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Abstract: Nine heterometallic iodobismuthates with the general formula Catz{[Bi2Mozl10}] (M = Cu(l),
Ag(I), Cat = organic cation) were synthesized. According to X-ray diffraction data, their crystal
structures consisted of {Bizlio} units interconnected with Cu(I) or Ag(I) atoms through I-bridging
ligands, forming one-dimensional polymers. The compounds are thermally stable up to 200 °C.
Optical band gaps (Eg), estimated at room temperature via diffuse reflectance measurements, range
from 1.81 to 2.03 eV. Thermally induced changes in optical behavior (thermochromism) for com-
pounds 1-9 were recorded, and general correlations were established. The thermal dependence of
Eg appears to be close to linear for all studied compounds.
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1. Introduction

Anionic halide complexes of p-block metals are of particular interest because of their
high structural diversity, ranging from discrete blocks to three-dimensional systems [1-
3], and number of peculiar physical properties, including ferroelasticity and ferroelec-
tricity [4-7], photocatalytic activity [8-12] and optoelectronic properties [13-16], etc. In
particular, recent developments in perovskite halide photovoltaics, primarily based on
methylammonium lead iodide (MAPI) [17], have led to power conversion efficiencies in
these materials now exceeding 25%, making this technology theoretically suitable for
wider implementation [18]. Furthermore, there are significant prospects for the further
development of this area, as evidenced by the rapid growth in research articles in highly
ranked scientific journals. However, the high toxicity of lead and the poor long-term
stability of Pb-based photovoltaic materials are key problems, prompting researchers to
explore other, more stable and less toxic materials as possible alternatives, utilizing
halometallates of other p-elements, such as Sn, Bi, Sb and Te [3].

Amongst the wide variety in the studied materials, prepared through various ap-
proaches, one promising method for altering electronic properties and developing new
materials should be particularly emphasized: the combination of p- and d-elements
(d-elements typically being copper and silver) in the anion. According to this strategy,

heterometallic copper- and silver-containing iodobismuthates with zero-dimensional
[19-24], one-dimensional [20,25-28] (Figure S1) or two-dimensional [29,30] anionic mo-
tifs have been characterized previously. However, the overall number of known heter-
ometallic iodometallates remains lower than that of homometallic ones, but this trend
can change, as recent works clearly demonstrate [27,31-34].

Thermochromism is a reversible or irreversible change in the color of compounds
when they are heated or cooled. This property is considered to be common for halo-
/by/4.0/). metallates, as demonstrated in several previous reports on Bi(Ill) [22,35-38] and halide
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complexes of Ag and Cu [39]. However, these reports have two significant drawbacks: (1)
almost all studies were performed on a single complex, rather than a series, and (2) the
spectra measurements were performed at one or two temperatures, making a detailed
evaluation of temperature dependencies impossible. Recently, we investigated the
thermochromic behavior of a series of Te(IV) mononuclear halometallates [40] with var-
ying substituted pyridinium-type cations, introducing a more advanced approach to
such work, which involved multi-temperature spectra measurements. Continuing our
work with heterometallic iodobismuthates templated by functionalized Py-based cations
[41,42] and drawing on our experience with thermochromic bromotellurates [40], we de-
cided to systematically study the potential thermochromic properties of the entire series
of compounds.

Herein, we report a systematic study of four copper heterometallic iodobismuthates.
(Cat)2[Bi2Cu:lio] (Cat = 1,4-diMePy* (1), 1-MeDMAP+ (2), 3-Cl-1-MePy* (3), 1,3-diMePy*
(4)) and five silver heterometallic iodobismuthates ((Cat)2[Bi2Agol0] (Cat = 1,3-diMePy*
(5), 3-Cl-1-MePy~ (6), 3-Br-1-MePy~* (7), 1I-MeDMAP* (8), 1,3,5-triMePy* (9)) (Figure 1).
The compounds were analyzed using X-ray diffraction techniques, TGA and diffuse re-
flectance spectroscopy. Optical spectra of compounds 1-9 were measured in a tempera-
ture range of —170-25 °C, and temperature dependencies of the band gap were estab-
lished.
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Figure 1. Schematic for the structures of cations for compounds 1-9 and their general routes of
synthesis.

2. Results and Discussion

We previously reported on three compounds (2, 8, and 9) [41,42]; all others were
synthesized using a similar approach (see below) and characterized via XRD methods.
The addition of EtOH to a 1:1 acetone/CHsCN mixture leads to the formation of Bi/Cu
heterometallic coordination polymers. While having the same formula and a similar
polymeric anionic motif, the compounds crystallize in different crystal systems (either
triclinic or monoclinic). The {[Cu:Bizli]n}>~ anion was previously described in relevant
heterometallic = iodobismuthates  [21,25]. Monomeric counterparts for this
one-dimensional coordination polymer are known (see Figure S1), including [Bi2M2l12]?-
copper- and silver-containing iodobismuthates [19,33] and numerous complexes con-
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taining {L2BizMzl12} units [21,24,25,31]. The {[CuzBizli0]a}?"- coordination polymer can be
described as a {Bizlio} unit sharing its four-terminal and two p:-iodide ligands with Cu
atoms, thus forming a one-dimensional anionic polymeric motif (Figure 2). Therefore, the
coordination sphere of Cu is composed of three ps-iodide atoms and one p—iodide atom.
The Bi-Iierm bond lengths lie within a range of 2.89-2.92 A; M—Iuz and M-Ips distances are
2.63-2.65 and 2.62-2.65 A for M = Cu, and 3.01-3.05 and 3.16-3.33 A for M = Bi, respec-
tively. The Cu-~Cu distances are 2.73-2.89 A. Heterometallic chains in compounds 1-4
are oriented along the a axis (Figure 3).

