states (PDOS) of
(Hpyz)3Sb2I9 and (Hpyz)3Bi2I9, respectively.

Table 1. Comparison of optical band gaps of isostructural antimony and
bismuth compounds.

Compound Optical band gap
(in eV; E=Sb)

Optical band gap
(in eV; E=Bi)

Ref.

(C3N2H5)3E2I9 2.10 1.97 [30]

(CH3NH3)3E2I9 2.36 2.16 [31]

(NH2CHNH2)3E2I9 1.99 1.85 [18,19]

(S(CH3)3)3E2I9 2.27 2.10 [20]

(C8H11FN)4E2I10 2.26 2.09 [32]

(C6H9N2O)EI4
[a] 2.13 2.05 [33]

Rb3E2I9
[b] 2.03 1.93 [34]

(Hpyz)3E2I9 · 2H2O 1.91 1.98 This work

[a] These compounds feature a chain-like anion. [b] These compounds
feature a layered anion.

Figure 2. A/C: Projected densities of states (PDOS) of (Hpyz)3Sb2I9 and
(Hpyz)3Bi2I9, respectively. In both cases, the valence band maxima (VBM) are
located at the metalate anions, whereas the conduction band minima are
localized to the pyrazinium cations. B/D: Isodensity plots of the VBM and
CBM square wavefunction moduli at an isodensity value of 0.003 e� /A3,
respectively.
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Both compounds feature indirect band gaps of 0.81 eV and
1.41 eV, respectively. The valence bands consist predominantly
of iodine p states in both cases. The conduction bands are
comprised of localized π* states, originating from the pyrazi-
nium cations. Figure 2b/d shows the square moduli of the
wavefunctions associated with the band edges for each of the
compounds, indicating that the fundamental excitations involve
a charge transfer from the metalate anions to the pyrazinium
cations. Our findings are in line with an analogous charge
transfer reported by Neilson for tropylium iodido pentelates.[17]

Conclusion

To summarize our work, we have prepared two new pyrazinium
iodido metalates and discussed their crystal structures including
a phase transition upon cooling to 100 K. A discrepancy in the
optical absorption of these compounds compared to similar
literature-known materials revealed that a metalate-to-cation
charge transfer is responsible for the narrower band gap of the
antimony compound. This highlights the need to further
investigate the effect of smaller cations beyond the classical
acceptors like viologens or tetrathiafulvalenes on the optical
properties and electronic structure of heavy halogenido metal-
ates. This approach can provide a powerful tool to tune the
absorption properties in halogenido pentelate materials.

Experimental Section
General: Sb2O3, Bi2O3, pyrazine and HI (57 % solution in water,
stabilizer: 0.75 % H3PO2) were used as supplied from commercial
sources. Pyrazinium iodide was synthesized according to our
previously published method.[21] Acetonitrile was generally flash-
distilled prior to use. For filtration cellulose filters with a pore size of
5–8 μm 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. Thermal
analysis was carried out by simultaneous DSC/TG on a NETZSCH
STA 409C/CD in the temperature range of 25 °C to 1000 °C with a
heating rate of 10 °C min� 1 in a constant flow of 80 mL min� 1 N2.
Powder patterns were recorded on a STADI MP (STOE Darmstadt)
powder diffractometer, with CuKα1 radiation with λ= 1.54056 Å at
room temperature in transmission mode. Optical absorption spectra
were recorded on a Varian Cary 5000 UV/Vis/NIR spectrometer in
the range of 200–800 nm in diffuse reflectance mode employing a
Praying Mantis accessory (Harrick). The raw data was transformed
from reflectance R to absorption according to the Kubelka-Munk
function F(R) and then plotted as a Tauc-plot, assuming an indirect
allowed transition (see Supporting Information for details).

Synthesis

(Hpyz)3Sb2I9 · 2H2O (1). A total of 58 mg of Sb2O3 (0.2 mmol) and
48 mg pyrazine (0.6 mmol) were dissolved into 10 mL of hydroiodic
acid (c= 2 mol/L) by stirring at 110 °C for 30 min. The resulting clear
orange solution was filtered while still hot and left for crystallization
at room temperature. Over the course of a week, large dark red
crystals were formed. The crystals were collected and rinsed twice
with 2 mL of cold acetone and twice with 2 mL of pentane. Yield:

103 mg (31 %). CHN (calculated): C 8.70 (8.66), H 1.17 (1.15), N 4.98
(5.05).

(Hpyz)3Bi2I9 · 2H2O (2): A total of 47 mg of Bi2O3 (0.1 mmol) and
24 mg pyrazine (0.3 mmol) were dissolved into 5 mL of hydroiodic
acid (c= 1 mol/L) by stirring at 110 °C for 30 min. The resulting clear
red solution was filtered while still hot and left for crystallization at
room temperature. After one day, large red crystals had formed,
which were collected and dried on filter paper in air. Yield:
126.5 mg (69 %). CHN (calculated): C 7.69 (7.84), H 1.10 (1.04), N
4.39 (4.57).

Crystallography: Single crystal X-ray determination was performed
on a Bruker Quest D8 diffractometer with microfocus MoKα

radiation and a Photon 100 (CMOS) detector or a STOE StadiVari
diffractometer with MoKα radiation and a Detectris Pilatus 100 K
detector. The structures were solved using direct methods, refined
by full-matrix least-squares techniques and expanded using Fourier
techniques, using the ShelX software package[35] within the OLEX2
suite.[36] Pictures of the crystal structures were created using
DIAMOND.[37] For additional details on individual refinements,
including disorder and twinning found in a number of structures,
we refer the reader to the Supporting Information.

Deposition Number(s) 2213023, 2213024, 2213025 contain(s) the
supplementary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access Struc-
tures service.

Microscopic Theory: Density-functional theory (DFT) simulations
were performed within the generalized gradient approximation
(GGA-PBE)[38] as implemented within the Vienna ab initio simulation
package (VASP).[39] The electronic structure was described by
projector-augmented wave potentials with a plane-wave basis set
limited to a cutoff energy of EC =550 eV. We used periodic
boundary conditions and an 8x8x8 Monkhorst-Pack mesh was used
to sample the Brillouin zone. The structural data obtained from the
crystallographical measurements were used as starting points for
structural relaxations. We relaxed the forces until a threshold of
<0.01 eV/A was reached. Illustrations of the charge densities were
created using VMD.[40]
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3 Cumulative part

3.6 Enhanced Circular Dichroism and Polarized Emission
in an Achiral, Low Bandgap Bismuth Iodide Perovskite
Derivative

Jakob Möbs, Gina Stuhrmann, Stefan Wippermann and Johanna Heine, J. Am. Chem. Soc.,
2023, published online, DOI:10.1021/jacs.3c06141.

