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In the present paper, the synthesis, X-ray structural characterization, optical properties and electronic
structures of three novel organic-inorganic hybrid compounds of the general formula [CH3SC
(NH;3),]xBiAx+3, (A =1, Br, Cl, and x = 1 or 2) are reported. All of them show intense narrow excitonic peaks
at the absorption spectra and narrow photoluminescence bands. In the case of (x =1 and A =1) its struc-
ture consists of edge sharing Bilg octahedral forming zigzag chains and in the case of (x =2 and A = Br, Cl)
their structure consists of corner sharing BiXg octahedral also forming zigzag chains. The amine group is
located in the free cavities between the chains. Their structural, optical and vibronic properties were
studied. Band structure calculations were made in order to compare the results with the experimental
findings and gain an insight of the properties of these new compounds.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most successful strategies to obtain novel functional
materials is to combine the specific properties of the inorganic
frameworks, such as electronic properties, and the intriguing fea-
tures of the organic ligands, such as flexibility and the ability to
form weak interactions. An emerging class of these materials is
the organic-inorganic hybrid halometalates. These materials are
low cost and solution processable semiconducting materials. They
show excellent optoelectronic properties such as high and bal-
anced carrier mobility [1,2], long carrier diffusion length [3], large
light absorption coefficient in the UV-vis range, [4,5] nonlinear
optical effects [6] and efficient luminescence [7,8]. They combine
the favourable properties of the inorganic semiconductor, namely
its excellent charge carrier mobility, with the flexibility and low-
temperature fabrication process ability, of the organic material
[9]. They have the general formula AMyX, where A =organic
amine or diamine, M = Pb, Sn, Bi, Sb or other metal and X =1, Br,
Cl. These materials consist of distorted anionic [MXg]" octahedral
[10], which share corners, edges, or faces to form discrete or
extended three, two or one dimensional inorganic networks. The
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organic moiety is placed between those networks controlling the
structure through its size and hydrogen and/or van der Waals
bonds. The inorganic networks act as semiconductors (physical
quantum wells, wires or dots in the case of 2, 1, or 0 dimensional
inorganic networks, respectively) and the amines act as physical
and electronic barrier, contributing to original electrical and opti-
cal behaviour [11]. By choosing the appropriate components, tai-
lor-made materials with desirable structures and properties can
be prepared. For instance, a wide range of organic amines with dif-
ferent sizes and functionalities, including alkyl and/or aromatic
amines can be used, to differentiate their properties.

Lately the interest in hybrid halometalates and especially, the
halogenplumbates with a three-dimensional (3D) perovskite type
crystal structure is expanded. They have emerged as one of the
most promising materials for next-generation photovoltaic solar
cells (PSCs). These materials have been used in various architec-
tures of solid-state PSCs, including the meso-superstructured scaf-
fold [12], the planar structure [13] and even metal oxide-free
geometries [14], increasing the energy transformation efficiency
from 3.8% [15] to the appreciable level of more than 20% [16,17].

Moreover, due to their unique physical properties these materi-
als have been studied as elements of nonlinear optical devices
[18,19], light emitting diodes (LEDs) [20,21], photoconductors
[22], optical microcavities [23] and as channels of thin-film field-
effect transistors [24].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.poly.2019.114180&domain=pdf
https://doi.org/10.1016/j.poly.2019.114180
mailto:gc.anyfantis@gmail.com
mailto:gmousdis@eie.gr
https://doi.org/10.1016/j.poly.2019.114180
http://www.sciencedirect.com/science/journal/02775387
http://www.elsevier.com/locate/poly

2 G.C. Anyfantis et al./Polyhedron 175 (2020) 114180

There are still various problems concerning mainly the most
studied lead based hybrid halometalates that impede their com-
mercial use. These barriers are associated with the stability and
mostly with the toxicity of the containing lead, which is readily
bioavailable due to the instant solubility in water. For this reason,
similar materials based on other metals were proposed for replac-
ing the hybrid haloplumbates as candidates for the different appli-
cations. A promising candidate is the halobismuthates of the type
AnBiXn.s [25].

Bismuth is the only one from the 6p-block elements with an
outer lone pair of 6s? electron same as lead. In advance, bismuth
has low toxicity. This is probably because of the great insolubility
of its salts that prevents their absorption and their physical quali-
ties that are demulcent and protective of mucous membranes and
skin.