LY
NN

Figure 3. Crystal packing along a axis in 1. [Bils]*- octahedra olive, [Culs] tetrahedra brown. N blue,
C yellow, I on the polyhedral vertices purple.

By changing the heterometal and using silver(I) iodide instead of copper(I) iodide,
we succeeded in isolating four heterometallic Ag*-containing iodobismuthates. In this
series of experiments, it was noted that the addition of ethanol plays an ambiguous role,
helping us obtain heterometallic phases in compounds 5-7, or hindering their formation
in the cases of compounds 8 and 9. The anions of compounds 5-9 are polymeric, featur-
ing the same [Bi:Mzlw]? building units as in compounds 1-4, but there are some im-
portant structural variations. The connectivity patterns in compounds 5-9 are different.
The [{Bi2Agolio}n]?* anion of compound 8 closely resembles the analogous Cu-containing
species in compounds 1-4 (Figure 4, top), with the Ag coordination sphere built of three
us—iodide atoms and one pe—iodide atom. In compound 8, the Bi-lierm bond lengths are
2.89-2.90 A; the M—p-T and M—is-I distances are 2.78 and 2.84-2.88 A for M = Ag, and
3.07 and 3.15-3.33 A for M = Bi, respectively. In contrast, the anions of compounds 5-7 are
built of tetranuclear fragments {Bi2Agoli}, which are connected via two pe-iodide ligands
(Figure 4, bottom). Therefore, the coordination environment of Ag atoms consists of three
pe—iodide ligands and one ps-bridging iodide ligand. Disordering Ag atoms with equal
occupancies of positions in compound 9 was highlighted earlier [41], and a similar fea-
ture can be found in compound 7, as the Ag atoms are split into two positions with oc-
cupancies of 0.96 and 0.04. The Ag--Ag distances in compounds 5-7 are 4.59-4.60 A,
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which is 54% more than in compound 8 (2.99 A). The Bi-Tterm, Bi-Iu2 and Bi-Ips distances
in compounds 5-7 are 2.89-2.90, 3.05-3.14 and 3.13-3.35 A, respectively, while the {Ag-T}
are 2.79-2.87 and 2.92 A for M-Ip and M-Iy, respectively. In the case of compound 7,
Ag atoms with an occupancy of 0.94 were considered for distance measurements. De-
tailed structural data for compounds 1 and 3-7 are given in Supplementary Materials
(Table S1). All prepared compounds belong to two previously known structural motifs. A
comparison of the structural types of one-dimensional copper and silver iodobismuthates
is presented in Figure 5. The most common isomer of [{BizAgolio}n]?* is represented by six
compounds [25,26,41,42], while the least common types are represented by only one
example each [20,28].

Figure 4. Anionic parts of compounds 5-7 [{3-Bi2Agalwo}n]* (top) in comparison with
[{a-Bi2Agplio}ln]™~ of compound 8 (bottom). Bi grey, I purple, Ag yellow.
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Figure 5. Overview of one-dimensional anions of copper and silver iodobismuthates and their
band gaps in eV taken from literature (Feldmann, 2001 [20]; Chai, 2007 [25]; Chai, 2007 [26]; M&bs,
2020 [28], Mobs, 2022 [27]; Shentseva, 2022 [41], Shentseva, 2022 [42]). In compound from [20] (top
left), the band gap for copper iodobismuthate was not provided.
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All compounds are air-stable for at least several weeks and, according to PXRD data
(see Supplementary Materials, Figures S2-S7), were obtained as single phases. This
property enables further characterization of solid samples by using other physical
methods, including thermogravimetric analysis (TGA). TGA was carried out for the
whole series of compounds 1-9. Full details are given in Supplementary Materials. It can
be noted that all abovementioned compounds are stable at least up to 200 °C. Interest-
ingly, these values are lower than those we previously reported [42] for the most ther-
mally stable Bi/Cu and Bi/Ag hybrids with 1-MeDMAP* cations (compounds 2 and 8,
respectively). Their decomposition temperatures are about 300 and 280 °C for com-
pounds 2 and 8, respectively. This was highlighted in earlier work [42] and is consistent
with the stability of known discrete [M(bipy)s]-templated copper and silver io-
dobismuthates [33,34] or similar one-dimensional polymers, which are stable up to 200
2C with an anomaly for [Cu(CH3CN)4]2)[Cu2Bizli0] caused by the elimination of coordi-
nated CH3CN at 80 °C [25,26]. The TG curves for compounds 1,3-5 and 7 are given in
Supplementary Materials (Figures S8-5S11), while those for compound 6, selected as the
representative example within this series, are shown in Figure 6. Relatively high thermal
stability is quite common for iodometallates with quarternized ammonium cations, so
these data agree well with the literature. This feature fully meets one of the criteria for the
use of such compounds in photovoltaic tests (overall, maximum thermal stability is de-
sired).

—TG6
100 ——DTG 6
——DTA®6
80 -
2 60
S
40 -
20 -

U N ) N I v I N I v I N )

50 100 150 200 250 300 350
T,°C

Figure 6. TG (black), DTG (red) and DTA (blue) curves for compound 6.