Abstract

Lead halide perovskites and related main group halogenido metalates offer unique semiconductor
properties and diverse applications in photovoltaics, solid-state lighting, and photocatalysis.
Recent advances in incorporating chiral organic cations have led to the emergence of chiral
metal-halide semiconductors with intriguing properties such as chiroptical activity and chirality-
induced spin selectivity, enabling the generation and detection of circularly polarized light and
spin-polarized electrons for applications in spintronics and quantum information. However,
understanding the structural origin of chiroptical activity remains challenging due to macroscopic
factors and experimental limitations. In this work, we present an achiral perovskite derivative
[Cu2(pyz)3(MeCN)2][Bi3I11] (CuBiI; pyz = pyrazine; MeCN = acetonitrile), which exhibits
remarkable circular dichroism attributed to the material’s non-centrosymmetric nature. CuBiI
features a unique structure as a poly-threaded iodido bismuthate, with [Bi3I11]2– chains threaded
through a cationic two-dimensional coordination polymer. The material possesses a low, direct
optical band gap of 1.70 eV. Notably, single crystals display both linear and circular optical
activity, with a large anisotropy factor of up to 0.16. Surprisingly, despite the absence of chiral
building blocks, CuBiI exhibits a significant degree of circularly-polarized photoluminescence,
reaching 4.9 %. This value is comparable to the results achieved by incorporating chiral organic
molecules into perovskites, typically ranging from 3 – 10 % at zero magnetic field. Our findings
provide insights into the macroscopic origin of circular dichroism and offer design guidelines for
developing materials with high chiroptical activity.

Figure 3.6: Table-of-contents graphic of "Enhanced Circular Dichroism and Polarized Emission in an
Achiral, Low Bandgap Bismuth Iodide Perovskite Derivative".
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3.6 Enhanced Circular Dichroism and Polarized Emission in an Achiral, Low . . .

Summary

This publication is focused on the compound [Cu2(pyz)3(MeCN)2][Bi3I11] (CuBiI), which shows
a variety of interesting features. It crystallizes in the non-centrosymmetric, but achiral space
group Cc, giving rise to a series of chiroptical properties like circular dichroism or circularly
polarized emission. Such properties are generally associated with compounds where chirality
and non-centrosymmetry are enforced through chiral organic molecules or ions. However, they
are not the effect of these chiral building blocks but rather the complete macroscopic single
crystal. Therefore, they can, in theory, be observed in all compounds that crystallize in a
suitable non-centrosymmetric and non-enantiomorphous crystal class like m, mm2, 4 or 42m.
Although this has long been known, it is mostly overlooked in modern research and chiroptical
properties are generally only investigated for compounds with chiral building blocks.

In CuBiI, {Cu(MeCN)}-units are connected via pyrazine ligands into cationic, honeycomb-like
2d layers, which are stacked in an AB-fashion. Through these layers, chain-like [Bi3I11]2– -anions
are threaded. The anions are built up of trimers of face sharing {BiI6}-octahedra that are con-
nected via shared corners into chains. This is similar to the connectivity of {RuO6}-octahedra
in BaRuO3, a stacking variant of the perovskite structure family in between the hexagonal and
cubic perovskite structures. The structure of CuBiI can be understood as a distorted and
vacancy-ordered derivative of the BaRuO3 structure type.
CuBiI has a direct band gap of 1.70 eV at room temperature, which is quite narrow compared
to other compounds with similar 1d-anionic motifs. This is most likely due to a charge transfer
excitation between the iodido and pyrazine ligands, as there are significantly short I-pyz dis-
tances, similar to those described in sections 3.4 and 3.5, connecting the cations and anions. At
4 K the band gap is widened to 1.89 eV and the compound also shows a sharp photoluminescence
peak centered around 1.93 eV. Both absorption and photoluminescence show dependence on the
polarization of the light, linearly as well as circularly. The circular dichroism is especially strong
with an optical anisotropy factor of gCD = 0.16, which is the largest value in the context of
halide perovskites and their derivatives reported to date. The reason for this lies in the high
quality of the single crystals as well as a very precise measurement setup with high spatial res-
olution, thus, eliminating errors from differently oriented neighbouring domains. To ensure the
reliability of the data great care was taken to extract the genuine circular dichroism from the
measurement which also includes contributions of linear dichroism and linear birefringence.

Overall, the results show that it is not strictly necessary to use chiral cations to obtain products
with strong chiroptical properties—as long as the crystal symmetry allows for such—but that
high quality of the crystals is greatly beneficial. Several lead halide perovskites or their deriva-
tives are known that crystallize in the needed space groups. In combination with the experience
in fabrication of high-quality crystalline materials in the halide perovskite community, this is a
great opportunity for future applications in the detection or generation of circularly polarized
light or electron spin in the field of spintronics.
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3 Cumulative part

Own contribution

All syntheses were planned by myself and executed by myself or Gina Stuhrmann under my
supervision. Crystallographic measurements, solutions and refinements as well as initial diffuse
reflectance UV-Vis measurements at room temperature were done by myself. Temperature-
and polarization-dependent UV-Vis and luminescence measurements were carried out by Philip
Klement, Lukas Gübel and Marius Müller. Thermo-gravimetric measurements were done by
Uwe Justus. The manuscript was written through contributions of Philip Klement, Sangam
Chatterjee, Johanna Heine and myself.
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Enhanced Circular Dichroism and Polarized Emission in an Achiral,
Low Band Gap Bismuth Iodide Perovskite Derivative
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ABSTRACT: Lead halide perovskites and related main-group
halogenido metalates offer unique semiconductor properties and
diverse applications in photovoltaics, solid-state lighting, and
photocatalysis. Recent advances in incorporating chiral organic
cations have led to the emergence of chiral metal-halide
semiconductors with intriguing properties, such as chiroptical
activity and chirality-induced spin selectivity, enabling the
generation and detection of circularly polarized light and spin-
polarized electrons for applications in spintronics and quantum
information. However, understanding the structural origin of
chiroptical activity remains challenging due to macroscopic factors
and experimental limitations. In this work, we present an achiral
perovskite derivative [Cu2(pyz)3(MeCN)2][Bi3I11] (CuBiI; pyz =
pyrazine; MeCN = acetonitrile), which exhibits remarkable circular dichroism (CD) attributed to the material’s noncentrosymmetric
nature. CuBiI features a unique structure as a poly-threaded iodido bismuthate, with [Bi3I11]2− chains threaded through a cationic
two-dimensional coordination polymer. The material possesses a low, direct optical band gap of 1.70 eV. Notably, single crystals
display both linear and circular optical activity with a large anisotropy factor of up to 0.16. Surprisingly, despite the absence of chiral
building blocks, CuBiI exhibits a significant degree of circularly polarized photoluminescence, reaching 4.9%. This value is
comparable to the results achieved by incorporating chiral organic molecules into perovskites, typically ranging from 3−10% at zero
magnetic field. Our findings provide insights into the macroscopic origin of CD and offer design guidelines for the development of
materials with high chiroptical activity.

