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Abstract

Development of new Bi-based perovskites with various structures offers considerable
potential for lead-free solar cells and other optoelectronic devices as they retain the high-
performing properties of halide perovskites with high power conversion efficiency and
improved long-term and environmental device stability. This work addresses the study of a
new chlorobismuthate(l1l) hybrid compound with the chemical formula (CioH2sN4)[Bi2Clio],
prepared at room temperature by the slow evaporation method. The resulting crystals were
investigated using Single Crystal X-ray diffraction, which gave an accurate crystal structure
determination that allows searching the role played by intermolecular contacts in the self-
assembly of the crystal structure using Hirshfeld surface analysis. The compound was
additionally characterized using FTIR and Raman spectroscopies correlated by Ab-initio
calculations at different levels of theory. The optical study supports the strong absorption of
the compound in the visible region showing its luminescent character with emission peaks
falling in the blue and near green regions. Natural bond orbital (NBO) calculations suggest a
high stability of the new hybrid material attributed to energetically electronic transitions of
[Bi2Clio]* anion that probably support its interesting optical properties. The shifting of
stretching modes assigned to N—H groups belonging to the piperazine ring of the compound

toward lower wavenumbers confirms well the interactions observed by NBO calculations
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between Cl atoms of the anion with these groups. The Raman bands detected below 300 cm™
were found in perfect agreement with the characteristic of isolated Bi>Clio anion, made up of
two [BiCls?] units. The TG-DTA analysis revealed the high stability of the compound and its
decomposition at 280 °C. Frontier orbital studies showed the gap values of the new hybrid
and its low reactivity. Probably, the inert mapped molecular electrostatic potential (MEP)
surface predicted on the new material could support its high stability and low reactivity. The
complete assignments for this compound in comparison with the organic and inorganic
species are also presented. HF/Lanl2dz calculations in n-hexane solution have evidenced an
increase in the reactivity of the hybrid and changes of positions and intensities of IR bands,
attributed to NHs, NH and CH> stretching modes, as a consequence of interactions of the

anion with those groups belonging to the cation.
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Synthesis and characterization of a new hybrid Bi-based compound that shows interesting
photoluminescent properties were studied. Strong emission bands in the blue and near green
regions were detected, related to the anionic part of the compound. Theoretical ab-initio
studies using HF and DFT methods were made in the gas phase and in different solvents, to

investigate the interactions that exist between organic and inorganic parts of the hybrid



material and to examine its spectroscopic properties. Natural bond orbital (NBO), atoms in
molecules (AIM), molecular electrostatic potential (MEP), and frontier orbital calculations
were performed and suggest a high stability of the hybrid compound attributed to
energetically electronic transitions of [Bi2Clio]* anion which probably support its interesting

optical properties.

Keywords: X-Ray diffraction; Chlorobismuthate(lll); FTIR; Raman spectroscopy;
Photoluminescence; Hirshfeld surface analysis, Crystal structure

1. Introduction

Organic-inorganic hybrid materials involving trivalent metal halides have been studied
intensively due to their exceptional photophysical and optical properties [1]. In fact, they
associate the virtues of the two distinct classes of materials showing interesting features for
optoelectronic applications and offering the possibility of having new functional species.
Among these systems, several structure types have been reported to date, all of which show
great promise for energy-related applications [2-4]. They are used in many fields as they
integrate the functionality of inorganic species (optical, thermal, electronic properties,
semiconducting behaviour, etc.) and the advantages of organic counterparts (structural
flexibility and diversity, dynamic behaviour, etc.) into a single-crystal lattice through non-
covalent interactions [5, 6]. Interesting results were reported for the halogenobismuthates(l11)
family depending essentially on their anionic structures, symmetry and size together with their
ability to form H bonds with the different organic amines [7-9]. From the structural point of
view, RaMpXa+3» derivatives (R is organic cation, M = Bi and X = ClI, Br, 1) exhibit a diversity
of anionic structures. These systems usually form isolated molecules zero- (OD), infinite
chains one- (1D), and two- (2D) dimensional inorganic networks [10-12]. The dimensions of
Bi-based halide hybrids can be controlled by selecting suitable organic cations. As
demonstrated by halogenobismuthate structures, the coordination geometry of the bismuth
depends on the characteristic of the halogen, the charge, size of the organic cation and the
number of H bond donor sites of the organic part. Besides, the anionic sublattices are always
built up of MXs distorted octahedra which can be connected via corners, edges, or faces
sharing [13, 14]. A characteristic feature of bismuth-based materials is their low toxicity

compared to Pb?* and Sb®*, their large availability, and low cost. Moreover, these materials



act as potential lead-free absorber materials for solar cells [15] and present photoluminescent
behaviour for which, they are used as chemical sensors, electrochemical displays,
photoluminescent materials, and light-emitting diodes (LEDSs), etc. [16]. These Bi-based
perovskites exhibit excellent moisture stability comparing to lead-based perovskites. Due to
the different valence states between lead(Il) and bismuth(l11), Bi-based perovskites can not be
constructed simply by replacing lead(Il) with bismuth(l11). Therefore, cations are expected to
form various vacancy-order perovskites RaBinXa+3p, according to the principle of charge

conservation.

The crystal chemistry of bismuth salts is controlled by the labile distorted geometry of
coordination of Bi** due to its stereo-active 6s? lone pair and by its ability for making building
units made up of CIBin polyhedral [17]. These ions with ns?> configuration are very
advantageous systems because they can exhibit extremely bright emission and also efficient
excitation due to parity allowed and fast s> < sp electronic transitions. Additionally, their
luminescence properties are significantly influenced by the coordination sphere of the
emitting cations, which should give a degree of freedom to tune the optical properties by
chemical substitution in a host-luminescent compound [18, 19]. Bismuth compounds are
considered nontoxic and safe. Due to their properties, they have been widely used in medicine
and their main applications are associated with ulcers, bacterial infections, and different
gastrointestinal disorders [20]. The combination of bismuth complexes with the 1,4-bis(3-
aminopropyl)piperazine could confer to the hybrid, biological features, due to the properties,

not only of the bismuth, but also of the amine [21].

In this work, we have obtained a novel organic-inorganic hybrid compound within the
chlorobismuthate(lll) family. We have discussed below the synthesis and the structural
properties including a focus on the intermolecular interactions that govern the crystal packing.
Its optical, vibrational properties and thermal behaviour are also revealed. Furthermore, we
have addressed theoretical ab-initio studies by using HF and DFT methods to investigate the
interactions that exist between (C1oH2sN4)** cations and [Bi2Clio]* anions into the compound
together with their structural, electronic, topological and vibrational properties. In addition,
the complete vibrational assignments of this hybrid chlorobismuthate derivative including the
corresponding cation and anion were performed. To achieve these purposes, natural bond
orbital (NBO), atoms in molecules (AIM), molecular electrostatic potential (MEP), and
frontier orbital calculations were performed [22-26]. Herein, the vibrational study of these
species were carried out with the SQMFF methodology and the Molvib program taking into



account the normal internal coordinates and transferable scaling factors [27-29]. In addition to
that, the scaled force constants for the cation and anion were reported. Very good
concordances were obtained comparing experimental and theoretical infrared and Raman
spectra, despite different methods and basis sets used in the optimization of those three

species.
2. Experimental
2. 1 Synthesis of the compound

The preparation of the compound consists of dissolving (0.48 g ; 1 mmol) of
Bi(NO3)3.5H20 in a concentrated hydrochloric acid solution (HCI, 37%) and (0.20 g ; 1
mmol) of 1,4-bis(3-aminopropyl)piperazine in 20 ml of water, then the mixture was stirred for
2 hours. The resulting solution evaporates giving rise to the formation of colorless crystals in
a week.