The simple iodide Bilsz is a semiconductor with a band gap
~1.8 eV and has been investigated as candidate for PSCs absorber
[26]. Although there are many studies investigating the rich struc-
tural variety of the hybrid organic-inorganic bismuth halides,
there are only few studies concerning the study of their optoelec-
tronic properties [27]. Recently, it has been demonstrated that
some halobismuthates can be used as the active layer in photo-
voltaic devices [28-30]. Although their yield is still very low, they
present very good stability [31]. The majority of halobismuthates
that have been tested for photovoltaic applications have a 0D
structure with the general formula AsBiylg (a=CHsNHs; or Cs)
[28,32], also some 1D compounds with a formula ABil4, have been
tested [33]. We expect that if we increase the dimensionality of the
compounds, we will increase the yield by decreasing the band gap
and improving the electronic properties.

In the present paper the synthesis, structure and optical proper-
ties of three hybrid halobismuthates with the CH3SC(NH,); cation
are described. The results are compared with those observed from
similar Low-Dimensional (LD) compounds based on inorganic
units.

2. Experimental section
2.1. Starting materials

The following starting materials were used without further
purification. Bismuth subcarbonate (Aldrich Chemical Company,
CAS Number: 5892-10-4), hydroiodic acid 57% (Merck 341), hydro-
bromic acid 47% (Merck 304), hydrochloric acid 25% (Merck 312).
The preparation of amine salts CH3SC(NH,),I, CH3SC(NH,),Br and
CH3SC(NH,),Cl were described in previous papers [10,34].

2.2. Synthesis of [CH3SC(NH;),]Bil4 (1)

0.153 g of (Bi0),CO5 (0.3 mmol) and 0.262 g of CH3SC(NH;),l
(1.2 mmol) were dissolved in 3 ml of HI and refluxed for 1 hour.
The solution was concentrated to a volume of 1 ml and cooled to
0 °C for 12 h to give black-red crystals. The crystals were filtrated
and left under vacuum for 8 hours to dry and remove any traces
of HI. It gave 0.291 g (0.36 mmol) (Yield 60.0%, mp: 178 °C). ICP-
MS analysis for C;H;Bil4N,S Calc. %Bi: 25.87%, Experimental %Bi:
25.90%.

2.3. Synthesis of [CH3SC(NH;),]»BiBrs (2)

0.102 g of (Bi0),CO3 (0.2 mmol) and 0.137 g of CH3SC(NH,),Br
(0.8 mmol) were dissolved in 5 ml of HBr and refluxed for 2 hours.
The solution was concentrated to a volume of 1 ml and cooled to
0°C for 12 h to give yellow crystals. The crystals were filtrated
and left under vacuum for 8 h to dry and remove any traces of

HBr. (196 mg 0.25 mmol, Yield 62%, mp: 184 °C). ICP-MS analysis
for C4H 4BiBrsN4S, Calc. %Bi: 26.43%, Experimental %Bi: 26.82%.

2.4. Synthesis of [CH3SC(NH>),]>BiCls (3)

0.255 g of (Bi0),C0O5 (0.5 mmol) and 0.253 g of CH3SC(NH,),Cl
(2 mmol) were dissolved in 5 ml of HCl and refluxed for 2 hours.
The solution was left in open air to concentrate and white crystals
were formed. The crystals were filtrated and left under vacuum for
8 hours to dry and remove any traces of HCIL. (0.313 g 0.55mmole,
Yield 55%, mp: 155 °C). ICP-MS analysis for C4H4BiBrsN4S, Calc. %
Bi: 36.76%, Experimental %Bi: 36.41%.

2.5. Melting points

The melting points were determined using a Buchi “Dr. Tottoli”
melting point apparatus, in open-end capillaries, at a ramp rate of
120 (a.u.). The melting points are not corrected.

2.6. Chemical analysis

The chemical analysis was done by Inductively Coupled Plasma
Mass Spectrometry using the Perkin Elmer SCIEX, Canada 9000 Ser-
ies ICP-MS instrument. Operating conditions of the ICP-MS were as
follows: nebulizer gas flow of 0.91 L min~!, ICP RF power of 950 W,
lens voltage of 7 V, pulse stage voltage of 950 V and sample uptake
rate of 26 rpm.