■ INTRODUCTION
Chirality refers to the property that an object is not
superimposable in its mirror image.1 Common macroscopic
examples of so-called enantiomers are the human hands,
leading to the term handedness for distinction. Chirality has
profound implications in various fields such as pharmacology,
biology, and medicine,2 where the correct handedness of drugs
is crucial.3 In spintronics, chirality enables the manipulation of
spins for information processing, particularly in quantum
technology.4,5 Chiral materials exhibit distinct behavior when
interacting with circularly polarized light, manifesting as optical
activity in the forms of circular birefringence (CB) and circular
dichroism (CD), where CD refers to the differential absorption
of clockwise and counterclockwise circularly polarized light.
These chiroptical phenomena,6,7 including optical rotation

(OR) and circularly polarized luminescence (CPL), are
commonly associated with chirality in molecules. In solution,
OR and CD are routinely utilized to investigate the
stereochemistry of chiral molecules and metal complexes.8

While chiral molecules or ions typically crystallize in one of the
65 enantiomorphous Sohncke space groups,9 it is noteworthy

that achiral molecules or ions can also adopt these groups,10

sometimes exhibiting spontaneous resolution.11 Interestingly,
chiroptical phenomena can arise in certain achiral compounds
with unique symmetries, crystallizing in selected noncentro-
symmetric, nonenantiomorphous crystal classes, namely m,
mm2, 4̅, 4̅2m.12,13 This property is predominantly observed in
single crystals14 and has been recognized for some time.12,13,15

Its utilization remains limited due to the practical challenges of
investigating nonenantiomorphous single crystals14 and the
traditional association of chiroptical phenomena with chir-
ality,7 although the latter has also been challenged by
investigations in 2D and metamaterials.16,17

Main group halogenido metalates, represented by the
formula AxEyXz (A = organic or inorganic cation; E = main

Received: June 12, 2023

Articlepubs.acs.org/JACS

© XXXX The Authors. Published by
American Chemical Society

A
https://doi.org/10.1021/jacs.3c06141

J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
M

A
R

B
U

R
G

 o
n 

O
ct

ob
er

 1
0,

 2
02

3 
at

 1
1:

41
:1

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.



group metal; X = halogen), are a class of semiconductors that
have gained significant attention, particularly the widely
studied lead halide perovskites.18 These materials possess a
diverse range of useful properties and find applications in areas
such as photovoltaics,19 solid-state lighting,20 catalysis,21 and
ion conduction.22 By employing different types of cations A, it
is possible to control the metalate anion dimensionalities,
which can vary from molecular species (0D) to chains (1D),
layers (2D), and networks (3D).23 The introduction of
cationic metal complexes and coordination polymers into the
chemistry of halogenido metalates offers exciting prospects for
introducing additional functionalities, including specific
magnetic properties,24 luminescence,25 or modified optical
absorption behavior.26

Although there have been significant advances in the study
of molecular metal complexes,27,28 achieving the simultaneous
formation of cationic coordination polymers and halogenido
metalate anions remains a challenging task. Moreover,
identifying compounds that exhibit coordination polymers
and higher-dimensional halogenido metalate anions poses an
even greater challenge. In theory, it is possible to observe
mechanically interlocking motifs in such systems, which
expands upon the concept of mechanical bonds29 and their
application in coordination polymers and metal−organic
frameworks.30 Additionally, the phenomena of polycatenation,
polyknotting and polythreading, which are fundamental to the
understanding of coordination polymers, come into play.31

Recently, there has been a growing interest in studying the
chiroptical activity of chiral perovskites and other metal-halide
materials that incorporate chiral organic cations.32−35 This
research has shed light on the possibility of observing
chiroptical activity in compounds that lack chiral building
blocks and do not crystallize in one of the 65 Sohncke
groups.36,37 Notable examples of such materials include
[K(dibenzo-18-crown-6)]2MnX4 (X = Cl, Br), which crystal-
lizes in the space group Cc and exhibits CPL.38 Another
example is (4-AMP)BiI5 (4-AMP = 4-(aminomethyl)-
piperidinium), which also crystallizes in the space group Cc,
and displays CD and a circularly polarized light-dependent
anomalous bulk photovoltaic effect.39 These recent findings
have motivated the investigation of the chiroptical properties
of single crystals of CuBiI.
In this study, we synthesized single crystals of the achiral

perovskite [Cu2(pyz)3(MeCN)2][Bi3I11] (CuBiI; pyz =
pyrazine; MeCN = acetonitrile). CuBiI exhibits a unique
structure, where [Bi3I11]2− chains are threaded through a
cationic 2D coordination polymer, resulting in a poly-threaded
iodido bismuthate. Remarkably, CuBiI single crystals display
CD with a large anisotropy factor of 0.16, which originates in
the material’s noncentrosymmetric nature. The CD is free
from linear contributions that we eliminate through rigorous
methodology. Furthermore, the degree of circularly polarized
photoluminescence is 4.9%, a surprisingly high value
considering the absence of chiral building blocks. This finding
is comparable to the approach of incorporating chiral organic
molecules into perovskites, which resulted in 3−10% circularly
polarized photoluminescence at zero magnetic field.32,40

■ RESULTS
Crystal Structure. We successfully synthesized an iodido

bismuthate compound, [Cu2(pyz)3(MeCN)2][Bi3I11], through
the reaction of BiI3, CuI, and pyrazine (pyz) in an acetonitrile
solution with a slight excess of pyrazine. Upon cooling the

solution, the compound crystallizes as thick, dark red,
hexagonally shaped plates in the noncentrosymmetric mono-
clinic spacegroup Cc. The product is obtained with a 40%
yield.
The cationic part in CuBiI consists of a layer-like

coordination polymer, where Cu+ ions are tetrahedrally
coordinated by three pyrazine molecules and one acetonitrile
molecule. The pyrazine ligands interconnect the Cu atoms in
such a way that topologically, a 63 honeycomb lattice results
(Figure 1). The acetonitrile molecules are oriented above and

below the layers in an alternating fashion. Overall, waved layers
parallel to the ab-plane result, akin to the arrangement found in
gray arsenic. Layers show AB stacking; although dissimilar to
gray arsenic, layers are only displaced with respect to each
other along one and not both crystallographic directions
normal to the stacking direction. Generally, due to their
flexible coordination spheres, Cu(I) and Ag(I) have been
intensely explored in early investigations of coordination
polymers, especially when combined with pyrazine or the
larger 4,4′-bipyridine ligand.41−43 Interestingly, the same
cationic coordination polymer found in CuBiI has been
observed once before in [Cu(pyz)3/2(MeCN)][PF6]·0.5-
(C3H6O).