The chemical reaction scheme is:

C10H24Na + 2 Bi(NO3)3.5H,0 + 10 HCI —  (C10H28N4)[Bi2Clio] + 6 HNO3 + 5 H20

2. 2 X-ray diffraction and measurements of physical properties

A suitable transparent crystal was picked and mounted on Bruker APEX-II with
graphite monochromated Moy, radiation (A = 0.7017 A), equipped with an Oxford
instruments nitrogen cryo-stream. The crystal was kept at 150 K during data collection. The
structure was solved with SHELXS [30] using intrinsic phasing and refined using Least
Squares minimization with SHELXL 2014/7 [31]. All calculations were carried out with
Olex2 1.3 [32]. Crystallographic parameters and essential information of the crystalline
structure of (C10H28N4)[Bi2Clyo] are given in Table 1. Drawings of the crystal structure were
made with Ortep [33] and Mercury [34] softwares.

The IR spectrum was recorded at room temperature in the range of 4000-400 cm™
using a NICOLET IR 200 FT-IR infrared spectrometer. The optical absorption spectrum was
carried out on a Perkin Elmer Lambda 35 UV-Vis spectrophotometer equipped with an
integrating sphere in the range of 200-800 nm, in the solid state, at room temperature. The
emission and excitation spectra were measured with a Perkin-Elmer LS55 spectrofluorometer
in the solid-state, at room temperature. The Raman spectrum was recorded between 2000 and
100 cm™ at room temperature with a LABRAM HR800 triple monochromatic instrument

using a 514.5 nm line spectra physics argon ion laser. The thermal spectra analysis were



obtained with a simultaneous thermogravimetry-differential thermal analysis (TG-DTA) using
“Labsys” operating from 30 up to 450° C temperature at an average heating rate of 5°C/min in
Argon atmosphere with a sample amount of 7.7 mg. The International Commission on
[llumination (CIE) coordinates were calculated using the CIE calculator version three

software.
2. 3 Hirshfeld surface analysis measurements

Hirshfeld surface analysis offers a computationally powerful way to investigate
intermolecular interactions and molecule shapes in the crystal packing. It encrypts both
chemical bonding and geometry information of the molecules. The Crystal Explorer package
ver. 3.1 was used to perform Hirshfeld surface calculations [35]. The CIF file of the
compound was used as the input file to create the Hirshfeld surface and then the derived
fingerprint plots. The normalized contact distance values (dnorm) Were mapped on the
Hirshfeld surface using red, blue and white colour scheme. The 2D fingerprint plots are
considered unique for a molecule in a given molecular environment. They are generated by
evaluating the pairs (di, de) distances from the surface to the nearest atom interior/exterior to
the surface, respectively, to summarize contact distances that contribute to the Hirshfeld
surface. Thus, it is possible to calculate derived properties such as the percentage of surface
that involves a particular element. The surface contact data derived from the Hirshfeld surface
analysis are used to derive enrichment ratios. The proportion Sx of chemical type X on the
molecular surface is obtained according to the formula Sx= Cxx + 2 Y yCxy. Enrichment ratios
[36] were studied as a function of proportions of actual and random (or effective) contacts in
the crystal packing depending essentially on the content of H and CI atoms on the Hirshfeld
surface. Otherwise, it provides the propensity of pairs of different chemical species
participating in the formation of the crystal packing. The enrichment ratio Exv is obtained by
comparing the actual contacts Cxy in the crystal with the theoretical proportion of random
contacts Rxy which is computed as if all types of contacts had the same probability to form:
Exy = Cxvy/Rxy. Random contacts are obtained according to the formulas: Rxx = Sx.Sx and
Rxy = 2 Sx.Sy [36].

2.4. Computational details

The GaussView program [37] was used to model the structures of the cation, the anion and the
new hybrid compound while its optimizations were performed for all species in the gas phase

with the Revision A.02 of Gaussian 09 program [38]. The (C10H2sN4)** cation was optimized



with the B3LYP/6-31G* method while for the [Bi2Clio]* anion and the compound, the HF
method was used together with pseudopotentials basis sets Lanl2dz and SDD due to the
presence of Bi atoms [39, 40]. The compound was also optimized in water and n-hexane
solvents with the integral equation formalism variant polarised continuum method (IEFPCM)
[41,42] while the solvation energy was predicted by using the universal solvation model and
the HF/Lanl2dz level of theory [43]. In order to detect transitions from the valence to the
conduction bands, Dos spectra of the compound were compared to the experimental UV-
Visible spectrum. Energy levels below zero are occupied states and correspond to the valence
band, while energy levels above zero energy are unoccupied states and correspond to the
conduction band. Here, two solvents with different permitivities (g) values were considered in
order to determine the possible solubility of the compound (ewater = 78.3553 and &n-hexane =
1.8819). The investigation of main properties were carried out at the same levels of theory and
with the natural bond orbital (NBO) and atoms in molecules (AlM) 2000 programs [22-25],
while the prediction on reactivities and behaviours of the species in the gas phase were
performed by computing the corresponding frontier orbitals and some descriptors [26, 44-46].
In the vibrational study, the normal internal coordinates, transferable scaling factors and the
corresponding harmonic force fields for the cation and the anion were computed with the
scaled mechanical force field (SQMFF) methodology [27, 28]. The Molvib program was used
in the scaling process to obtain the force fields and the scaled harmonic force constants [29].
The normal internal coordinates related to the cation were similar to those reported for other
cations [44, 45] while the one corresponding to the anion were built up taking into account the
Ci symmetry and pairs of distorted [BiCls] octahedral, as for the hexafluorophosphate anion
[46]. In the present study, potential energy distribution (PED) contributions > 10 % were
considered in the assignments of the cation and the anion while the predicted Raman spectra
for the three species were corrected from activities to intensities with recommendable
equations [47, 48]. The GaussView program was used in the assignments of the new
compound [37]. Thermochemical properties were predicted with the B3LYP/LanL2DZ
method.

3. Results and Discussion
3. 1 Crystal structure

The title compound (Ci10H28Na4)[Bi2Clio] crystallizes in the P2i/c centrosymmetric
space group of the monoclinic system. The Ortep of the structure is given in Figure 1. The
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asymmetric unit is formed by one-half of 1,4-bis(3-aminiopropyl) piperazin 1-4 dium tetra
protonated cation and one-half of a decachlorobismuthate(l11) dimer. The five chlorine atoms
are in general positions defining a half-dimer which generates an inversion center to form
[Bi2Cl10]* dimer constituted of two [BiCls]* sharing one edge formed by two CI- ions as it
can be seen in Figure 2 (b). The projection of the atomic arrangement of the compound
reveals that these isolated dimeric anions are located in the middle edges of the cell belonging
to the plan x=0 to form a (0OD) network (Figure 2 (a, b)). This anion architecture is similar to
those found in the literature [49-52]. Anions (in green) and cations (in blue) are coloured by
symmetry equivalence for the clarity of the structure arrangement (Figure 2 (b,c)). The
geometry of BiCls octahedral chlorine coordination around the bismuth is characterized by a
range of Bi—Cl bond lengths from 2.5677(12) to 2.9214(12) A to build a distorted octahedral
(ID (Bi—Cl) = 0.83) [53]. There are two types of Bi—Cl bonds: the longest one at 2.9214(12)
and 2.8693(12) A are attributed to the bond involving bridging chlorine atoms Bi—CI(5) and
Bi—CI(5)' respectively. The shortest ones at 2.5895(11) and 2.5677(12) A correspond to bonds
involving chlorine atoms opposite to the bridging chlorine atoms (CI2 and Cl4, respectively).
These Bi—Cl distances, shortest than the sum of the Van der Waals radii of the bismuth and

the chlorine atoms 3.82 A, are in good conformity with data for similar compounds [54-57].