As mentioned above, the primary goal of this work was to examine optical proper-
ties. Diffuse reflectance spectroscopy is the most common method for such studies for
both bulk phases and thin films. As a starting point, we measured the corresponding
spectra at room temperature for compounds 1-9 (for some of the samples, these data
were collected and reported earlier [41,42]). These spectra are demonstrated in Figures 7
and 8. The overall shape of the spectra is very similar in all cases and agrees well with the
literature data [40], but it can be seen that certain differences do appear, even for the
compounds with identical structure and composition of the anionic parts. This effect, in
our opinion, can be explained by differences in the systems of non-covalent interactions
between the organic cations and iodometallate anions (mostly hydrogen bonds of diverse
strength).
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Figure 7. Diffuse reflectance spectra at room temperature for copper-containing iodometallates 1-4.

Through direct comparison of various related copper- and silver-containing io-
dobismuthates (Figures 5 and S1 in Supplementary Materials) of different structural
types, we can conclude that, as a rule, the band gap of Cu-containing substances is lower
than that of silver iodobismuthates, except for (SMes)2[ Ag2Bizli0] with an unusually small
(1.82 eV) band gap [27]. The mean E;z value (at room temperature) calculated for Bi/Cu
iodometallates 1-4 is lower than for Ag-containing hybrids 5-9 (1.85 vs. 1.97 eV), and
these values are in a very good agreement with previously published data for polymeric
(EtaN)2[CuzBialio] (1.89 eV [25]), (EtsN)2[Cu2Bizli0] (2.05 eV [26]), as well as for discrete
[PPha]4[CuzBi2li2] and [PPha]s[Ag2Bizliz] (1.8 vs. 2.1 eV [19]) heterometallic compounds.
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Figure 8. Diffuse reflectance spectra at room temperature for silver-containing iodometallates 5-9.

Many works on halide complexes dealing with thermochromism describe this fea-
ture in terms of color changes and luminescent behavior [43,44] or by comparing crys-
tallographic parameters by taking into account the sets of X-ray diffraction data at two or
more temperatures [35,36,39,45,46]. It should also be noted that two different thermo-
chromic mechanisms have been highlighted in the literature previously: charge transfer
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decrease, which can be found in iodoplumbate/iodoargentate complexes [43,44,47], as
well as the contraction of lattice parameters and subtle changes in bond lengths in more
structurally labile iodobismuthates [36] or heterometallic Ag/Cu modified iodoplum-
bates [48]. The latter explanation is more frequently mentioned.

To examine the temperature dependencies of optical spectra for compounds 1-9
(thermochromic behavior), we used the original setup we have previously described [40],
which allows for multiple measurements of optical spectra during the cooling and heat-
ing of samples. (Figure 9).

In most cases, the temperature dependencies Eg within compounds 1-9 are close to
linear (Figure 10). The thermal coefficients for optical band gap (TCEg) are given in Table 1.

"
o W -..wm
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——-140
—-120
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-80
- -60
—-40
—-20
—0
—23

T T T T T 1
400 500 600 700 800 900 1000
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Figure 9. Diffuse reflectance spectra of compound 1 recorded from -172 °C (curve 1) to +23 °C
(curve 11). Unmarked curves correspond to temperatures from —-160 ° to 0 °C in 20 °C steps when
moving from left to right.

The largest AEg equals 0.4 eV for compound 1, which is much higher than for
2-methylimodasolium iodobismuthate [38], (0.04 eV) and lower than the 0.74 redshift for
iodoargentate complex with 4-cyanopyridinium [49]. Interestingly, the values of TCE;
vary in a rather wide range —from —0.00066 for compound 7 to —0.00197 for compound 1,
with an average value of -1.42 meV/°C. This observation differs from that previously
reported for bromotellurate(IV) complexes [40], where the maximal difference between
TKEg within a series of 16 complexes did not exceed 0.7 meV/°C, with an average value
-1.26 meV/°C. In our opinion, this is also due to the aforementioned non-covalent inter-
actions between cations and anions, which do differ depending on the nature of the cat-
ion and its ability to form hydrogen bonds. Considering that it plays a role even in the
case of structurally simple mononuclear [TeBrs]*~ salts [40], it could be expected that for
more sophisticated anions, the influence of this factor may be more pronounced, such as
the 1D polymers in compounds 1-9. An indirect argument in favor of this suggestion is
the fact that compounds 2 and 8 are isostructural. Spectral data at minimal and maximum
temperatures and separate temperature dependencies for copper- (compounds 1-4, Fig-
ures S12-519) and silver-containing iodobismuthates (compounds 5-9, Figures 520-528)
are given in Supplementary Materials.
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Table 1. Temperature dependencies of Eg for compounds 1-9 (TKEg=dEg/dT).

Compound TKEg, meV/°C Compound TKEg, eV/°C
1 -1.97 6 -1.56
2 -0.86 7 -1.66
3 -1.88 8 -0.66
4 -1.67 9 -0.93
5 -1.59
23 -]
' e 1,379 2
I‘ A . " 3
= 4
22 - 1 4 5
« 4 =
far o2 L “ 8
21 : i 4 A LT
o H % A 4 8
> " . A 9
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Figure 10. Temperature dependencies of Eg for compounds 1-9 in range of =170 °C to room tem-
perature.