44 With regard to the combination of Cu(I)-pyrazine
coordination polymers and metalate anions, a number of
compounds are known where these types of coordination
polymers are combined with polyoxometalate anions.45

The anion motif in CuBiI is composed of trinuclear units
where {BiI6} octahedra are connected through trans face-
sharing�a fairly common anion type in iodido bismuthates.46

In CuBiI, these units are further connected through corner-
sharing into chains, a motif that has not been previously
observed in main group halogenido metalate chemistry before.
However, a number of compounds with anions of the same
composition have been reported, including the condensed
molecular anion [Bi3I11]2−,

27 the larger molecular anion
[Bi6I22]4−, of which five different isomers are known,

47−51

and two different types of chain-like [Bi3I11]2− anions,52,53

Figure 1. (a) Topology of the poly-threaded motif in CuBiI.
Topology of the cationic coordination polymer shown in orange (Cu
atoms directly connected), topology of the metalate chains shown in
gray (Bi atoms directly connected). (b) Motif of the cationic 2D
coordination polymer of CuBiI. (c) Motif of the anionic 1D-
coordination polymer of CuBiI.
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where a wider chain motif is formed entirely through edge-
sharing of {BiI6} octahedra. A combination of face- and corner-
sharing connections, as seen in CuBiI has been observed in
[M(tpy)2][Bi2I8] (M = Fe, Cu; tpy = 2,2′:6′2″-terpyridine).
Here, dinuclear {Bi2I9} units, where two octahedra are
connected through face-sharing, are further connected into a
chain via corner-sharing.54

The structure of CuBiI can be understood as a distorted,
vacancy-ordered derivative of the BaRuO3 perovskite structure
with two-thirds of the {RuO6} octahedra missing. The BaRuO3
structure type is a stacking variant in between hexagonal and
cubic perovskite, where for every two layers of hexagonally
close packed Ba2+ and O− ions, there is one layer of cubic
closest packing.55 This packing leads to units of three face-
sharing octahedra, connected together via shared corners like
in CuBiI (Figures S5−S7).
The cationic honeycomb layers and anionic chains in CuBiI

combine into a poly-threaded motif, where the chains are
threaded through the windows of each layer (Figure 1). This
creates an entangled array that can hypothetically be separated
without breaking any bonds, although, of course, the ionic
nature of both components will prevent this. The specific
topology of a 2D honeycomb lattice poly-threaded by 1D
chains to form an overall 3D pseudopolyrotaxane has been
observed before in a silver coordination polymer.56 The
anionic chains in CuBiI are further interconnected by I···I-
contacts below the sum of the van der Waals radius of I into
another set of 2D-layers parallel to the bc-plane, which can be
described as 44 square nets.57 If this secondary interaction is
taken into account, the resulting topology can be described as a
polycatenated motif with two inclined 2D nets of different
topologies combining into an overall 3D assembly (Figure S3),
a type of polycatenation that has remained rare in coordination
polymers.58−60 Halogen−halogen contacts like this are
commonly found in halogenido metalates and generally
thought to have a significant influence on the electronic
properties of the compounds, although a systematic analysis of
their effects is yet to be done.61,62

A second type of intermoiety connections is found in the
form of very short I···pyrazine contacts that connect the
anionic and cationic sublattices. Its centroid-to-I distance of
3.58 Å is significantly smaller than in pyrazinium iodide itself

or the pyrazinium iodido antimonate [Hpyz]4[Sb10I34] (see
Supporting Information for details).63 The I···pyrazine
contacts give rise to charge transfer excitations in these two
compounds and significantly alter their electronic properties.
Therefore, we expect similar effects and a strong interaction
between anion and cation of CuBiI.
The combination of halogenido bismuthate anions and

cationic coordination polymers has remained very rare, with
only two examples featuring molecular anions up to now.25,64

For the related halogenido plumbates, some examples featuring
metalate chains threaded through 2D or 3D coordination
polymers have been reported.25,65,66

Thermal Analysis. CuBiI is stable up to 100 °C, indicating
the material’s suitability for additional investigations. At higher
temperatures, it starts to lose the organic ligands without prior
melting or solid−solid phase transitions indicated. It
decomposes in four consecutive steps, losing pyrazine,
acetonitrile, BiI3, and residual iodine. The full thermal analysis
is available in the Supporting Information.
Optical Activity. We investigated the optical properties of

CuBiI single crystals by microreflectance and microphotolu-
minescence spectroscopy to confirm the chiroptical activity
originating from the noncentrosymmetric crystal structure.
Careful consideration is given to the measurement of CD in
these anisotropic single crystals to mitigate artifacts arising
from linear dichroism and linear birefringence (LDLB). Both
contribute to a background signal superimposing the genuine
CD.67,68 To minimize these artifacts, we spectroscopically
deconvolve LDLB contributions from genuine CD by using
virtually perfectly circular-polarized light. We confirm the
polarization state by Stokes polarimetry. In addition, a small
spot size and precise position control of the sample are crucial
for repeated measurements at the same location on a crystal
facet. By determining the optic axes of the crystal facet and
acquiring optical spectra along one axis, we effectively
eliminate any contribution from LD′LB′.67,69 To extract
genuine CD and LDLB contributions, we rotate the azimuth
by 90° and acquire the corresponding optical spectra.33 The
90° rotation from the optic axis leads to a sign inversion of the
LDLB terms, enabling the isolation of the CD by averaging
(semisum) the 0 and 90° spectra:

Figure 2. CD of CuBiI. (a) Absorption spectra for clockwise (σ+, black) and counterclockwise (σ−, red) circular polarization. (b) Genuine CD and
anisotropy factor calculated from (a). (c) Photoluminescence spectra for clockwise (σ+, black) and counterclockwise (σ−, red) circular polarization
showing a degree of circular polarization of 4.9%.
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= × ° + °CD
1
2

(CD (0 ) CD (90 ))genuine apparent apparent

Similarly, this allows us to extract the LDLB contribution.