Moreover, CI-Bi—Cl bond angles vary from 83.24(4) to 99.74(4)° for cis, and from
168.26(4) to 172.17(4)° for trans arrangements. The distortion value resultant to bond angles
(ID(CI-Bi—CI) = 0.92) [53] is more significant than that observed for the bonds length (0.83).
The distortion of the octahedral is correlated to the stereochemical activity of Bi lone pair
electron [49] and deformations resulting from the H bond interactions [14]. The interatomic

bond lengths and angles of the anion are summarised in Table 2.

The tetra protonated cation (C10H2sN4)*" occupies the empty spaces among inorganic
entities. The arrangement of the organic molecules is carried out in two different orientations,
up and down, as shown in Figure 2(c). The hydrogen bonds were omitted in Figure 2 for
clarity and can be found in Table 3. The consistency between organic and inorganic entities is
guaranteed through N—H---Cl and C—H---ClI hydrogen bonds, forming a three-dimensional
network (see Table 3). The position of the two NH3* groups at both ends of the organic
molecule favours the three-dimensionality of the crystal packing through hydrogen bonds.
The geometric parameters describing the cation geometry are recorded in Table 2. The
organic entity exhibits a regular spatial configuration with normal C-C, C-N distances
ranging from 1.503(7) to 1.518(7) A and from 1.487(6) to 1.509(6) A respectively and C—C—



C, C-C-N, C-N-C angles ranging from 108.6(4)° to 112.7(4)°. These values are compatible
with those observed in the literature [58]. The conformation of the piperazinium cycle can be
described in terms of Puckering coordinates, namely the evaluation of the parameters Q (total
Puckering amplitude), q2, q3, 6 and ¢. The values for the cycle formed by N1-C1-C2-N1-
C1-C2 are equal to Q = 0.4069 A, g2 = 0.4069 A, g3 = 0.000 A, 6 =90.00 °, ¢ =-12.23 °
[59] and correspond well to the most stable chair conformation, of which the aminopropyl
group is in the equatorial position [58].

3.2 Hirshfeld surface Study of non-covalent interactions

To generate our data set, the ortep of the compound was initially selected for hirshfeld
calculations. The shape and environment of the molecule are characterized by the distribution
of di and de distances in the fingerprint plots. In fact, the 3D Hirshfeld surface can be
converted into a rotationally invariant two-dimensional fingerprint plots by measuring interior
and exterior (di, de) distances at each point on the Hirshfeld surface and regrouping these
pairs into a 2D histogram [60, 61]. Figure 3(b) displays the semi-transparent dnorm mapped
Hirshfeld surface (HS) surrounded by all molecules that establish strong H bonds with it.
Globally, all red spots on the dnorm-mapped HS are relative to short H---Cl / CI---H contacts
formed by these molecules, representing N—H---Cl and C—H---Cl hydrogen bonds in the
crystal structure. They represent by far the most abundant interatomic contacts within the
crystal structure since their relative contribution reaches 86 % (see Figure 4). These contacts
are illustrated at the top left and the bottom right of the 2D Fingerprint plots by the
characteristic shape of two “wings”. The H---H contacts form the second major frequent
interactions in the crystal given the abundance of hydrogen on the molecular surface (Sh =
53.7 %) with an average contribution of 10.7 % of the total HS (Figure 4). They are rather
equally expanded over a large range of (di, de)-pairs with distances around 3.6 A. The Cl---ClI
contacts exhibit relatively a sharp distribution, displaying an average of 3.3 % of the HS area

(Figure 4). They are generated between the anionic parts inside and outside the HS.

Table 4 summarizes the enrichment values in the compound. As expected, the H---Cl
contacts show up with an enrichment ratio larger than unity En...ci = 1.72, making necessarily
most of the surface interactions. Hence, they are the driving forces of the molecular assembly
in the crystal packing. The H---H and ClI---Cl contacts show significant under-representation
enrichments respectively around En..n = 0.38 and Eci..ci = 0.15 indicating their low
significance in the crystal cohesion. In fact, hydrogen and chlorine atoms are mainly involved

in H---Cl interactions.



3. 3 Optical properties

The solid-state UV-vis absorption spectrum of (C10H28N4)[Bi2Clio], measured at room
temperature, is presented in Figure 5 (a). The title compound displays three distinct
absorption bands. The first one situated at 264 nm (4.69 eV) corresponds to the highest
energy, therefore, it should be rather assigned to the ligand to metal charge transfer (LMCT)
transitions from 3p (tig tog tiu tau) orbital of Cl to 6p (t1) orbital of Bi(lll) [62-64]. The second
intense band around 324 nm (3.82 eV), are mainly attributed to metal centred 6s6p (MC)
transitions: from the 6s? (aig) to the (t) State which correlates with the *P; atomic state in
Bi(111) for six coordinated Bi(lll) chloro complexe BiCle [65]. In the Bi(lll) ion, the Highest
Occupied Molecular Orbital (HOMO) is predominately 6s? and the Lowest Unoccupied
Molecular Orbital (LUMO) is predominately 6p. The third band located around 358 nm (3.46
eV) is probably attributed to metal-to-metal charge transfer (MMCT) absorptions. These
transitions can be explained by the modification of the distribution of electrons between the
two bismuth atoms coupled with bridging chlorine (Bi — Cl — Bi). In fact, it is well known that
for two metal centres that are coupled by bridging ligands can show metal-to-metal charge
transfer [66-68]. The optical spectrum was recorded at a very low speed over a period time of
3 hours, which allowed us to obtain the maximum of points and, therefore, all the absorption
bands appeared very clearly. This can also be seen in the graph of the gap deduced from the
absorption spectrum (see Figure 5 (b)). According to the Tauc plot method, the compound
presents an optical band gap of 3.1 eV, obtained by extrapolation from the linear portion of
the absorption edge of (akv)'" =A(hv - Eg), with n =1/2 for direct allowed transitions, where h:
Planck’s constant, n: the photon's frequency, a: the absorption coefficient, Eg: the band gap,
and A: a proportionality constant [54, 69]. The band gap value is similar to other
chlorobismuthates [19, 70].

Taking into account the good photoluminescent properties of halogenobismuthates and
their potential application as photoluminescence-emitting materials, for example in chemical
sensors, electrochemical displays and light-emitting diodes [71], we have examined the
photoluminescent behaviour of our compound. Figure 6 shows the solid-state emission and
excitation spectra of (C10H28N4)[Bi2Cl1io] at room temperature. Under an excitation of 334 nm,
the emission spectrum features a succession of pics in the blue-green wavelength region 400-
575 nm with a broad and intensive emission maximum located at 457 nm. These bands are
related to the mineral part, considering that saturated organic molecules show no

photoluminescence bands, and therefore can not lead to the luminescence in the visible region



(Figure 6 (a)). Consequently, the observed bands are due to electronic transitions and the
recombination of excitons in the anionic part [Bi2Clio]*. In the bismuth(ll) chloride based
hybrids, the lowest exciton state arises from excitations between the valence band, which
incorporates a mixture of {Bi (6s) + Cl (3p)} states, and the conduction band, which derives
primarily from Bi(6p) states, and is confined zero-dimensionally in the bioctahedra Bi>Clio.
The CIE chromaticity coordinates of this emission are approximately (0.171, 0.241), which
indicates the blueish emission colour of the compound slightly shifted to the green region as
seen in the chromaticity diagram in Figure 7. In fact, the bismuth (111)-chloro hybrids usually

exhibit long wavelength light area emission properties.

In our case, the emission and absorption spectra are the mirror image of each other.
They nicely obey the mirror image symmetry rule to a large extent, as seen in Figure 6 (c).
The establishment of this symmetry is considered as evidence that the molecular structure
responsible for both phenomena is probably identical. When excited at 460 nm (Figure 6 (b)),
the compound reveals two distinct emission bands at 275 and 338 nm, well supporting the
selected region of the excitation wavelength (at 334 nm) previously discussed. This study,
therefore, suggests the effectiveness of employing emissive hybrid Bi(lll) based halide
materials as candidates of potential blue photoluminescent materials and for solid-state
lighting applications.