2.7. X-ray crystal structure determination

Important crystallographic data for the studied samples are
listed in Table 1 (and Tables S1-S7 at supporting information). A
black crystal of 1 (0.04, 0.06, 0.49 mm) was glued on a fiber and
the data were collected at Room temperature. A yellow crystal of
2 (0.02, 0.11, 0.25 mm) and a colourless one of 3 (0.20, 0.23,
0.24 mm) were taken from the mother liquor and immediately
cooled to —103 °C and to —113 °C, respectively. Diffraction mea-
surements were made on a Rigaku R-AXIS SPIDER Image Plate
diffractometer using graphite monochromated Mo Ko radiation.
Data collection (w-scans) and processing (cell refinement, data
reduction and Empirical absorption correction) were performed
using the CrystalClear program package [35]. The structures were
solved by direct methods using SHELXS ver. 2013/1 [36] and
refined by full-matrix least-squares techniques on F> with SHELXL
ver.2014/6 [37]. Further experimental crystallographic details for
1: 20max = 54.0°; reflections collected/unique/used, 13988/2955
[Rine = 0.0671]/2955; 93 parameters refined; (A4/6)max=0.002;
(AP)max/(AP)min = 1.175/—-1.332 e/A3; R1/wR2 (for all data),
0.0515/0.0691. Further experimental crystallographic details for
2: 20max = 54.0°; reflections collected/unique/used, 21109/3963
[Rine = 0.0674]/3963 parameters refined 147; (A/0)max = 0.002;
(A0)max/(AP)min = 1.286/—-1.271 e/A3;, R1jwR2 (for all data),
0.0194/0.0359. Further experimental crystallographic details for

Table 1

Crystallographic parameters for the prepared compounds.
Compound (1) (2) (3)
Formula CoH;Bil4N,S; C4H14BiBrsN,S, C4H14BiCrsN,4S,
Space group P 24/a P2,2:24 P 2¢/n
V4 4 4 8
a(A) 7.8025(6) 8.5509 (5) 11.7775(3)
b (A) 14.1381(9) 12.2296(7) 17.3827(4)
c(A) 12.4458(9) 17.4594(10) 16.2788(4)
B 93.992(3)° 90.00° 91.2120(10)°
V (A3) 1369.6(2) 1825.8 (2) 3331.9(1)
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3: 20max = 54.0°; reflections collected/unique/used, 30652/3619
[Rine = 0.0249]/3619 parameters refined 241; (A/0)max = 0.065;
(AP)max/(AP)min = 0.849/-0.352 e/A%; R1jwR2 (for all data),
0.0266/0.0492. Flack parameter x=-0.019(5) (Parson method
[38]). Further experimental crystallographic details for 3 : the
structure was solved and refined from a crystal presenting pseu-
domerohedral twinning i.e. the twin law (1,0,0/0,-1,0/-0.06,0,-1)
is a 2-fold axis parallel to the [100] crystallographic direction
and the refinement was performed with merged hkI5
(Rmerge = 0.052,total of 50,789 observations merged to 7622) data
file and the BASF parameter was refined to the value 0.172(2),
20max = 54.0°; reflections used 7217; parameters refined 293; (4/
0)max = 0.001; (A40)max/(AP)min = 2.515/-1.810e/A; R1/wR2 (for
all data), 0.0458/0.1180. All hydrogen atoms in 1, 2 and 3 were
introduced at calculated positions as riding on bonded atoms. All
non-hydrogen atoms for all structure were refined anisotropically.
Plots of the structure were drawn using the Diamond 3 program
package [39].

2.8. Optical studies

The absorption spectra were recorded with a Perkin—Elmer UV/
Vis/NIR Lambda 19 spectrometer. The measurements were per-
formed on thin films of the samples, prepared by rubbing crystals
on a quartz surface. The photoluminescence spectrum of com-
pound 1 was measured on a crystal under excitation with the
488 nm laser of the Renishaw inVia Raman microscope. The photo-
luminescence spectra of compounds 2 and 3 were recorded as
films on quartz with the Jobin Yvon, Fluorolog 3 with excitation
350 nm and slits 5 nm for the excitation and 2 nm for the emission.

2.9. Vibronic studies

The Raman spectra were recorded with a Bruker RFS 100 FT-
Raman spectrometer equipped with a neodymium-doped yttrium
aluminium garnet laser [Nd-YAG, near-IR (NIR) line at
J.=1064 nm]. The power of the excitation radiation was 150
mW. FTIR-ATR spectra (500-4000 cm™!) were measured on an
Equinox 55 (Bruker Optics) spectrometer, equipped with a sin-
gle-reflection diamond ATR accessory DuraSamplIR II (SensIR Tech-
nologies). Each spectrum represents an average of 128 scans at a

resolution of 4 cm™".