= × ° °LDLB
1
2

(CD (0 ) CD (90 ))apparent apparent

Additional details are given in the Supporting Information.
Circularly polarized absorption spectra parallel to the main
optic axis at 4 K temperature (Figure 2a) show the onset of
absorption near 1.89 eV (656 nm) and a clearly defined
resonance at 1.97 eV (629 nm), which we identify with the
fundamental bright exciton. A local minimum is at 2.02 eV
(614 nm) and absorption peaks are at 2.10 eV (590 nm). The
weak residual absorption below 1.89 eV could indicate
additional states, e.g., due to disorder. A Tauc analysis yields
a direct band gap with 1.89 eV band gap energy at 4 K, which
decreases to 1.70 eV at room temperature (Figure S11). Many
iodido bismuthates show overall optical absorption properties
and thermochromism similar to that of CuBiI.70 However, the
band gap energy is quite small compared to other iodido
bismuthates featuring similar 1D-anionic motifs, in which
energies range from 1.9 to 2.2 eV.71−73 Band gap energies can
be as low as 1.62 eV in more condensed 1D-motifs featuring
wider chains.74 In CuBiI, however, we attribute the narrow
band gap to additional electronic states resulting from the
interaction of iodido ligands of the anion with pyrazine ligands
of the cation, similar to what we observed recently in
[Hpyz]4[Sb10I34].

63

Absorption may indicate CD in CuBiI as it is stronger for
counterclockwise circular polarization (σ−). In contrast, the
spectral shape is independent of light helicity. Using the
methods outlined above, we confirm and quantify the intrinsic
chiroptical activity of CuBiI (Figure 2b). CD is negative at low
energies and crosses 0 at 1.99 eV, which is close to the exciton
absorption edge and can be interpreted as the positive Cotton
effect. It peaks as high as 1.62° at 2.03 eV, which coincides
with the local minimum in absorption, and rises again above
2.4 eV. The preferential absorption of counterclockwise
circularly polarized light verifies the chiroptical activity in
CuBiI. Further, linear effects are significant in the material
(vide infra), and we calculated the LDLB contributions to the
apparent CD (Figure S12a). The ratio of the integrated area of

LDLB to genuine CD is 6.3, indicating the major contribution
of LDLB to apparent CD.
Different CD measurements are not comparable, as CD

depends on sample density (or concentration) and thickness
(or optical path length). The optical anisotropy factor gCD is
the widely accepted quantitative figure-of-merit for chiroptical
activity and normalizes CD by absorption:

= [°]
× [ ]

g CD
32. 98 Absorption ODCD

The factor gCD of CuBiI is 0.16 at 2.03 eV (Figure 2b),
which is the largest reported value to date in a metal-halide
perovskite derivative and several orders of magnitude greater
than what has been observed in other bismuth halide-based
compounds.75−77 We ascribe the large gCD to two advanta-
geous circumstances: (1) the sample is of excellent quality with
large and flat single crystal domains (Figures 4 and S13a), and
(2) microspectroscopy addresses one single crystal domain
while larger spots inevitably average many neighboring
domains with different polarization orientations (Figure
S13b,c). gCD is 1.6 times larger than in 0D chiral
methylbenzylammonium copper chloride (R-MBA)2CuCl4
(gCD ≈ 0.1)78 and 1 order of magnitude larger than in 1D
phenylethylamin lead iodide (R/S-α-PEA)PbI3 (gCD ≈ 0.02)79
and 1D naphthylethylamine lead iodide (R/S-NEA)PbI3 (gCD
≈ 0.04).80 However, these gCD factors are greatly inflated due
to significant LDLB contributions to CD.33 For instance,
Zhang et al. calculated an overestimation of gCD by at least a
factor of 1.83 and a genuine gCD of 2.5 × 10−3 in the (R-
MBA)2CuCl4 thin films.

33 This is 2 orders of magnitude
smaller than the initial report. We also note that gCD values of
the same order of magnitude as observed in our measurements
have been reported for single crystals of simple metal
complexes81,82 as well as polymer materials.83

The zero-crossing of the Cotton effect close to the exciton
absorption edge supports our interpretation as an electronic
transition. Thus, we anticipate circularly polarized photo-
luminescence in CuBiI. PL spectra parallel to the main optic
axis at 4 K temperature show a narrow emission in the red part
of the electromagnetic spectrum (Figure 2c). The PL peaks at
1.93 eV (642 nm) and features a full width at half-maximum
(fwhm) of 0.068 eV. It is Stokes-shifted by 0.04 eV from the

Figure 3. Linearly polarized optical properties of CuBiI. (a) Absorption spectra parallel (↔, black) and perpendicular ( , red) to the main optic axis
of the crystal. (b) LDLB spectra. (c) Photoluminescence spectra for parallel (↔) excitation and parallel (↔, black) and perpendicular ( , red)
detection showing a degree of linear polarization of 7.7%.
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exciton absorption resonance at 1.97 and 0.17 eV from the
absorption maximum at 2.10 eV at 4 K temperature. The
emission features a significant low-energy tail, mirroring the
onset of absorption. Circularly polarized PL spectra with
cocircular excitation and detection exhibit a distinct intensity
difference between clockwise (σ+) and counterclockwise (σ−)
circular polarization with σ− PL being more intense. We
quantify the degree of circular polarization with

= +

+

+P I I
I I
( ) ( )
( ) ( )

, where I(σ±) is the clockwise (counter-

clockwise) circularly polarized PL intensity. We extract a
degree of circular polarization of 4.9%, which is on the same
order of magnitude as in the reduced-dimensional perovskite
(R/S-MBA)2PbBr4 (3% under zero magnetic field).

40 This is
consistent with the CD and further confirms the chiroptical
activity in CuBiI.
Next, we determined the linear optical activity in CuBiI.

This is important as most single crystals and thin films show
macroscopic anisotropies in their optical properties in the
forms of linear dichroism (LD) and linear birefringence (LB).
They define the optic axes of the crystal along which light
suffers no birefringence and propagates independent of its
polarization state. We perform angle-dependent absorption
measurements of single crystals, i.e., by rotating the azimuth
angle (θ) between the propagation projection vector and the
reference vector.
Linearly polarized absorption spectra at 4 K temperature

display optical anisotropy, as the absorption depends on the
incident light polarization (Figure 3a). We determine the
crystal anisotropy axis from the cosine dependence of the
absorption on the azimuth angle (Figure S12b). The
polarization angle of 30° is the main optic axis of optical
anisotropy, along which the absorption is strongest (red line in
Figure 3a). The spectral shape and peak positions are identical
with the circularly polarized absorption spectra (Figure 2a) and
independent of polarization. The difference of absorption,
parallel and perpendicular to the main optic axis, is maximum
at the local absorption minimum at 2.02 eV, which we also
observed in the circularly polarized absorption spectra (Figure
2a).
To further understand the linear optical activity in CuBiI,

we define the LD as
+

A A

A A
, where A⊥ (A∥) is the absorption

perpendicular (parallel) to the main optic axis. In other words,
this is the difference of the absorption perpendicular and
parallel to the main optic axis normalized to the total
unpolarized absorption. From this, we quantify the LD
spectrum in the absorptive spectral region (Figure 3b). LD
ranges from 6.34% at 2.02 eV to −1.33% at 2.42 eV. The
spectrum exhibits multiple peaks, and LD peaks at higher
energies are lower.
We measured the dielectric function of CuBiI by

spectroscopic ellipsometry (Figure S14a,b) to determine LB
from the linearly polarized absorption spectra on a large bulk
crystal (≈1 mm size) with a spot size of 200 μm at room
temperature and derive the refractive index values n and k
directly from the pseudodielectric function. The refractive
indices parallel and perpendicular to the main optic axis n∥ and
n⊥ can be derived from reflectance spectra by using the Fresnel
equation for normal reflection at the air-material interface:

=
+

R n
n

1
1

2

where n̂ = n + ik is complex. We neglect the imaginary part
(k ≈ 0.28) as it is much smaller than the real part (n ≈ 2.01) at
the fundamental bright exciton resonance (Figure S14b),
which simplifies the analysis and allows us to estimate the real
n∥ and n⊥ from

=
+

n
R

R

1

1/
/

/

where R∥ (R⊥) is the reflectance spectrum parallel and
perpendicular to the main optic axis of the crystal. The
birefringence is Δn = n∥ − n⊥, and we provide the exact
calculation in the Supporting Information (Figure S15). This
estimation does not consider differences in the extinction
coefficients (Δk) parallel and perpendicular to the main optic
axis due to the limitations of our spectroscopic ellipsometry
setup in spot size and temperature control. This procedure
results in an estimation of the birefringence spectrum (Δn) of
CuBiI (Figure 3b). The LB spectrum resembles the LD
spectrum and ranges from 0.015 at 2.02 eV to −0.007 at 2.42
eV. LB crosses 0 twice, from positive to negative at 2.21 eV and
back at 2.56 eV, possibly indicating the presence of additional
optical resonances like in the 2D antiferromagnet FePS3.

84

We further investigated the linear polarization of the PL to
provide information about the relationship between crystal
anisotropy and emission properties. The linearly polarized PL
spectra at 4 K temperature (Figure 3c) feature a narrow
emission centered at 1.93 eV (642 nm) with fwhm of 0.06 eV.
This is very similar to the circularly polarized PL spectra
(Figure 2c). Both are Stokes-shifted by 0.04 eV from the
exciton resonance at 1.97 and 0.17 eV from the absorption
maximum at 2.10 eV, respectively. The PL intensity is stronger
under colinear polarization detection along the main optic axis,
yielding a degree of linear polarization of 7.7%. This is
consistent with LD and confirms the linear optical activity in
CuBiI.
The power dependence of the PL is linear over 4 orders of

magnitude (Figure S16a,b). We observe no threshold for the
onset of PL due to nonradiative recombination through defects
at low excitation power densities, and the damage threshold for
thermal decomposition at high excitation power densities is
above 130 μW cm−2. We do not observe additional states in
the low-energy tail of the PL even at very low excitation power
densities (Figure S16c).
Optical microscopy images of CuBiI with crossed linear

polarizers in the illumination and reflection light path visualize
good crystal quality and the presence of optical anisotropy
through LD and LB. LD and LB rotate the linear polarization
of light, and bright and dark spots appear for this polarization
geometry. Conversely, when optical anisotropy is absent, the
image appears homogeneously bright under crossed polarizers.
The latter is what we observe in the optical microscopy images
of a single crystal domain of CuBiI. The surface appears
homogeneously bright under unpolarized light illumination
(Figure 4a) and switches to homogeneously dark for cross-
linear polarized image detection (Figure 4b). Only a few local
spots of higher brightness appear on the surface presumably
due to imperfections, and their locations do not correlate with
the unpolarized image. Consequently, the crystal domain is
homogeneous, with some residual contribution from LD and
LB.
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■ DISCUSSION
The study of CuBiI reveals the existence of poly-threaded
iodido bismuthate structures, indicating the potential for
mechanically interlocking motifs in metal-halide materials. This
opens opportunities to stabilize unusual anion motifs and
introduce additional properties. Importantly, our results
demonstrate that chiral cations are not a strict requirement
to achieve halogenido metalates with remarkable chiroptical
properties. While chiral cations facilitate the synthesis of metal-
halide materials in noncentrosymmetric space groups, there are
a number of examples of lead halide perovskites and
halogenido metalates without chiral cations that still crystallize
in crystal classes that exhibit chiroptical phenomena.85−89

Materials displaying nonpolarized luminescence are
(BZA)2PbX4 (BZA = benzylammonium, X = Cl, Br),90,91

and (CmH2m+1NH3)2(CH3NH3)Pb2Br7 (m = 6−8),92 crystal-
lizing in the space groups Cmc21 and Cc, respectively. Overall,
this suggests that more compounds may be suitable for CPL
and subsequent spintronics applications than previously
anticipated.40,93 However, the analysis of chiroptical properties
necessitates the use of single crystals or single-crystalline films
as opposed to randomly oriented polycrystalline films or
powders. Fortunately, protocols for growing high-quality single
crystals are available,94,95 and devices based on perovskite
single crystals have already been explored.96 We demonstrate
that, by utilizing such single crystals, it is possible to uncover
anisotropy factors and degrees of circularly polarized photo-
luminescence comparable to perovskite materials containing
chiral cations, thus holding significant promise for future
spintronics applications.

■ CONCLUSIONS
In conclusion, our study demonstrates the unique properties of
the achiral perovskite derivative [Cu2(pyz)3(MeCN)2][Bi3I11]
(CuBiI) as a poly-threaded iodido bismuthate material.
Despite the absence of chiral building blocks, CuBiI exhibits
remarkable CD and a significant degree of circularly polarized
photoluminescence comparable to those of chiral organic
molecule-incorporated perovskites. The material’s noncentro-
symmetric nature and the interplay between its layered
coordination polymer and threaded [Bi3I11]2− chains contrib-
ute to these properties. The low optical band gap and the large
anisotropy factor further enhance its potential for applications
in spintronics and quantum information.

Our findings highlight that chiroptical activity can be
achieved in halogenido metalates without the use of chiral
cations, expanding the range of materials suitable for circularly
polarized light generation and detection. By utilizing high-
quality single crystals, our study reveals the macroscopic origin
of CD and emphasizes the importance of careful analysis of the
chiroptical properties in material design.
Overall, the unique combination of chirality, low band gap,

and strong chiroptical activity in CuBiI opens up new
possibilities for the development of advanced optoelectronic
devices and highlights the potential for further exploration of
metal-halide materials with enhanced chiroptical properties.
These findings contribute to a deeper understanding of the
relationship between molecular structure and optical proper-
ties, paving the way for future advancements in chiroptics and
related fields.