3. 4 Optimizations in gas phase and solution

In Table 5 are shown calculated total energies, dipole moments and volumes of (C1oH2sN4)**
cation, [Bi2Clio]* anion and (C10H2sN4)[Bi2Cl10] compound, in the gas phase and in water and
n-hexane solvents by using different theoretical methods. The (CioH2sN4)** cation was
optimized with the B3LYP/6-31G* method while the structure of [Bi>Cli]* anion was
optimized with the HF method and the SDD basis set [39, 40]. The compound was also
optimized with the HF method and by using two basis sets, Lanl2dz and SDD [39, 40]. The
anion and cation were both optimized with Ci symmetries while the compound with C;
symmetry. These calculations generate inversion centers in those two species, as was also
noticed in the experimental structure of the compound. A big difference in energy values was
observed for the compound between both methods showing the best and most negative value
with the SDD basis set. Hence, the properties of the compound were determined using the
HF/SDD method. The optimized structures of the compound, the anion and the cation are
shown in Figures S1, S2 and S3, respectively. Figure S1 shows the optimized structure of the
new hybrid (C10H28N4)[Bi2Cl1o] with C1 symmetry using the HF/SDD method and some CI-Bi



bond lengths predicted between 3.095 and 5.797 A, while Figure S2 illustrates the optimized
structure of [Bi2Clio]* anion with Ci symmetry using the HF/SDD method with axial and
equatorial planes positions in different colours together with the inversion center. The
structure of the anion was also optimized with C; symmetry through the B3LYP/6-31G*
method and with the position of the inversion center located in the ring center, as shown in
Figure S3. The cation and the anion show dipole moments null in the gas phase while the
compound revealed a higher value with the HF/Lanl2dz (25.14 D) method, as compared with
the other one (27.15 D). The orientation and direction of the dipole moment vector for the
whole compound in the gas phase, in addition to the magnitude, are illustrated in Figure S4.
The vector in the compound is oriented from a Cl atom towards the center of the ring and with
direction opposite to the anion, as observed in Figure S1. HF/Lanl2dz calculations of
compound in solution have generated one imaginary frequency in water; however, in n-
hexane solvent positive ones are evidenced. This observation probably indicates that the
compound is not soluble in water while in n-hexane the dipole moment value is 35.24 D. One
can note that the corrected total energies by ZPVE (Ezpve) for the three species in all media
present lower values than the uncorrected (E) ones, as was also found in other species [44-46].
If now volumes are analyzed for the three species, we have noticed that for the compound the
value is not dependent on the used method because the values are similar with both levels of
theory while the anion is slightly higher than the cation, as expected due to the ten
voluminous CI atoms. In both solvents, the compound presents an increase in the volume
being, the expansion in n-hexane of 3.6 A3. The Moldraw program was used to calculate the
volume values for the three species in the gas phase [72]. The calculated volume value of the
compound in the gas phase is lower (4 x 572.7 = 2290.8 A%, as compared with the
experimental one obtained in the solid state (for Z=4, 1286.2 A%). This is justified by the fact
that calculations are carried out in the gas phase, where the packing forces were not taking
into account and the molecules in the solid state are compressed into a smaller volume. For
the compound in n-hexane, the solvation energy was predicted with the HF/Lanl2dz method
and the integral equation formalism variant polarised continuum (IEFPCM) and universal
solvation models [44-46]. Corrected solvation energy (AGc) and volume variation (AV) of
(C10H28Na4)[Bi2Cl10] compound in n-Hexane solution by using HF/Lanl2dz level of theory can
be seen in Table 6. The AGsolution-Gas) Value (-249.71 kJ/mol) is obtained from Table 5 taken
into account the differences Esoivent — Egas While the -250.76 kJ/mol value is calculated from

differences Ezpve, hence, the values corrected by ZPVE is slightly more negative (-239.61



kJ/mol) than the uncorrected ones. The AGne value corresponds to the non electrostatic terms
calculated from the PCM method. In solution, the high solvation energy and dipole moment
values together with the expansion volume predict a good solubility of the compound in n-

hexane.

Theoretically, the structure of the new hybrid is constituted by the cation and [Bi2Clio]* pairs
of octahedral, where the BiCle octahedra sharing an edge are distorted, in similar form to
Ks[Bi2Clyo] [73]. In relation to the geometrical parameters, in the anion, the predicted Bi-Cl
distances are between 2.7981 and 3.0381 A while the experimental ones are between 2.5677
and 2.9214 A. In the compound, these distances change to 2.5472 and 3.2954 A. Hence, the
predicted values are overestimated in relation to the observed ones. Four CI-Bi bonds were
predicted between 3.095 and 5.797 A and, for these reasons, in Figure S1 they are
represented by dashed lines. The CI-Bi-Cl angles apparently are predicted underestimated in
the anion between 71.95 and 168.46° values, while in the compound change to 82.95 and
176.81°. These differences can be explained by the fact that calculations were made in the gas
phase, as mentioned previously. For the cation, a better correlation was observed in bond
lengths and angles because the B3LYP/6-31G* calculations generate good correlations while
in the compound, despite of limited HF/SDD method employed, the C-N bonds linked to NH3
groups present values between 1.5084 and 1.5109 A, very near to the observed ones. In the
compound, the C-C-N angles of side chain show the same values of 108.7° while the C-C-C
angles of the same chain reveal values between 114.3 and 115.0°. The C-N-C angles of the
ring vary between 110.1 and 116.2°, a bit different than the experimental ones. These
predicted geometrical parameters show that the used HF/SDD method in the optimization of
the compound generates results similar to the experimental ones and to those observed for the
cation and the anion, respectively. Then, optimized structures of the new
chlorobismuthate(l1l) hybrid compound can be used in the secure form to perform the

corresponding vibrational analysis and, also, of both cationic and anionic studied species.
3. 5 Atomic charges, bond orders and Molecular electrostatic potentials

The interesting optical properties demonstrated by the new chlorobismuthate(l1l) hybrid
compound are mainly attributed to the electronic transitions of [Bi-Clig]* anions which could
be of great interest for the design of new optical devices. Hence, the atomic Mulliken and
natural population charges have been studied for cation, anion and the compound due to the

changes in these parameters that could explain the reason that this new hybrid presents



attractive properties. Table S1 shows the Mulliken and NPA charges together with bond
orders, expressed as Wiberg indexes of the three species by using different theoretical
methods. First, the values of both charges for the anion and the compound are compared in
Figure S5 and, then, they are exhaustively analyzed. We note that charges in each moiety of
the anion and the cation respectively, BiCle and CsHisN2, are the same due to the C;
symmetries but change in the compound. In the present study, the two Bi atoms, Bil and Bi7
belong together with the CI2, CI6, CI8 and CI12 atoms to the axial plane, while the CI3, Cl4,
CI5, CI9, CI10 and CI11 atoms to the equatorial plane, as shown in Figure S2. Figure S5
shows that NPA charges on the CI5 and CI10 and CI11 present fewer negative values in the
compound while the Mulliken charges show modifications on practically all Cl atoms
including the Bi atoms with exception of CI3, Cl4 and CI6 atoms. Thus, we have noticed that
the incorporation of the cation with the anion modifies slightly the charges of the compound.
If now both charges are only on N atoms of the cation (N7, N11, N28 and N32) and the
compound (N19, N23, N40 and N44) compared in Figure S6 we observe important
differences in their values. It is necessary to clarify that N11 and N32 of the cation and N23
and N40 of the compound belonging to piperazine rings have less negative charges than the
other ones that belong to terminal NHs groups. We note that both charges due to its
symmetries are the same in the anion and the cation separately, but changes in the compound.
Hence, the Mulliken charges on N11 and N23 in the cation and N23 and N44 of rings are
exactly the same. However, the NPA charges on these atoms show a large difference. These
results show that both anion and cation modify their charges in the compound due to the

existence of electronegative Cl atoms.