2.10. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) was performed using a TGA
Q500 V20.2 Build 27 instrument by TA in an inert atmosphere of
nitrogen. In a typical measurement, an amount of the material
(~10 mg) was placed in the sample platinum pan, and the temper-
ature was equilibrated at 40 °C. Subsequently, the temperature
was increased to 700 °C with a rate of 5 °C/min, and the weight
changes were recorded as a function of temperature.

2.11. Theoretical calculations

We used the WIEN2K computer package to perform our calcu-
lations [40]. The Kohn-Sham equations were solved using all-elec-
tron Full-Potential Linearized Augmented Plane Wave (FP-LAPW)
method [41,42]. The exchange and correlation effects were treated
by the Becke-Johnson functional [43]. In order to achieve a satisfac-
tory degree of convergence of energy eigenvalues, the wave func-
tions in the interstitial regions were expanded in plane wave up
to Ryr*Kmax equal to 4 (where RyrRyr is the minimum radius of
the muffin-tin-spheres and K. gives the magnitude of the largest
k vector in the plane wave expansion). Inside the atomic muffin-
tin-spheres, the valence wave functions were expanded up to

Lmax = 10. The dependence of the total energy on the number of
k-points in the irreducible wedge of the first Brillouin zone (BZ)
has been explored within the linearized tetrahedron scheme [44].
The integrals over the BZ were performed up to 300 k-points and
the size of the mesh has been set to 10*10*3 points. Self-consis-
tency was achieved since the total energy difference between suc-
cessive iterations was less than 10-5 Ryd per formula unit.

3. Results and discussion
3.1. Crystal structures

The compounds studied herein were obtained in a pure single
crystal form. The crystals were large enough for X-ray crystal struc-
ture determination and investigation of their physical properties.
Powder X-ray analysis for all compounds are similar with the the-
oretical calculated from the monocrystal data (Figs. S1-S3). In all
three compounds the distances between the C and the two N
atoms of the CH3SC(NH,); cations are equal showing a resonance
structure.

3.1.1. Crystal structure of compound 1

Compound 1 crystallizes in the monoclinic P2,/a space group.
The anionic part of the structure consists of Bilg> octahedral form-
ing zig-zag chains along the a-axis through edge sharing (Fig. 1).
The Bi-I bond lengths are around 2.92 A for the non-bridging Bi-I
bonds (Bi1-I2 and Bil-14) and from 3.0474(7) to 3.2971(6)A, for
the bridging Bi-I bonds (Table S2). The angles for I-Bi-I vary from
84.72(2)° to 95.83(2)° for the cis I and from 171.45(2)° to 175.33
(2)° for the trans I (Table S2). The deviation of the Bilg octahedron
geometric parameters indicates their distorted character, which is
a common characteristic of iodobismuthates either with inorganic
[28,45] or organic cations [46]. This distortion of Bilg octahedral
probably originates mainly from the repulsion of bismuth atoms
between the adjacent Bilg building blocks [33]. This repulsion
causes a contraction for the bridging angles, 13’-Bi1-I12 and 12”-
Bi1-I3 (85.00°, 87.49°) and a widened of the non-bridging 11-Bil-
14, 90.64(2)° (Table S2, Fig. 1a) [47]. Cations are arranged among
the anionic chains and interact with them through hydrogen bonds
(Fig. 1b, Table S3) forming layers parallel to the (001) plane. The
anionic chains further interact through I.-.I interlayer contacts,
which take values of 3.825 A that are shorter than the sum of their
Van der Waals radius (3.96 A). In addition, interchain interactions
are developed among chains belonging to neighbouring layers thus
extending the interactions to 3D (Fig. 1¢). Although these interac-
tions take values of 4.104 A which are a little longer than their Van
der Waals sum, they are similar with previous reported values for
similar materials [48]. These I---I interactions extend the anionic
network along both the b- and c-axes producing a potential route
for electronic interactions between the inorganic chains. There are
[. - .I pathways repeating regularly along the chain axis involving a
bridging and a terminal iodine from each chain.