■ METHODS
Synthesis. To synthesize CuBiI, a suspension of 89 mg of BiI3

(0.15 mmol), 19 mg of CuI (0.1 mmol), and 16 mg of pyrazine (0.2
mmol) was prepared in 10 mL of acetonitrile (MeCN). The
suspension was heated to 95 °C for 30 h under reflux cooling.
After completion, the resulting clear red solution was filtered and
allowed to crystallize for several days. Dark red blocks of CuBiI
crystals formed and were separated from the solution. The crystals
were washed twice with 3 mL of cold MeCN and dried under a
vacuum of 10−3 mbar. The yield of CuBiI obtained was 48 mg (40%).
The composition of CuBiI was confirmed by elemental analysis
(CHN). The measured (calculated) composition was as follows: C
7.96 (7.77); H, 0.72 (0.73); N, 4.47 (4.53).
Optical Measurements. All optical measurements were carried

out at a low temperature of 4 K with the samples in vacuum. For μ-
reflectance measurements, we utilized unpolarized light emitted from
a tungsten lamp. The light was focused onto the sample using a 40×
objective with a numerical aperture of 0.6, resulting in an 80 μm spot
size. The reflected light was collected by the same objective and
directed to the spectrometer. To obtain reflectance spectra, we
subtracted the background reflectance intensity (Rbg) from the sample
reflectance intensity (Rsample) and normalized it using the reflectance
intensity from a silicon plate (Rref). The normalized reflectance was

calculated as =R
R R

R R
sample bg

ref bg
. For μ-photoluminescence measure-

ments, the samples were excited by using a 532 nm (2.33 eV) laser.
The beam was focused into a 1.31 μm spot size, and the excitation
power density was set at 0.83 μW cm−2.
Polarization Measurements. The unpolarized light from the

tungsten lamp was initially polarized by a linear polarizer and
subsequently converted into circularly polarized light by a quarter-
wave plate oriented at ±45° relative to the linear polarizer. The
normalized Stokes vector of the circularly polarized light at the sample
location was determined to be S = (S0, S1, S2, S3) = (1, 0.054, 0.036,
0.856). The reflected light underwent depolarization upon passing
through the same quarter-wave plate and was then analyzed by a
linear polarizer before reaching the spectrometer. CD is the difference
in reflectance of clockwise (σ+) and counterclockwise (σ−) circularly
polarized light according to CD = R(σ+) − R(σ−), and radians can be
converted to degrees according to [°] = [rad] 180°/π. For linear
polarization measurements, the quarter-wave plate was repositioned in
front of the spectrometer and oriented at 45° relative to the second
linear polarizer. This adjustment was made to compensate for the
polarization dependence of the spectrometer.
Detailed methods are given in the Supporting Information.
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Figure 4. Optical microscopy of CuBiI. (a) Microscopy image of a
trapezoidal shaped single crystal domain under unpolarized light. The
dashed white line highlights the crystal domain and the dashed red
circle highlights the white-light spot. (b) The same crystal domain
with crossed linear polarizers.
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Chapter 4

Summary and future prospects

4.1 Summary in the English language

In this work, the synthesis and properties of new halogenido antimonates and bismuthates were
investigated. The focus lay on iodido complexes and heterometallic compounds that feature
coinage metal atoms in the anionic motif alongside antimony or bismuth. The motivation
for this line of research is based on the success of halogenido plumbates in semiconductor
applications. With methyl ammonium lead iodide, for example, outstanding efficiencies in a
new generation of solar cells have been achieved, but issues of stability as well as the toxicity
of lead are obstacles for large-scale application. The heavy group 15 elements present a good
alternative to lead since they show similar chemistry with regard to halogenido metalates while
being less toxic and the resulting materials being generally more stable in terms of temperature
and moisture resistance. The inclusion of coinage metals can further improve the optical and
electrical properties of the heavy group 15 metalates.
This class of heterometallic compounds is still quite small and especially structure-property
relationships are not yet well understood. Therefore, different reaction conditions and a
variety of small organic cations were explored to synthesize new heterometallic metalates.
Here, especially the use of cations derived by protonation of secondary amines and tertiary
phosphines proved successful. Either by direct use or in situ deprotonation, the parent bases
are available in the reaction and can coordinate to the coinage metal, which stabilizes hetero-
metallic motifs. This led to the discovery of several stable and easy to prepare heterometallic
compounds.
For the pair pyridine/pyridinium a copper iodido bismuthate with a chain-like anion and
a remarkably small optical band gap was found. It also shows photoconductivity which
makes this compound a prime candidate for experimental solar cells in the future. The use
of P(o-tol)3/HP(o-tol)3 yielded a series of discrete heterometallic compounds for various of
group 11 and group 15 elements. These compounds are structurally very similar to a series of
PPh3-complexes, which are the result of previous work but differ greatly in optical properties.
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4 Summary and future prospects

This allowed for a computational comparison of the absorption mechanisms, which revealed
the electronic states involved to be strongly dependent on the fine changes in the coordination
environment of the coinage metal atoms. This high sensitivity was further highlighted in
the investigation of the also newly synthesized bismuth/silver compound [SMe3]2[Bi2Ag2I10].
Here all ligands are the same, namely iodide ions, as in a small number of previously known
compounds with the same nominal composition of the anion. Still, the optical band gap of
[SMe3]2[Bi2Ag2I10] is significantly smaller than observed for the comparable compounds, simply
due to a slightly different connectivity of the {BiI6} and {AgI4} building blocks.

Aside from these heterometallic compounds, metalates featuring interesting homometallic an-
ionic motifs have been prepared as well. The discovery of [Hpyz]4[Sb10I34], which contains the
largest discrete halogenido pentelate anion reported to date, allowed for the experimental as well
as computational investigation of the relationship between anion size and optical band gap in a
series of closely related antimonates. With these results, the concept that larger anionic motifs
lead to smaller optical band gaps, which is well established for other classes of semiconductors,
could be expanded to group 15 iodido metalates. It was also shown that seemingly contrasting
cases can be traced back to additional effects like charge-transfer excitation.
Furthermore, a new iodido bismuthate with a chain-like anionic motif threaded through a 2d-
network of a cationic copper/pyrazine coordination polymer was discovered. Although it does
not feature any chiral building blocks, it crystallizes in a non-centrosymmetric space group. In
addition to a narrow band gap, it shows non-linear optical properties like strong circular dichro-
ism and circularly polarized emission. These properties are generally overlooked for this class
of compounds and associated only with metalates featuring chiral organic cations. An oversight
that should be avoided in the future.