3. Materials and Methods

All compounds were obtained from commercial sources and used as purchased. A
series of substituted pyridine iodides (1,3,5-triMePy*, 1,4-diMePy*, 1,3-diMePy+, 1-
MeDMAP*, 3-Cl-1-MePy+,3-Br-1-MePy*) was obtained via reaction of corresponding
pyridine with CHsl in acetonitrile. The purity of the iodides was confirmed by 1H NMR
measurements. Elemental analysis results for compounds 1, 3-9 are given in Table 2.
Compounds 2, 8 and 9 were prepared according to procedures we have previously de-
scribed [41,42].

Table 2. Data from element analysis for compounds 1, 3-7.

Compound C, H, N, Calculated/Found, % Compound C, H, N, Calculated/Found, %

1 8.3,1.0,1.4/8.7,1.2,1.2 5 79,1.0,1.3/8.1,1.2,1.6
3 7.0,0.7,1.4/74,1.0,1.5 6 6.7,0.7,1.3/7.0,1.3,1.4
4 8.3,1.0,1.4/8.1,1.2,1.4 7 6.4,0.6,1.2/69,1.0,14

3.1. Preparation of Compounds 1, 3 and 4

For our experiments, we used 30 mg (0.05 mmol) of Bils, 9.5 mg (0.05 mmol) of Cul
and an appropriate amount of organic cation iodide (0.05 mmol for compounds 1, 3 and
4), which were dissolved upon heating (70 °C, 1 h) in 5 mL (or 10 mL in cases of com-
pounds 3 and 4) acetonitrile/acetone mixture (ratio 1:1 by volume). After complete dis-
solution of reactants, 5 mL of EtOH was added to the mixture. Solutions were then slowly
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cooled to room temperature. After 24 h, dark-red crystalline precipitates formed in all
cases. Yields for compounds were: 59% (1), 71% (3) and 68% (4).

3.2. Preparation of Compounds 5—7

For the following experiments, 30 mg (0.05 mmol) of Bils, 12 mg (0.05 mmol) of Agl
and 0.05 mmol of organic cation (12 mg of 1,3-diMePyI (5), 13 mg 3—Cl-1-MePylI (6) and
15 mg 3-Br-1-MePylI (7)) were dissolved in a mixture of acetonitrile/acetone (9, 12 or 13
mL for compounds 5, 6 and 7, respectively; ratio 1:1 by volume). After the complete dis-
solution of the reactants, 5 mL of EtOH was added to the mixture. The solution was then
slowly cooled to room temperature. After 24 h, red crystals formed. Yields for com-
pounds: 58% (5), 61% (6) and 56% (7).

3.3. Thermogravimetric Analysis

Thermogravimetric analyses (TGA) were carried out using a TG 209 F1 Iris ther-
mobalance (NETZSCH, Bayern, Germany). The measurements were made in a helium
flow in a temperature range of 30450 °C, using a heating rate of 10 °C min and a gas
flow rate of 60 mL min-! . Open Al crucibles were used for measurements

3.4. Diffuse Reflectance Spectroscopy

Diffuse reflectance spectra were measured on an original setup comprising a
Kolibri-2 spectrometer (VMK Optoelektronica, Novosibirsk, Russia), a fiber optic probe
FCR-7UVIR400-2-ME-HT and a deuterium-tungsten lamp AvaLight-DHS (Avantes,
Apeldoorn, The Netherlands). BaSOs powder served as a 100% reflectance reference. To
perform measurements at different temperatures, both the sample and a Type-K ther-
mocouple were placed in a closed vessel (with the thermocouple located on the surface of
sample), which was mounted on a vertical rod above a dewar filled with liquid nitrogen.
The temperature was regulated by movements of the dewar, which was placed on scissor
jack. For each sample, 18 to 22 spectra were measured in a range from 170 to 25 °C; the
error decreased as temperature increased (from 4 to 1 °C). A detailed description of the
experimental setup can be found in previous work [40].

3.5. Single-Crystal X-ray Diffraction Data Collection

The single crystal X-ray diffraction data for 3 and 5-7 (Table S1) were collected with
a Bruker D8 Venture diffractometer with a CMOS PHOTON III detector and IuS 3.0
source (Mo Ka radiation, A = 0.71073 A, ¢- and w-scans). Data reduction was performed
routinely via Apex3 suite (Apex3, SADABS 2016/2 and SAINT 8.40a; Publisher: Bruker
AXS Inc., Madison, WI, USA, 2017.). The data for 1 and 4 were collected with an Agilent
Xcalibur diffractometer (Agilent, Santa Clara, CA, USA) equipped with an area AtlasS2
detector (graphite monochromator, A(MoKa) = 0.71073 A, w-scans) (Procentec, Water-
ingen, The Netherlands. Data reduction was performed routinely via the CrysAlisPro
program package v1.

The crystal structures were solved by dual space algorithm by SHELXT, 2015 [50]
and refined by the full-matrix least squares technique by SHELXL [51] with Olex2 GUI
(2009) [52]. Atomic displacements for non-hydrogen atoms were refined in harmonic
anisotropic approximation. Hydrogen atoms were located geometrically and refined in a
riding model. For the structure of 7, Ag atom showed uncorrelated ADP and was disor-
dered over two positions with the occupancy of 96/4%. The structure of 1 was refined as a
2-component twin with the ratio of 94/6; this partially solved the problem of high resid-
ual electron density. In the case of 4, the high residual electron density is an artefact
arising from somewhat poor quality of the crystal. The structures of 1-7 were deposited
to the Cambridge Crystallographic Data Centre (CCDC) as a supplementary publication,
No. 2244394-2244399.
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3.6. Powder X-ray Diffraction Data Collection

Powder X-ray diffraction data for polycrystalline samples were collected with Shi-
madzu XRD-7000 diffractometer in the Bragg —Brentano geometry (CuKa radiation, Ni—
filter) and Bruker Advance powder diffractometer with an energy discriminating Eyger
XE T detector (CuKa radiation). The samples were slightly ground with hexane in an
agate mortar, and the resulting suspensions were deposited on the polished side of a
standard sample holder, and a smooth thin layer being formed after drying. The diffrac-
tion patterns of 1-7 agree well with those simulated from the single crystal XRD data.