3.1.2. Crystal structure of compound 2

Compound 2 crystallizes in the orthorombic space group
P2,2,24, with a stoichiometric formula [CH3SC(NH,);],BiBrs and
the asymmetric unit of the cell contains one BiBr52 unit and two
symmetry independent CH3SC(NH,), cations. The anionic part of
the structure consists of BiBrg> units, which are distorted octahe-
dral forming zig-zag chains of corner sharing octahedral along
the a-axis (Fig. 2a). The distortion of the octahedrals, is due to
the Bismuth 6 s lone electron pair [49]. This comes in agreement
with the Bi-Br bond lengths in the distorted BiBrg octahedral,
which vary from 2.694 to 2.878 A for the non-bridging bonds and
take the values 2.959 and 3.058A, for the bridging ones



4 G.C. Anyfantis et al./Polyhedron 175 (2020) 114180

@si
[ ]}

(s
¢c
CH
©N

Fig. 1. a) Zigzag chains of Bil6-3 octahedral are formed parallel to the a-axis of compound 1. b) Hydrogen bond I- - -H interactions are formed among the zigzag anionic chains
and the CH3SC(NH,)3 cations and they are indicated with dashed cyan lines. The D1, D2, D3 and D4 symbols correspond to hydrogen bonds listed in Table S3. c¢) The zigzag
chains through the hydrogen bonds interaction with the CH;SC(NH,); cations forming layers parallel to the (001) plane. Intralayer and interlayer I- - - contacts are indicated
with brown and light green dashed lines respectively. Symmetry code: ('): —0.5+x, 1.5 -y, z; ("): 0.5+x, 1.5 -y, z; ("): 1+x,y, z.

(Table S4) The Br-Bi-Br angles vary from 86.54° to 94.10° for the cis
Br and from 173.46° to 178.34° for the trans Br (Table S4). The two
symmetry independent cations are arranged among the anionic
chains and interact with them through hydrogen bonds and thus,
build the 3D architecture of the structure (Fig. 2b, Table S5).
Fig. 2c presents the 3D arrangement of anionic chains and cations
and from this figure, it is clear that neighbouring anionic chains
form a tweed structure and the angle between the planes defined
by Bi atoms in each chain is equal to 58.97°.

3.1.3. Crystal structure of compound 3

Compound 3 is crystallized in the monoclinic P 2;/n space
group, with a stoichiometric formula [CH3SC(NH,),],BiCls which
is more accurately described by the formula [CH3SC(NH,);]4
(BiCls), as there are two BiCl52 and four CH3SC(NH,)3' symmetry
independent units in the asymmetric unit of the unit cell. The
structure has been solved and refined from a twin crystal. At least,
concerning the arrangement of the anionic chains structures 3 and
2 are similar. The structure consists of BiClg! octahedra forming
zig-zag chains parallel to the c-axis (Fig. 3a). The Bi-Cl bond
lengths in the distorted BiClg octahedra vary from 2.551 to
2.749 A for the non-bridging bonds and from 2.818 to 2.909 A,
for the bridging ones (Table S6). The ClI-Bi-Cl angles vary from
84.93° to 93.53¢ for the cis Cl and from 176.31° to 178.86° for
the trans Cl (Table S6). The four symmetry independent cations
are arranged among the anionic chains and interact with them
through hydrogen bonds thus contributing in the formation of
the 3D architecture of the structure (Fig. 3b, Table S7). Fig. 3c pre-
sents the tweed arrangement of chains as in the structure of com-
pound 2. The angle between the planes defined by Bi atoms in each
chain is equal to 77.88°.

3.2. Optical studies

Fig. 4a shows the UV — visible absorption and photolumines-
cence spectra of thin films of compound 1 prepared by rubbing

crystals on the side of a quartz cell and measured at room temper-
ature. At the absorption spectrum of compound 1, three absorption
bands are clearly observed at 2.26, 2.70 and 3.12 eV. The 1st band
has the characteristic shape of excitonic absorption and according
to several studies performed on similar low dimensional halobis-
muthates, it is assigned to the lowest excitons of the inorganic net-
work [50]. This excitonic band is almost at the same energy as
other 1D iodobismuthates [51,52], and significantly lower than
0D iodobismuthates [50,53,54]. In the bismuth (III) iodide based
hybrids, the lowest exciton state is due to excitations from the
valence band (consisting of Bi(6 s) state with some contribution
from the iodide ligands Bi-I *) to the conduction band (consisting,
primarily of Bi(6p) states) [55].