To further broaden the class of heterometallic metalates in the future and especially towards
anions with higher dimensionality, the group of cations used in this work should be expanded
to still small but doubly charged ions. This leaves more room for the anionic framework as less
space is occupied by the cations. Exploratory experiments with piperazinium derivatives have
already yielded promising results, which, however, are not part of this thesis.

In figure 4.1 the results of this work are graphically summarized.
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4.1 Summary in the English language

Figure 4.1: Graphical summary.
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4 Summary and future prospects

4.2 Zusammenfassung in deutscher Sprache

In dieser Arbeit wurden die Bildung und die Eigenschaften von neuen Halogenidoantimona-
ten und -bismutaten untersucht. Der Schwerpunkt lag dabei auf Iodidokomplexen und hetero-
metallischen Verbindungen, die neben Antimon oder Bismut auch Münzmetallatome im Anion
aufweisen. Die Motivation für dieses Forschungsgebiet beruht auf dem Erfolg von Halogeni-
doplumbaten in Hableiteranwendungen. Mit Methylammoniumbleiiodid beispielsweise wurden
hervorragende Wirkungsgrade in einer neuen Generation von Solarzellen erreicht, aber Probleme
mit der Stabilität der Verbindungen sowie die Toxizität von Blei verhindern die großtechnische
Anwendung. Die schweren Elemente der Gruppe 15 stellen eine gute Alternative zu Blei dar,
da sie eine ähnliche Chemie bezüglich der Halogenidokomplexe aufweisen, aber weniger toxisch
und die resultierenden Materialien im Allgemeinen stabiler sind. Durch den Einbau von Hete-
rometallen können die optischen und elektronischen Eigenschaften der Metallate der Gruppe 15
weiter verbessert werden.
Die Klasse der Heterometallverbindungen ist jedoch noch recht klein und insbesondere Bezie-
hungen zwischen Struktur und Eigenschaften sind noch nicht gut verstanden. Daher wurden
verschiedene Reaktionsbedingungen und kleine organische Kationen getestet, um neue hetero-
metallische Metallate zu synthetisieren. Dabei erwies sich vor allem die Verwendung von Katio-
nen, die durch Protonierung von sekundären Aminen und tertiären Phosphinen gebildet werden,
als erfolgreich. Die zugrundeliegenden Basen sind entweder durch direkten Einsatz oder in-situ-
Deprotonierung der Kationen im Reaktionsgemisch verfügbar und können an das Münzmetall
koordinieren, wodurch heterometallische Motive stabilisiert werden. Dies führte zur Entdeckung
einer Reihe von stabilen und leicht herzustellenden heterometallischen Verbindungen. Für das
Paar Pyridin/Pyridinium wurde ein Kupferiodidobismutat mit kettenartigem Anion und einer
bemerkenswert kleinen optischen Bandlücke gefunden. Es zeigt darüber hinaus Photoleitfähig-
keit, was diese Verbindung zu einem vielverspechenden Kandidaten für experimentelle Solar-
zellen in der Zukunft macht. Die Verwendung von P(o-tol)3/HP(o-tol)3 führte zu einer Reihe
von diskreten heterometallischen Verbindungen für verschiedene Elemente der Gruppen 11 und
15. Diese sind strukturell sehr ähnlich zu einer Serie von PPh3-Komplexen, die das Ergebnis
von vorherigen Arbeiten waren, unterscheiden sich jedoch stark in ihren optischen Eigenschaf-
ten. Dies ermöglichte einen theoretischen Vergleich der Absorptionsmechanismen, der zeigte,
dass die an der Absorption beteiligten energetischen Zustände stark durch kleine Änderungen
in der Koordinationsumgebung der Heterometallatome beeinflusst werden. Diese Empfindlich-
keit wurde ebenfalls bei der Untersuchung der neu synthetisierten Bismut/Silber-Verbindung
[SMe3]2[Bi2Ag2I10] beobachtet. Hier sind alle Liganden die gleichen wie in einer kleinen Reihe
bereits zuvor bekannter Verbindungen mit Anionen derselben Summenformel. Dennoch ist die
optische Bandlücke von [SMe3]2[Bi2Ag2I10] deutlich kleiner als bei den Vergleichsverbindungen,
was auf eine nur leicht andere Konnektivität der {BiI6}- und {AgI4}-Grundbausteine zurückzu-
führen ist.

Neben diesen heterometallischen Verbindungen wurden auch einige Metallate mit interessan-
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ten monometallischen Anionenmotiven hergestellt. Die Entdeckung von [Hpyz]4[Sb10I34], welche
das größte bisher gefundene diskrete Halogenidopentelatanion enthält, ermöglichte die experi-
mentelle und theoretische Untersuchung der Beziehung zwischen Anionengröße und optischer
Bandlücke in einer Reihe eng verwandter Antimonate. Mit den erzielten Ergebnissen konnte das
Konzept, dass größere Anionenmotive zu kleineren optischen Bandlücken führen, welches für an-
dere Halbleiterklassen gut etabliert ist, auf Iodidometallate der Gruppe 15 ausgedehnt werden.
Auch konnte gezeigt werden, dass sich vermeintliche Widersprüche zu den bekannten Trends auf
zusätzliche Effekte wie etwa Charge-Transfer-Übergange zurückführen lassen.
Darüber hinaus wurde ein neues Iodidobismutat mit einem kettenartigen Anionenmotiv synthe-
tisiert, das durch ein 2d-Netzwerk eines kationischen Kupfer/Pyrazin-Koordinationspolymers
gewoben ist. Obwohl sie keine chiralen Bausteine aufweist, kristallisiert die Verbindung in einer
nicht-zentrosymmetrischen Raumgruppe und zeigt neben einer engen Bandlücke nicht-lineare
optische Eigenschaften wie starken Zirkulardichroismus und zirkular polarisierte Emission. Die-
se Eigenschaften werden bei dieser Verbindungsklasse im Allgemeinen übersehen und nur mit
Metallaten in Verbindung gebracht, die chirale organische Kationen aufweisen.

Um die Klasse der heterometallischen Metallate in Zukunft weiter auszubauen, insbesondere
hin zu Anionen mit höherer Dimensionalität, sollte die Gruppe der in dieser Arbeit verwende-
ten Kationen auf immer noch kleine, aber zweifach geladene Ionen erweitert werden. Dadurch
steht mehr Platz für das anionische Gerüst zur Verfügung, da weniger Raum von den Katio-
nen eingenommen wird. In ersten Versuchen mit Piperazinium-Derivaten wurden hier bereits
vielversprechende Ergebnisse erzielt, die jedoch nicht mehr Teil dieser Arbeit sind.

In Abbildung 4.2 sind die Ergebnisse dieser Arbeit grafisch zusammengefasst.
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4 Summary and future prospects

Figure 4.2: Graphische Zusammenfassung.
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