If now the bond orders (BO) are compared and analyzed for the three species (Figure S7), it
is observed that the BOs values of Bi atoms do not change, however, important changes are
observed in all ClI atoms, specifically in CI5, CI10 and CI11 atoms belonging to the equatorial
plane. Comparison between the BOs for the N atoms of the cation and the compound shows
that the N atoms corresponding to the rings only change, while the terminal ones belonging to
NHs groups present practically the same values. However, when the Wiberg bond index
matrix in the NAO basis, only the Bi atoms linked to ClI atoms in the anion are analyzed.
From Table S2 and Figure S8 we observe that Bil is most linked to CI5 (0.6061) and CI9
(0.4938) while the Bi7 to CI10 (0.6018) and CI11 (0.5278). Therefore, these analyses indicate

that the incorporation of the anion containing the electronegative Cl atoms modifies the N-H



and C-H bonds of the groups linked to the piperazine ring and the Bi-Cl distances of the
equatorial positions.

Molecular electrostatic potentials (MEP) were also analyzed for the three species in the gas
phase [44-46]. We have observed strong red colours on their mapped MEP surfaces, as
expected because these places are nucleophilic sites. However, for the [Bi2Clio]* anion the
mapped MEP in the gas phase shows green colour on the entire surface indicating typical inert
regions, as shown in Figure S9. Also, in the compound we have observed a green colour on
the entire mapped surface while for the cation we have observed a strong blue colour, typical
of electrophilic sites, as it was expected. These atypical colorations in the anion and the
compound probably can be in part justified by the pseudopotential basis set employed for its

optimizations or by the high stability of the anion and the compound.
3. 6 NBO and AIM studies

Possible interactions between the cation and the anion of the new hybrid compound can be
investigated by using the Second Order Perturbation Theory Analysis of Fock Matrix in NBO
Basis with the NBO program [22]. Herein, a comparison between the main delocalization
energies of the [Bi2Clio]* anion and the compound using HF/SDD calculations are presented
in Table S3. In the cation, no interactions were observed, and, for this reason, they are not
presented. In the anion different LPCI—-LP*Bil and LPCI—LP*Bi7 transitions from lone
pairs of Cl atoms toward the two Bi atoms are observed with a total energy of 1885.14 kJ/mol,
while in the compound LPCl—>¢c*Bil-Cl or LPCl—>0c*Bi7-Cl and LPCl-—>0c*N-H transitions
of higher energy (1629.07 kJ/mol) are observed. However, other LPClI—>o*Bil-Cl,
LPCl—>0*Bi7-Cl, LPCl—>0*C-H, LPCl—>0*N-H, oC-H—>0*N-C and oC-C—»0c*N-C
transitions of lower energies (981.09 kJ/mol) are also observed in the compound which is not
detailed here. Consequently, the total energy in the new hybrid is 2682.47 kJ/mol, which is a
high value compared with that of the anion. Thus, this result could justify the high stability of
the compound due to the electronic transitions of [Bi>Clio]* anion that support the interesting
optical properties of the new chlorobismuthate(lll) hybrid compound. Besides, interactions
between the cation and the anion are strongly supported by the interaction of Cl atoms of the
anion with the N-H groups of the piperazine ring, which are clearly demonstrated in this study
by the intense LPCl—>0c*N-H transitions where the N atoms of the ring and the terminal NH3
groups are involved (N19, N40 and N44).



Elsewhere, Bader’s theory of atoms in molecules (AIM) was also tried to study the different
interactions in the whole compound, the cation and in the anion, but results were obtained
only for the cation probably due to the pseudopotentials basis sets (SDD) used for the anion
and the compound. Molecular graphic of (CioH2sN4)** cation showing their bond critical
points (BCP) and the ring critical point (RCP) corresponding to the piperazine ring, using the
B3LYP/6-31G* method, are illustrated in Figure S10. The topological properties, such as
electron density distribution, p(r) in the RCP is found to be 0.0174 a.u. while the Laplacian
value V2p(r) is 0.1075 a.u. These values are in good agreement with the results obtained for

the 4-phenylpiperazine-1-ium dihydrogen phosphate which contains the same ring [74].
3. 7 Frontier orbitals and descriptors

In this work, the HOMO and LUMO, energy band gaps, and the chemical potential
(w), electronegativity (y), global hardness (7), global softness (S), global electrophilicity (w)
and nucleophilicity indexes (£) descriptors, have been calculated for the three species in order
to predict their reactivity and behavior in the gas phase taking into account the interesting
properties proved by this new hybrid. Thus, these parameters for the cation, the anion and the
compound were compared in Table S4 together with the equations applied to compute the
descriptors. In the same table the values for the three species were compared with those
reported for the 1 Ethyl-3-methylimidazolium hexafluorophosphate ionic liquid and its cation
and anion in the gas phase by using B3LYP/6-311++G** calculations. First, remembering
that the high gap values calculated from the differences between both frontier orbitals indicate
the low reactivity. Here, we have observed low reactivities in (C1oH2sN4)** cation, [Bi2Clio]*
anion and the (C10H2sN4)[Bi2Clig] compound with gap values closer to those observed for
[PFs] ion of [EMIM™*][PF¢] ionic liquid [46]. The slightly least reactive of the three species is
the cation while low reactivities predicted for the anion and the hybrid are in very good
agreement with the green colours observed on its mapped MEP surfaces. Probably, the
differences predicted in the global electrophilicity (@) and nucleophilicity indexes (E),

explain the low reactivity of the three studied species.

The character of the molecular orbitals (MO) of the compound, in the gas phase and n-hexane
solution, was studied using the density of states (DOS) (Figure S11). One can notice the
similarity between the predicted DOS spectrum of the hybrid compound and the
corresponding experimental UV-Visible spectrum as shown in this Figure. The main
contributions are located in the valence band in the range of -15 to -10 eV. From Figure S11



we clearly can observe that the HOMO iso-density plots in both media are located on the
moiety anion [BiCls]?, most precisely on Bi7 atoms while the LUMO iso-density plots are
located on the other moiety of the anion (Bil atom). The DOS spectra show two peaks of
similar intensities in the presence of n-hexane, both are well localized on LUMO orbital with
energy equal to 0.7874 eV and the other one localized on HOMO orbital with Exomo = -
8.7424 eV. Hence, the gap value is 9.5298 eV. In the gas phase, the two peaks HOMO and
LUMO have practically the same intensities where the energy Exomo = -9.0573 eV and ELumo
= 0.6155 eV with the gap value of 9.6728 eV. These results reveal that the new hybrid is
mostly reactive in the n-hexane rather than in the gas phase and that both orbitals of the anion

play an important role in the properties of the compound in solution.