The 2nd band is assigned to the electronic transition from the
highest occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO). These values are higher than those
of 2D Bil; [56], similar with other 1D iodobismuthates [51-57] and
smaller than the values of (CH3NH3)3Biylg [58] and other OD ana-
logues. The exciton binding energies are estimated to more than
440 meV.

Compound 1 shows also a very weak photoluminescence at
2.16 eV under excitation with a 488 nm laser. Although it is rare
for the 1D iodobismuthates to have photoluminescence spectra
there are some examples in the literature [22]. This photolumines-
cence probably is due to their pseudo two or three-dimensional
character.

Compound 2 shows absorption bands at 2.94, 3.84, and 4.29 eV
(Fig. 4b). The lowest energy band is assigned to the lowest excitons
in the inorganic chain. The photoluminescence spectrum shows a
narrow band at 2.64 eV that is assigned to the radiative recombina-
tion of the excitons located at the 1D inorganic part. The Stokes
shift between the absorption and emission bands is relatively large
(0.3 eV) and characterizes the strongly bounded excitons of the
inorganic part that is common at the hybride perovskites. These
values are similar with those of a the (C¢H4N),BiBrs compound
[59].
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BrS

Br3*

Fig. 2. a) Anionic chains parallel to the a-axis of compound 2. b) Hydrogen bond interactions of cations with the anionic chains. The dashed cyan lines indicate Br---H
hydrogen bonds. The D11, D12, D13, D14, D21, D22, D23 and D24 symbols correspond to hydrogen bonds listed in Table S5. ¢) 3D arrangement of anionic chains and cations.

Symmetry code: (*) 0.5 +x, 1.5 —y, —z; (*) 1+x,y, z; (***) -05+x, 1.5 -y, —z

The absorption spectrum of compound 3 shows also an exci-
tonic peak at 3.20 eV and peaks at 4.36 and 5.10 eV (Fig. 4c). These
results are similar with the results obtained from chlorobis-
muthates with similar structure [51,60] and lower than that with
a 0D structure [61].

In order to determine the optical band gaps, we calculated the
Tauc plots based on the optical absorption spectra of compounds
1, 2 and 3 (Fig. 5). According to the DFT studies presented later
on and compared to similar compounds, [27,33,62,63], all of the
synthesized compounds 1, 2, 3 present a direct band gap at 2.30
3.32 and 3.67 eV, respectively. These suggestions are consistent
with the dark red, yellow and white color of the compound 1, 2,
3 crystals respectively.

3.3. Vibronic studies

The IR spectrum in the area 500-3500 cm~! (Fig. S4) is due to
the organic part and is similar for the three salts. The peaks at
3000 and 2926 cm™! are due to the CH stretch. The peaks at
1625, 1533 and 1426 cm™! are assigned to the 5.(NH,), 6s(NH5)
and to the v,((CN) vibrations respectively. The peaks above
3000 cm ! are assigned to N—H stretch [64]. The spectra are sim-
ilar with those of other salts with the same amine.

The organic-inorganic interaction is strongly dictated by hydro-
gen bonding between the NH3 groups and the halide atoms. The
positions of the IR and Raman bands associated to N—H are
depended from the strength of the hydrogen bonding with the

halide atoms. For that reason, vibrational spectroscopy is a power-
ful tool for the investigation of the interaction of the organic cation
with the surrounding environment created from the Bi-Halogen
perovskite subunits [65]. From I to Cl the hydrogen bonding
increase and the corresponding N—H peaks appear to higher fre-
quencies (Fig. 6). The characteristic vibrations due to the Bi-X
bonds can be seen at the Raman spectrum at frequencies lower
than 300 cm™!: (Fig. 7).

Similarly, the part of Raman spectra at frequencies higher than
400 cm~! is mainly due to the organic part and is almost similar for
the three salts and similar to other salts of the amine (supporting
information Fig. S5).

The [CH3SC(NH,);,|Bily4, 1, has a symmetry of the type C,,. It has
two stretching vibrations for the external lodides (A; + By), four for
the bridging lodides (2A; +B;+B;) and 9 bending vibrations
(3A; +2A, +2B; +2B,). From these, four are Raman active
(A1 + Ay + By +By).

The Raman spectrum of compound [CH3SC(NH,),]Bil4 has two
strong peaks at 135 cm™! and 105 cm™! that can be assigned at
the Bi-I stretching for the external and bridging I respectively
[57,66], and three weak peaks at 91, 78 and 64 cm™~! that can be
assigned to bending modes.