4. Conclusions

We successfully obtained a series of Cu- and Ag-containing heterometallic io-
dobismuthates with different pyridinium-based cations and studied their thermochromic
behavior. Thermochromism was found to be a common feature for compounds 1-9, but
the dependence of the optical band gap on temperature varied significantly. We hy-
pothesize that these differences may be attributed to variations in cation/anion
non-covalent interactions within crystalline lattices. As far as we know, our report is the
first systematic study of thermochromic dependencies for heterometallic Bi/Cu and Bi/Ag
compounds (and is also among the few works on iodobismuthates(IIl) of this type).
These data could be of significant importance for further development of photovoltaic
materials, since it is quite unclear how changes in device temperature, which occur dur-
ing actual operation, may affect the performance of a photovoltaic cell.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms24087234/s1.

Author Contributions: Conceptualization, S.A.A., V.R.S. and A.N.U.; methodology, S.A.A., M.N.S.
and V.R.S,; validation, T.S.S., N.A.K. and V.R.S. formal analysis, T.S.S., V.R.S. and A.N.U.; investi-
gation, LA.S. and T.S.S.; resources, S.A.A.; data curation, T.S.S, I.A.S. and AN.U, writ-
ing—original draft preparation, S.A.A., T.S.S. and V.R.S.; writing—review and editing, M.N.S,;
visualization, A.N.U., N.A K. and V.R.S; supervision, S.A.A., AN.U. and M.N.S.; project admin-
istration, S.A.A.; funding acquisition, A.N.U. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Russian Science Foundation (Grant No. 21-73-00192) as
well as the Ministry of Education and Science of the Russian Federation (121031700313-8, structural
characterization of the samples).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: XRD data were deposited in the Cambridge structural database
(codes 2244394-2244399).

Acknowledgments: The authors thank Pavel E. Plyusnin and Ilya V. Korolkov for assistance with
TGA and PXRD experiments, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Wu, LM,; Wu, X.T.; Chen, L. Structural Overview and Structure-Property Relationships of Iodoplumbate and Iodobismuthate.
Coord. Chem. Rev. 2009, 253, 2787-2804. https://doi.org/10.1016/j.ccr.2009.08.003.

2. Adonin, S.A.; Sokolov, M.N.; Fedin, V.P. Polynuclear Halide Complexes of Bi(Ill): From Structural Diversity to the New
Properties. Coord. Chem. Rev. 2016, 312, 1-21. https://doi.org/10.1016/j.ccr.2015.10.010.

3. Igbari, F.; Wang, ZK.; Liao, L.S. Progress of Lead-Free Halide Double Perovskites. Adv. Energy Mater. 2019, 9, 1803150.
https://doi.org/10.1002/aenm.201803150.

4.  Szklarz, P.; Jakubas, R.; Gagor, A.; Bator, G.; Cichos, J.; Karbowiak, M. [NH2CHNH2]sSbzls: A Lead-Free and Low-Toxicity
Organic-Inorganic Hybrid Ferroelectric Based on Antimony(IIl) as a Potential Semiconducting Absorber. Inorg. Chem. Front.
2020, 7, 1780-1789. https://doi.org/10.1039/D0QI00137F.



Int. ]. Mol. Sci. 2023, 24, 7234 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Oweczarek, M.; Szklarz, P.; Jakubas, R. Towards Ferroelectricity-Inducing Chains of Halogenoantimonates(Ill) and
Halogenobismuthates(III). RSC Adv. 2021, 11, 17574-17586. https://doi.org/10.1039/d0ra10151f.

Liu, Y.H.; Peng, H.; Liao, W.Q. A Lead-Free Bismuth Iodide Organic-Inorganic Ferroelectric Semiconductor. Chem. Commun.
2021, 57, 647-650. https://doi.org/10.1039/d0cc07443h.

Szklarz, P.; Jakubas, R.; Medycki, W.; Gagor, A.; Cichos, J.; Karbowiak, M.; Bator, G. (CsN2Hs)sSb2ls and (CsN2Hs)sBizlo:
Ferroelastic Lead-Free Hybrid Perovskite-like Materials as Potential Semiconducting Absorbers. Dalt. Trans. 2022, 51, 1850—
1860. https://doi.org/10.1039/D1DT03455C.

Lu, J; Zhang, J; Yang, X.; Jia, D.; Zhao, S. Syntheses and Photocatalytic Properties of Polymeric Iodoargentate and
Pb-lodoargentate  Hybrids Incorporating Lanthanide Complex. Inorg. Chim. Acta 2022, 537, 120962.
https://doi.org/10.1016/j.ica.2022.120962.