3. 8 Vibrational studies

The vibrational properties of (CioH28N4)[Bi2Clio] were studied using infrared and
Raman spectra. The IR spectrum, illustrated in Figure 8 of the compound in the solid phase at
room temperature, is compared with the predicted IR spectra of the compound, the anion and
the cation, using different theoretical methods. Also, the IR spectrum of the compound in the
n-hexane is presented in the same figure. One can note that the higher differences in solution
are observed in the higher wavenumbers region due to the higher reactivity of the new hybrid
in solution and to the interactions of the anion with stretching modes of NHs, NH and CH>
groups. Figure 9 shows the experimental Raman spectrum of the compound in the 2000-100
cm region compared with predicted spectra of the compound, the anion and the cation, in the
gas phase and then-hexane solution, using different theoretical methods. The anion presents
bands in the lower wavenumber region, and, for this reason, in Figure S12, is shown a
comparison between the experimental and the predicted Raman spectra for the anion and the
compound in the 400-100 cm™ region. There is a very good correlation in the number of
bands in spite of the theoretical Raman of the compound that is shifted in relation to the
experimental one, probably due to the employed HF/SDD method. In the anion, it is expected
30 vibration modes while in the cation 120 and in the compound 156 vibration modes. Due to
the C1 symmetry, all the vibration modes of the compound are active in both IR and Raman
spectra. Here, the vibration modes of the cation and the anion were completely assigned
taking into account its normal internal coordinates and the harmonic force fields determined
with the SQMM methodology and the Molvib program [27-29], while for the compound the

vibration modes were assigned with the aid of GaussView program [37]. Although, each of



the vibration modes was scaled with Rauhut and Pulay factors, as indicated in Table S5. The
cation and the anion present Ci symmetries, while the compound C; symmetry. In Table 7 are
given observed and calculated wavenumbers and all assignments for the (C1oH2sN4)** cation,
[Bi2Clio]* anion and (CioH2sN4)[Bi.Clig] compound in the gas phase using different
theoretical methods. Below, we have presented a brief discussion of some vibration modes by
regions. The vibrational modes of the cation were predicted by B3lyp/6-31G* calculations
between 3500 and 30 cm™, while for the compound the HF/SDD was used between 3500 and
25 cm™. The vibration modes corresponding to the anion are only observed in the Raman
spectrum considering that these modes are predicted by HF/SDD calculations between 230

and 32 cm™.
Assignments

3500 - 2730 cm™ region. In this region are observed IR characteristic bands of the 1,4-bis(3-
aminiopropyl) piperazin 1-4 dium cation and the compound, as reported for molecules
containing the piperazine ring [74]. The two NHs groups were assigned with Ca, symmetry,
and for this reason, the six expected symmetric and antisymmetric stretching vibrations of
these groups are assigned in this region together with the symmetric and antisymmetric
stretching vibrations of the CH2 groups. The group of bands observed between 2700 and 200
cm? can be assigned to H bond interactions, as was experimentally found in the crystal
packing. We note that the vibration modes of the compound are predicted to the higher

frequencies compared to the cation because they were not scaled.

1600-1000 cm™ region. In this region are expected the symmetric and antisymmetric
deformation, and rocking modes of NHz groups, deformations, wagging and rocking of CH>
groups, rocking of N-H groups and C-N and C-C stretching modes. The detailed assignments
of these vibration modes are presented in Table 6. Some vibration modes of the ring are also
predicted in this region and, for this reason, they are assigned accordingly. Some vibration
modes corresponding to N-H groups of the compound are observed shifted toward lower
wavenumbers due to the interactions observed between Cl atoms of the anion with those

groups corresponding to the piperazine ring, as suggested by NBO calculations.

1000-100 cm! region. The twisting modes of NH3; and CH> groups of the cations and the
compound are predicted in this region together with C-N and C-C stretching modes,
deformations, and torsions of its piperazine rings. Here, the vibrational assignments for the

compound are slightly shifted to the higher wavenumbers than those corresponding to the



cation, as observed from the GaussView program. Other skeletal modes, such as the CCC,

CCN deformations and torsions are also expected in this region.

The vibration modes associated to the anion are predicted in this region. Here, the
assignments were performed by comparison on similar compounds containing the [Bi>Clio]
dimer and taking into account the calculations carried out here [14, 49, 54-59]. The HF/SDD
calculations for the anionic sublattice made up of isolated Bi>Clig dimers composed of two
BiCls distorted octahedra sharing one edge predict the vibration modes between 230 and 32
cm™’. The normal internal coordinates of the anion were built up considering two equatorial
and axial planes, as indicated in Figure S2. Hence, the bridging chlorine atoms (CI5, CI5') are
shared by the two octahedra leading to a significant increase of the bond lengths including
these chlorine atoms, while the terminal bonds located in the opposite of the bridging ones are
shortened. Therefore, the sharp strong band detected at 276 cm™ is assigned to the terminal
Bi—Cl stretching vibration, whereas the weak bands located at 230 and 161 cm™ are assigned
to the stretching and deformation modes of the bridging Bi—Cl bonds. The lowest peaks
appearing at 133 and 114 cm™ are assigned respectively to the CI-Bi—Cl deformation and C-C
torsion. These results are in perfect agreement with previous works on this type of

compounds. The complete and detailed assignments for the anion are observed in Table 7.
3. 9 Force fields

The scaled force constants of the cation and the anion were calculated from the corresponding
harmonic force fields by using the B3LYP/6-31G* and HF/SDD methods, respectively,
computed both with the SQMFF methodology and the Molvib program [27-29]. The main
scaled force constants are exposed in Table 8. These parameters are of great interest to
analyse the forces of different bonds. The cation shows that f(vNH3) force constant values are
higher than the f(vN-H) force constants, as expected, this is due to the fact that the NH3 groups
have three N-H bonds and correspond to two terminal groups, while the other ones correspond
only to two N-H groups of piperazine ring. This way, the interactions of Cl atoms with N-H
groups, predicted by NBO studies, can be justified by the low value of this force constant. On
the other hand, the f(vCH>) force constants are in good agreement with those reported for
other compounds [44-46]. In relation to the force constants of the anion, the values of f{vBi-

Cl) force constants present different values probably due to the used method.

3.10 Thermochemical analysis



Thermochemical analysis of the new hybrid was computed at DFT/B3LYP/LanL2DZ
basis set, calculated in the gas phase at 298.15 K and under 1 atm pressure. These properties
are given in Table S6. Parameters such as rotation temperatures and constant, zero-point
energy, thermal energy, heat capacity, entropy, enthalpy, Gibbs free energy of molecular
systems were calculated with the Gaussian program. The ground states total electronic energy,
which is the sum of electronic, translational, rotational and vibrational energies, was
calculated as -777.57997707 Hartrees with the RB3LYP/LanL2DZ level of theory. The
corrected enthalpy term related with the total energy of the system can be calculated by using
the equation H.yrr = Etotar + kp X T. In the present study, the thermal correction for
enthalpy was determined as 0.421674 Hartree/particle. The zero point vibrational energy and
zero point correction were computed as 264.60434 kcal/mol and 0.421674 Hartree/particle.
The corrected total electronic energy, E;otqr + ZPE o, Was obtained as -777.1583031 a.u.
The total values for thermal energy, heat capacity and entropy were obtained as 289.696
kcal/mol, 127.899 cal/mol K and 256.855 cal/mol K, respectively. From Table S6 it is
observed that the major contributions are due to the vibrational part with values of 287.919
kcal/mol (for thermal energy), 121.937 cal/mol K (for heat capacity), 171.850 cal/mol K (for
entropy). This result shows the importance of vibration analysis studies. The rotation
constants used in microwave investigations were calculated as 0.09625, 0.05131 and 0.04516

GHz for the compound.
3. 11 Thermal analysis

To regard the thermal stability of the compound at elevated temperature, TG-DTA
measurements were conducted under argon flow from room temperature to 450 °C. The
thermal analysis of the crystalline powder (see Figure 10) showed that the compound lost
four HCI molecules when the temperature reaches 280°C, accompanied by an intense
exothermic pic at 300 °C in the DTA curve. The calculated loss confirms, very well, the
experimental results (observed weight loss: 15 %; calculated loss for 4 HCI molecules: 14.92
%). Then, the compound undergoes a degradation of the organic part with a mass loss starting
from 330 to 370 °C. This phenomenon came out with two exothermic peaks in the DTA

curve. At the end of the experience, we noticed the obtainment of a black deposit of carbon.
3. 12 Electronic spectrum