The [CH5SC(NH,),],BiXs (X = Br, Cl) has a symmetry of the type
Cay. So, it has four stretching vibrations for the external halogens
(2A; + By + By), two for the bridging halogens (A; + B;) and 9 bend-
ing vibrations (3A; + 2A, + 2B; + 2B,). From these four are expected
to be Raman active (A; + A, + B; + By).
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Fig. 3. a) Chains parallel to the c-axis of compound 3. b) Hydrogen bond interactions of cations with the anionic chains. The dashed cyan lines indicate CI. - -H hydrogen bonds.
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The Raman spectrum of compound 2, has two strong peaks at
180 and 159 cm™! that can be assigned at the Bi-Br stretching
for the external (cis and trans) BiBr vibration [67], a smaller peak
at 142 cm™! assigned to the bridging Br [67], and a broad band
around 100 cm™~! that can be assigned to bending modes [59].

The Raman spectrum of compound 3, has a strong and broad
peak at 258 cm~! that can be assigned at the Bi-Cl stretching for
the external BiCl vibration and another peak at 176 cm™! assigned
to the bridging Cl. The broad band at 100 cm™! can be assigned at
the bending modes [60].

3.4. Thermogravimetric analysis

Thermogravimetric analysis results for the compounds and one
of the starting amines are presented in Fig. S6. The experiments
were performed on a 40% N, — 60% O, atmosphere. In almost all
the cases decomposition starts ~190 °C. There are three main
decomposing procedures that are present also in the amine. At
500 °C the total mass loss is almost 100% for the compounds 1
and 2 and 37% for the compound 3. The loss of the inorganic part
is probably due to sublimation of the salts.
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Fig. 7. Raman spectra of compounds 1, 2 and 3, in the region 50-400 cm ™.

3.5. DFT studies

Periodic DFT calculations were performed on the three com-
pounds. The calculated direct band gaps are 2.6, 2.9 and 3.6 eV
for compounds 1, 2 and 3 respectively.

————
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The calculated band gaps for compounds 1 and 3 slightly over-
estimate the estimated gaps by the Tauc plots.

The electronic band structures show that the three compounds
have a direct band gap at the I" point of the Brillouin zone (Fig. 8)
as in the case of similar compounds [33,45].

The dispersion curves are flat for most of the directions in the
first Brillouin zone, which is characteristic of the low dimensional-
ity for these compounds.

The partial density of states (P-DOS) show that the edge of the
valence band is mainly composed by Bi 6p/I 5p states for 1 (Fig. 9a),
Bi 6p/Br 4p states for compound 2 (Fig. 9b) and Bi 6p/Cl 3p states
for compound 3 (Fig. 9¢). On the other hand, the conduction band
is mainly made up of Bi 6p states for the three compounds. The
small overlap between the Bi-6s and the X-p (X =1, Br, Cl) wave-
functions (and thus the weak Bi-X hybridization) is due to the dis-
tortion of the BiXg octahedra. At high energy, both CB and VB, have
weak contributions from the organic cations electronic states.

Based on these results, we can deduce that the main optical
properties for the three compounds, near their band gaps, originate
mainly from the inorganic chains.

4. Conclusions

Three new organic-inorganic materials based on bismuth were
synthesized and characterized. All of them have a 1D inorganic
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structure that consists of edge (compound 1) or corner (com-
pounds 2, 3) sharing octahedral forming zigzag columns separated
by the organic moieties. In the case of the compound 1, there are
short I.--I distances between the different columns forming a
pseudo 3D network. All of them show strong absorption at the
UV region and the compounds 1 and 2 show weak luminescence.
In addition, they are stable up to 150° C that is higher than the
usual heat-treating temperature for this kind of materials. Con-
cerning their physical properties, although they have higher E,
than the corresponding lead based 3D perovskites, they are non-
toxic and they are more stable. Similar materials have been tested
as candidates to replace lead-based dyes at photovoltaic devices
but they have small efficiencies. Band structure calculations show
a pretty good agreement with the experimental data. Appropriate
molecular design can improve the properties and solar cell perfor-
mance of bismuth based perovskite materials filling the gap with
the state-of-the-art Pb-based perovskite devices [68]. These new
materials may find applications also in other perovskite devices
such as light-emitting diodes and photodetectors.
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