Ren, X,; Li, J.; Wang, W.; Chen, X,; Zhang, B.; Li, L. [NH4][Ni(Phen)s]Bils: Synthesis, Structure, Photocatalytic Property and
Theoretical Study of a  Discrete lodobismuthate.  Inorg.  Chem.  Commun. 2021, 130,  108714.
https://doi.org/10.1016/j.inoche.2021.108714.

Jiang, X.F; Wei, Q. Ge, B.D, Fu AP; Li ]JH; Wang, GM. Optical and Photocatalytic Properties of
Conjugated-Organic-Templates Derived Semiconducting lodocuprates Hybrids. Opt. Mater. 2020, 109, 110376.
https://doi.org/10.1016/j.optmat.2020.110376.

Lei, XW.; Yue, C.Y.,; Zhao, J.Q.; Han, Y.F; Yang, ].T., Meng, R.R., Gao, CS.; Ding, H; Wang, C.Y. Chen, W.D.
Low-Dimensional Hybrid Cuprous Halides Directed by Transition Metal Complex: Syntheses, Crystal Structures, and
Photocatalytic Properties. Cryst. Growth Des. 2015, 15, 5416-5426. https://doi.org/10.1021/acs.cgd.5b01037.

Lei, X.W.; Yue, C.Y,; Feng, L.J.; Han, Y.F.; Meng, R.R.; Yang, ].T.; Ding, H.; Gao, C.S.; Wang, C.Y. Syntheses, Crystal Structures
and Photocatalytic Properties of Four Hybrid Iodoargentates with Zero- and Two-Dimensional Structures. CrystEngComm
2016, 18, 427-436. https://doi.org/10.1039/C5CE01669].

Skorokhod, A.; Mercier, N.; Allain, M.; Manceau, M.; Katan, C.; Kepenekian, M. From Zero- To One-Dimensional,
Opportunities and Caveats of Hybrid Iodobismuthates for Optoelectronic Applications. Inorg. Chem. 2021, 60, 17123-17131.
https://doi.org/10.1021/acs.inorgchem.1c02384.

Anyfantis, G.C.; Ioannou, A.; Barkaoui, H. Abid, Y., Psycharis, V., Raptopoulou, C.P., Mousdis, G.A. Hybrid
Halobismuthates as Prospective Light-Harvesting Materials: Synthesis, Crystal, Optical Properties and Electronic Structure.
Polyhedron 2020, 175, 114180. https://doi.org/10.1016/j.poly.2019.114180.

Kotov, V.Y.; Buikin, P.A.; Ilyukhin, A.B.; Korlyukov, A.A.; Dorovatovskii, P.V. Synthesis and First-Principles Study of
Structural, Electronic and Optical Properties of Tetragonal Hybrid Halobismuthathes [Py2(XK)]2[BizBrioxIx]. New J. Chem. 2021,
45, 18349-18357. https://doi.org/10.1039/d 1nj02390;.

Shestimerova, T.A.; Yelavik, N.A.; Mironov, A.V.; Kuznetsov, A.N.; Bykov, M.A; Grigorieva, A.V.; Utochnikova, V.V.;
Lepnev, L.S.; Shevelkov, A.V. From Isolated Anions to Polymer Structures through Linking with I.: Synthesis, Structure, and
Properties of Two  Complex Bismuth(Il) Iodine Iodides.  Inorg.  Chem. 2018, 57,  4077-4087.
https://doi.org/10.1021/acs.inorgchem.8b00265.

Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal Halide Perovskites as Visible-Light Sensitizers for Photovoltaic
Cells. . Am. Chem. Soc. 2009, 131, 6050-6051. https://doi.org/10.1021/ja809598r.

Jin, Z.; Zhang, Z.; Xiu, ].; Song, H.; Gatti, T.; He, Z. A Critical Review on Bismuth and Antimony Halide Based Perovskites and
Their Derivatives for Photovoltaic Applications: Recent Advances and Challenges. J. Mater. Chem. A 2020, 8, 16166-16188.
https://doi.org/10.1039/d0ta05433;.

Dehnhardt, N.; Borkowski, H.; Schepp, J.; Tonner, R.; Heine, J. Ternary Iodido Bismuthates and the Special Role of Copper.
Inorg. Chem. 2018, 57, 633-640. https://doi.org/10.1021/acs.inorgchem.7b02418.

Feldmann, C. CuBizlis(C4HsOsH)3(CsHsOsHz2), a Novel Complex Bismuth Iodide Containing One-Dimensional [CuBislio]*
Chains. Inorg. Chem. 2001, 40, 818-819. https://doi.org/10.1021/ic000713i.

Dehnhardt, N.; Paneth, H.; Hecht, N.; Heine, J. Multinary Halogenido Bismuthates beyond the Double Perovskite Motif. Inorg.
Chem. 2020, 59, 3394-3405. https://doi.org/10.1021/acs.inorgchem.9b03287.

Mobs, J.; Heine, J. 11/15/17 Complexes as Molecular Models for Metal Halide Double Perovskite Materials. Inorg. Chem. 2019,
58, 6175-6183. https://doi.org/10.1021/acs.inorgchem.9b00429.

Dehnhardt, N.; Klement, P.; Chatterjee, S.; Heine, ]. Divergent Optical Properties in an Isomorphous Family of Multinary
Iodido Pentelates. Inorg. Chem. 2019, 58, 10983-10990. https://doi.org/10.1021/acs.inorgchem.9b01466.