The ultraviolet-visible solid-state spectrum of the compound is compared with its

corresponding predicted one in the gas phase and in n-hexane solution by using Time-



dependent DFT calculations (TD-DFT) at the HF/Lanl2dz level of theory with the Gaussian
09 program [38]. As it was mentioned above, in the experimental UV-Vis spectrum we have
observed three bands at 264, 324 and 358 nm attributed to the ligand to metal charge transfer
(LMCT) transitions and to metal-to-metal charge transfer (MMCT) absorptions, however, the
two shoulders observed between 200 and 250 nm was not mentioned. Here, very intense
bands at 190 nm in the gas phase and at 200 nm in the spectrum in solution were observed
together with a weak band at 227.5 nm in both predicted spectra. These latter bands are
clearly assigned to the n—o* transitions predicted for the compound by using NBO
calculations (see Table S3). The other bands observed in the solid state probably were not
observed in the predicted spectra because the packing forces were not considered in

calculations.
4. Conclusions

This paper reports the synthesis of a new bismuth-based material and its
physicochemical characterization. The asymmetric unit of (C1oH28N4)[Bi2Clio] is constituted
by a half of a dimeric decachlorodibismuthate(l11) tetra-anions which has the geometry of two
octahedra sharing one edge, and half of 1,4-bis(3-aminiopropyl) piperazin 1-4 dium cation.
The atomic arrangement can be described as tetra protonated cations (Ci0H2sN4)** occupying
the empty spaces among anions. Hydrogen bonds connect organic and inorganic components
forming a three-dimensional network, as confirmed by atomic Mulliken and NPA charges and
NBO calculations. The intermolecular interactions in the crystal were evidenced using 3D
Hirshfeld surface, 2D fingerprint plots, and enrichment ratios which enabled the decoding of
the quantitative contribution of the interactions present in the crystal system. The
characteristic vibrational peaks were detected and interpreted using FTIR and Raman
spectroscopy. The shifting of the stretching modes of N-H groups belonging to the compound
toward lower wavenumbers confirms the interactions observed by NBO calculations between
Cl atoms of the anion with those groups corresponding to the piperazine ring. The optical
properties were investigated by UV-visible absorption and photoluminescence measurements
which show strong emission bands in the blue and near green region related to the anionic
part. The NBO calculations suggest a high stability of the chlorobismuthate(lll) hybrid
compound attributed to energetically electronic transitions of [Bi.Clio]* anion that probably
support its interesting optical properties. The band gap energy was found to be 3.1 eV
determined by the Tauc model. Thermal analysis revealed that the compound remains stable

up to 280 °C. Frontier orbitals studies show the high gap values of the three species and their



low reactivity. Complete vibrational assignments were presented for the cation, the anion and
the new hybrid. The calculations in n-hexane solution have evidenced an increase in the
reactivity of the new hybrid and changes of positions and intensities of IR bands associated to
NHs, NH and CH: stretching modes, as a consequence of interactions of the anion with those

groups belonging to the cation.

Supplementary data
Supplementary Information: Table S1-S6 and Figures S1-S13.

Crystallographic data of the structure have been deposited in the Cambridge Crystallographic
data centre CCDC 1992487. These data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif.
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Fig 1. Ortep of the structure of (C10H2s8N4)[Bi2Clio]. The labelled part indicates the

a_

asymmetric unit of the compound.



Fig 2. (a) Perspective view of (C1oH2sN4)[Bi2Clio]; (b) Geometry of [Bi>Clig]* dimer; (c)

Orientation of organic molecules (in blue), which occupy the empty spaces among inorganic

entities (in green).



Fig. 3 (a) dnorm mapped Hirshfeld surface (HS), (b) dnorm Shown as transparent to allow

visualization of the compound surrounded by all neighbouring molecules that form strong

hydrogen bonds with it.
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Fig. 7 CIE chromaticity diagram of the compound under an excitation of 334 nm.
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Fig.8 FTIR spectrum of (C10H2s8N4)[Bi2Cl1o] in the solid phase compared with the
corresponding predicted for cation, anion and compound in gas phase and n-hexane solution

by using different methods.
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Table. 1 Crystallographic data and structure refinement parameters for the crystal.

Crystal data

Chemical formula (C10H28N4)[Bi2Cl1o]
Mr 976.82

Crystal system, space group P2i/c

Temperature (K) 150

a, b, c(A) 11.1765(10), 10.7023(10), 11.9843(11)
B (°) 116.2052(18)

V (A3 1286.2(2)

Z 4

Density 2.517

i (mm™1) 14.71

Crystal size (mm?3) 0.4x0.2x0.2

Data collection

Tmin, Tmax 0.327,0.746
No. of measured, independent and 22509, 3922, 3655
observed [I > 26(l)] reflections

Rint 0.039

(A/o)max <0.001
Refinement

R[F? > 26(F?)], wR(F?), S 0.029, 0.068, 1.07

No. of reflections 3922

No. of parameters 120

No. of restraints 0

Apmin, Apmax (e A7) —2.87<Ap<423



file:///C:/Users/Lenovo/Desktop/P13%20222/p13_0m%20_cell_volume
file:///C:/Users/Lenovo/Desktop/zeinouba/P88%20_refine_ls_shift/su_max

Table. 2 Selected bond distances (A) and angles (°) in the compound (C10H2sN4)[Bi2Clig].

Anionic group [Bi2Clio]*

Distances (A) Angles (°)

Bi1—Cl1 2.7321(12) Cl1—Bi1—CI5 99.50(4)
Bil—CI5i 2.8693(12) Cl1—Bil—CIS5i 95.61(4)
Bil—CI5 2.9214(12) CI5i—Bi1—CI5 86.29(3)
Bil—Cl4 2.5677(12) Cl4—Bil—Cl1 89.15(4)
Bi1—ClI2 2.5895(11) Cl4—Bi1—cCI5 83.90(4)
Bi1—CI3 2.6311(12) Cl2—Bi1—Cl1 84.98(4)
Cl5—Bili 2.8693(12) Cl4—Bil—CI3 93.92(4)
Cl2—Bil—CIS5i 99.74(4)

Cl2—Bi1—CI5 172.17(4)

Cl2—Bil—CI3 83.71(4)

CI3—Bil—CI1 168.26(4)

CI3—Bi1—cCI5 92.09(4)

CI3—Bil—CI5i 83.24(4)

Bili—CI5—Bil 93.71(3)

Organic cation (C1oH2sNa)**

Distances (A) Angles (°)

C3—N1 1.509(6) N1—C3—C4 112.4(4)
C4—C5 1.516(7) C5—C4—C3 108.6(4)
N2—C5 1.487(6) C2—N1—C3 109.0(3)
N1—C2 1.504(6) C1—N1—C3 112.7(4)
C3—C4 1.518(7) C1—N1—C2 109.2(3)
N1—C1 1.504(6) Clii—C2—N1 111.9(4)
C2—Clii 1.503(7) C2ii—C1—N1 110.9(4)

C1—C2ii 1.503(7) N2—C5—C4 109.8(4)




Table. 3 Hydrogen bonding parameters (A, °).

C4—H4B---CI5 0.98 2.91 3.721(6) 140
N2—H2B:--Cl1 0.91 2.60 3.311(5) 135
C1—H1B.--CI2iii 0.99 2.79 3.717(5) 155
C3—H3A.--CI2iii 0.99 2.86 3.738(5) 148
C3—H3B---ClI5iv 0.99 2.82 3.764(5) 158
N2—H2C---Cl2v 0.91 253 3.400(4) 159

N2—H2A.--Cl2vi 0.91 2.60 3.333(5) 138




Table. 4 Actual contacts derived random contacts, enrichment ratios and surface proportions
of different species present on the molecular surface of the compound.