Kelly, AW.; Wheaton, A.M.; Nicholas, A.D.; Barnes, F.H.; Patterson, H.H., Pike, R.D. Iodobismuthate(Ill) and
Iodobismuthate(III)/lodocuprate(I) Complexes with Organic Ligands. Eur. ]J. Inorg. Chem. 2017, 2017, 4990-5000.
https://doi.org/10.1002/ejic.201701052.

Chai, W.X.;; Wu, LM,; Li, ].Q.; Chen, L. A Series of New Copper Lodobismuthates: Structural Relationships, Optical Band
Gaps Affected by Dimensionality, and Distinct Thermal Stabilities. Inorg. Chem. 2007, 46, 8698-8704.
https://doi.org/10.1021/ic700904d.

Chai, W.-X.; Wu, L.-M.; Li, J.-Q.; Chen, L. Silver Iodobismuthates: Syntheses, Structures, Properties, and Theoretical Studies of
[Bi2 Ag2li0* ] and [BisAgelie? |n . Inorg. Chem. 2007, 46, 1042-1044. https://doi.org/10.1021/ic062091s.

Mbbs, J.; Pan, S.; Tonner-Zech, R.; Heine, J. [SMes]2[Bi2Agzlio], a Silver Iodido Bismuthate with an Unusually Small Band Gap.
Dalt. Trans. 2022, 51, 13771-13778. https://doi.org/10.1039/D2DT02305A.



Int. ]. Mol. Sci. 2023, 24, 7234 12 of 13

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Mobs, J.; Gerhard, M.; Heine, ]J. (HPy)2(Py)CuBisliz, a Low Bandgap Metal Halide Photoconductor. Dalt. Trans. 2020, 49,
14397-14400. https://doi.org/10.1039/d0dt03427d.

Xu, Z.; Wu, H; Li, D.; Wu, W,; Li, L;; Luo, J. A Lead-Free I-Based Hybrid Double Perovskite (I-C4HsNHs)sAgBils for X-Ray
Detection. J. Mater. Chem. C 2021, 9, 13157-13161. https://doi.org/10.1039/d1tc03412;.

Bi, L.-Y.; Hu, Y.-Q.; Li, M.-Q.; Hu, T.-L.; Zhang, H.-L.; Yin, X.-T.; Que, W.-X; Lassoued, M.S.; Zheng, Y.-Z. Two-Dimensional
Lead-Free Iodide-Based Hybrid Double Perovskites: Crystal Growth, Thin-Film Preparation and Photocurrent Responses. J.
Mater. Chem. A 2019, 7, 19662-19667. https://doi.org/10.1039/C9TA04325].

Cai, Y.; Chippindale, A.M.; Curry, R.J.; Vaqueiro, P. Multiple Roles of 1,4-Diazabicyclo[2.2.2]Octane in the Solvothermal
Synthesis of Iodobismuthates. Inorg. Chem. 2021, 60, 5333-5342. https://doi.org/10.1021/acs.inorgchem.1c00318.

Mobs, J.; Luy, J.N.; Shlyaykher, A.; Tonner, R.; Heine, J. The Influence of Copper on the Optical Band Gap of Heterometallic
Iodido Antimonates and Bismuthates. Dalt. Trans. 2021, 50, 15855-15869. https://doi.org/10.1039/d1d t02828f.

Zhang, B,; Li, J.; Pang, M.; Wang, Y.S.; Liu, M.Z.; Zhao, H.M. Four Discrete Silver Iodobismuthates/Bromobismuthates with
Metal Complexes: Syntheses, Structures, Photocurrent Responses, and Theoretical Studies. Inorg. Chem. 2022, 61, 406—413.
https://doi.org/10.1021/acs.inorgchem.1c03026.

Zhang, B.; Li, J.; Pang, M.; Chen, X,; Liu, M.-Z. Two [Co(Bipy)s]** -Templated Silver Halobismuthate Hybrids: Syntheses,
Structures,  Photocurrent  Responses, and  Theoretical  Studies.  Inorg.  Chem. 2022, 61, 9808-9815.
https://doi.org/10.1021/acs.inorgchem.2c01352.

Hrizi, C.; Trigui, A.; Abid, Y.; Chniba-Boudjada, N.; Bordet, P.; Chaabouni, S. a- to 3-[CsH4(NHz3)2]2BizI10 Reversible Solid-State
Transition, Thermochromic and Optical Studies in the p-Phenylenediamine-Based Iodobismuthate(III) Material. ]. Solid State
Chem. 2011, 184, 3336-3344. https://doi.org/10.1016/j.jssc.2011.10.004.

Goforth, AM.; Tershansy, M.A.; Smith, M.D.; Peterson, L.R.; Kelley, ].G.; DeBenedetti, W.J.I; Zur Loye, H.C. Structural
Diversity and Thermochromic Properties of Iodobismuthate Materials Containing D-Metal Coordination Cations:
Observation of a High Symmetry [Bislu]> Anion and of Isolated I~ Anions. . Am. Chem. Soc. 2011, 133, 603-612.
https://doi.org/10.1021/ja108278;.

Wang, D.H; Zhao, LM, Lin, XY, Wang, YK, Zhang, W.T; Song, K. Li, HH,; Chen, ZR
Iodoargentate/lodobismuthate-Based Materials Hybridized with Lanthanide-Containing Metalloviologens: Thermochromic
Behaviors and Photocurrent Responses. Inorg. Chem. Front. 2018, 5, 1162-1173. https://doi.org/10.1039/c7qi00755h.

Gagor, A.; Weclawik, M.; Bondzior, B.; Jakubas, R. Periodic and Incommensurately Modulated Phases in a
(2-Methylimidazolium)Tetraiodobismuthate(IlI) Thermochromic Organic-Inorganic Hybrid. CrystEngComm 2015, 17, 3286—
3296. https://doi.org/10.1039/c5ce00046g.

Yu, TL,; Guo, YM, Wu, GX; Yang, XF,; Xue, M, Fu, YL; Wang, MS. Recent Progress of D10
Iodoargentate(I)/Iodocuprate(I) Hybrids: Structural Diversity, Directed Synthesis, and Photochromic/Thermochromic
Properties. Coord. Chem. Rev. 2019, 397, 91-111. https://doi.org/10.1016/j.ccr.2019.06.006.

Shayapov, V.R. Usoltsev, A.N.; Adonin, S.A.; Sokolov, M.N.; Samsonenko, D.G.; Fedin, V.P. Thermochromism of
Bromotellurates(IV): Experimental Insights. New |. Chem. 2019, 43, 3927-3930. https://doi.org/10.1039/c9nj00320g.

Shentseva, I.A.; Usoltsev, A.N.; Abramov, P.A.; Shayapov, V.R.; Plyusnin, P.E.; Korolkov, L.V.; Sokolov, M.N.; Adonin, S.A.
Homo- and Heterometallic Iodobismuthates(III) with 1,3,5-Trimethylpyridinium Cation: Preparation and Features of Optical
Behavior. Polyhedron 2022, 216, 115720. https://doi.org/10.1016/j.poly.2022.115720.

Shentseva, L.A.; Usoltsev, A.N.; Abramov, P.A.; Shayapov, V.R.; Korobeynikov, N.A.; Sokolov, M.N.; Adonin, S.A. Copper-
and Silver-Containing Heterometallic Iodobismuthates(III) with 4-(Dimethylamino)-1-Methylpyridinium Cation: Structures,
Thermal Stability and Optical Properties. Mendeleev Commun. 2022, 32, 754-756. https://doi.org/10.1016/j.mencom.2022.11.015.
Xue, Z.Z.; Meng, X.D.; Li, X.Y.; Han, S.D.; Pan, J.; Wang, G.M. Luminescent Thermochromism and White-Light Emission of a
3D [Ag:Brs] Cluster-Based Coordination Framework with Both Adamantane-like Node and Linker. Inorg. Chem. 2021, 60,
4375-4379. https://doi.org/10.1021/acs.inorgchem.1c00280.

Shen, J.J.; Li, X.X.; Yu, T.L.; Wang, F.; Hao, P.F.; Fu, Y.L. Ultrasensitive Photochromic Iodocuprate(I) Hybrid. Inorg. Chem. 2016,
55, 8271-8273. https://doi.org/10.1021/acs.inorgchem.6b01599.

Fernandez, A.; Vazquez-Garcia, D.; Garcia-Fernandez, A.; Marcos-Cives, I; Platas-Iglesias, C.; Castro-Garcia, S.;
Sanchez-Anddjar, M. Diimidazolium Halobismuthates [Dim]2[Bi2X10] (X = CI, Br~, or I'): A New Class of Thermochromic and
Photoluminescent Materials. Inorg. Chem. 2018, 57, 7655-7664. https://doi.org/10.1021/acs.inorgchem.8b00629.

Wang, R.Y.; Qu, X]J.; Yu, J.H; Xu, ].Q. A Chained Iodocuprate(I) and Its Photoluminescence Behavior. . Clust. Sci. 2021, 32,
193-197. https://doi.org/10.1007/s10876-020-01777-9.

Chen, X,; Jia, M.; Xu, W.; Pan, G.; Zhu, J.; Tian, Y.; Wu, D.; Li, X,; Shi, Z. Recent Progress and Challenges of Bismuth-Based
Halide Perovskites for Emerging Optoelectronic = Applications. Adv. Opt. Mater. 2022, 11, 2202153.
https://doi.org/10.1002/adom.202202153.

Li, H; Yu, T; An, L.; Wang, Y.; Shen, J.; Fu, Y.; Fu, Y. Heterometal Silver/Copper(I) Modulated Thermochromism of Two
Isostructural Iodoplumbates. J. Solid State Chem. 2015, 221, 140-144. https://doi.org/10.1016/j.jssc.2014.09.036.

Yu, T.; Fu, Y.; An, L.; Zhang, L.; Shen, J.; Fu, Y. Two Thermochromic Layered Iodoargentate Hybrids Directed by 4- and
3-Cyanopyridinium Cations. Cryst. Growth Des. 2014, 14, 3875-3879. https://doi.org/10.1021/cg500445b.

Sheldrick, G.M. SHELXT —Integrated Space-Group and Crystal-Structure Determination. Acta Crystallogr. Sect. A Found. Adv.
2015, 71, 3-8. https://doi.org/10.1107/52053273314026370.



Int. ]. Mol. Sci. 2023, 24, 7234 13 of 13

51. Sheldrick, G.M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. Sect. C Struct. Chem. 2015, 71, 3-8.
https://doi.org/10.1107/52053229614024218.

52. Dolomanov, O.V.; Bourhis, LJ.; Gildea, R].; Howard, J.AK,; Puschmann, H. OLEX2: A Complete Structure Solution,
Refinement and Analysis Program. J. Appl. Crystallogr. 2009, 42, 339-341. https://doi.org/10.1107/50021889808042726.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.