Actual Contacts Random Contacts Enrichment
(C, %) (R, %) (E)
H---Cl 86 49.72 1.72
H---H 10.7 28.83 0.38
Cl---Cl 3.3 21.43 0.15

Surface proportions (S, %)
Sn=153.7 Sci=46.3



Table 5. Calculated total energies (E), dipole moments (i) and volumes (V) of (C1oH2sNa4)**
cation, [Bi2Clio]* anion and (C1oH2sN4)[Bi2Clig] compound in gas phase by using different
theoretical methods. Corrected total energies by zero point vibrational energy (ZPVE) are also
presented.

Gas Phase
Species Method E (Hartrees) Ezpve K (D) V (A3
Cation B3LYP/6-31G* -615.4367 -615.0237 0.00 261.5
Anion HF/SDD -4605.3571 -4605.3491 0.00 343.7
Compound HF/Lanl2dz -770.6016 -770.1422 27.15 572.5
Compound HF/SDD -5218.0997 -5217.6406 25.14 572.7
(C10H28N4)[Bi2Clyo] in Solution
Medium Method E (Hartrees) Ezpve u (D) V (A3
Water” HF/Lanl2dz -770.8042 -770.3468 66.20 589.1
n-Hexane HF/Lanl2dz -770.6968 -770.2378 35.24 576.1

#Imaginary frequency



Table 6. Corrected solvation energy (AGc) in kJ/mol and volumes variation in A® (AV) of
(C10H28Na4)[Bi2Cl10] compound in n-Hexane solution by using HF/Lanl2dz level of theory.

B3LYP/6-311++G** Method
AG(solution—Gas) AGre AGc AV (A3)
-249.71 -11.15 -238.56

-250.76 1115  -239.61 3.6




Table 7. Observed and calculated wavenumbers (cm™) and assignments for the (C1oHz2sNa4)**
cation, [Bi2Clio]* anion and (C1oH2sNa4)[Bi2Clig] compound in gas phase by using different
theoretical methods.

Experimental® [Bi>Clyo]* anion? (C1oH2gN4)** cation? (C1oH2N4)[BioClyo] ?
HF/SDD method B3LYP/6-31G* method HF/SDD method
IR Raman  SQMP  Sym. Assignments® SQMP®  Sym. Assignments? SQM®  Assignments®

3502m 3301 Au vaNH;(N28) 3450  v,NH3
3458w 3301 Ag  v,NH3(N7) 3443 v,NH,
3418w 3278  Au vaNH;(N7) 3400 vN-H
3390w 3278 Ag vaNH;(N28) 3285 v,NH3
3347w 3243 Ag vsN-H v,N-H 3200 v,NH;
3291w 3213 Au vsNH;3(N28) 3187 v,CH,
3239w 3213 Ag vsNH3(N7) 3165 vNH3
3184w 3037 Au vaCH,(C19) 3148 v,CH,
3132w 3037 Ag vaCH,(C40) 3103  v,CH,
3084w 3036 Au vaCH,(C16) 3098 v,CH,
3035 Au vaCH,(C37) 3088 v,CH,

3028sh 3029 Ag vaCH,(C22) 3086 v,CH,
3028sh 3029 Ag vaCH,(C1) 3079  v,CH,
3027 Au vaCH,(C13) 3076 v,NH3

3027 Au  v,CH,(C34) 3069  v,CH,

3000m 2981 Ag vsCH,(C40) 3068 v,CH,
2981 Ag vsCH,(C19) 3064 v,CH,

2978 AU v,CHy(C25)v,CH,(C4) 3051 vN-H

2977 AU v,CH,(C4)v,CH,(C25) 3046  v,CH,

2976  Ag vaCH,(C4)v,CH(C25) 3040 v,CH,

2974 AU vCH(C34) v{CH,(C13) 3027  vCH,

2974  Ag vsCH,(C37) 3026  v,CH,

2971 Ag  v,CH,(C16) 3018 v.CH,

2969 Au viCH,(C1) 3011 vCH,

2953sh 2969 Au vsCH,(C22) 3004 v,CH,
2873vs 2927 Ag vsCH,(C4) 3003  v,CH,
2853sh 2927 Au vsCH,(C25) 3000 v,CH,
1648w  1630vw 1626 Ag 8aNH3(N28) 1699 8.NH;
1648w  1630vw 1626 Au 8aNH3(N7) 1693 6.NH;
1592m  1608vw 1618 Ag  8:.NH3(N7) 1689  8,NH;
1592m  1608vw 1618 Ag  8.NH3(N28) 1672 8.NH;
1536m  1519vw 1517 Au 3sNH3(N7) 1624  d:NH;
1536m  1519vw 1516 Ag 8sNH3(N28) 1596 &NH3
1504w 1504vw 1493 Au  wagCH,(Cl)wagCH,(C13) 1566 pN-H
1470w 1467 Ag  SCHa(C25)5CH,(C22) 1539 3CH,

1462 Au  SCH(C19) 1533 3CH,

1458 Ag  SCH(C40) 1524 3CH,

1452s 1453vw 1453  Au SCH,(C4) 1518 &CH;
14525 1453vw 1451 Ag  SCHy(C25) 1516 SCH,
1448 Au  SCH,(C13) 5CH,(C16) 1514 §CH,

1446 Au  SCH(C37) 1510 SCH,

1446 Ag  SCHy(Cl) 1506 SCH,



1432sh
1432sh

1369w

1345w

1313w
1261m

1237w

1158w

1066w
1054sh
1030w

999m
999m
990sh
947s
947s

915w

875w

836w

808w

756w

1437w
1437w

1367vw

1348vw

1335vw

1315vw
1279vw
1267vw
1247vw
1234vw

1177vw
1139vw
1123vw

1066vw
1054vw
1028vw

986vw
974vw
954vw

927vw
911vw
897vw
887vw
860vw
840vw
774vs
774vs
767sh
749s

1441
1439
1437
1431
1430
1424
1418
1408
1399
1395
1378
1370
1354
1352
1340
1337
1324
1320
1309
1276
1263
1238
1202
1193
1130
1123
1100
1097
1046
1035
1022
1010
996
984
978
952
942
937
924
921
900
891
866
861
843
789
772
745

wagCH,(C40)
wagCH,(C19)
SCH,(C22)
SCH,(C1)5CH,(C13)
SCH(C22)
wagCH,(C1)
pN32-H33wagCH,(C22)
p’N32-H33
wagCH,(C16)
wagCH,(C37)
wagCH,(C13)
wagCH,(C34)
pCH(C19)
pCH,(C40)
wagCH,(C4)
pCH,(C22)
wagCH,(C25)
pCH,(C4)

pCH,(C25)
pCH,(C16)
pCH,(C13)

pCH(C1)
pCH,(C16)pCH,(C13)
pCH,(C37) pCH,(C34)
pNH; (N7)

pNH; (N28)

p'NH; (N28) twCH,(C25)
p'NH; (N7)
vN11-C16vC16-C34
BR1(A1)vC13-C37
BR1(A1)vC13-C37
vC16-C34

vC1-C4

vC13-C37

vC22-C25

vC25-C40
vN7-C19vC4-C19
vN28-C40

p'NH; (N28)
TWCH,(C34)
vN32-C22vN28-C40
vN7-C19vC4-C19
vN7-C19

vN11-C1
vN32-C22vN32-C34
TWCH,(C40)
TWCH,(C19) twCH,(C1)
TWCH,(C16)

1499
1493
1578
1574
1532
1568
1550
1538
1537
1530
1517
1505
1502
1474
1429
1426
1415
1413
1404
1398
1378
1369
1338
1322
1268
1250
1241
1231
1214
1158
1180
1086
1081
1079
1066
907

1049
1089
1075
988

981

977

952

931

788

766

886

743

6CH,
6CH;
wagCH,
wagCH,
pN-H
wagCH,
wagCH,
wagCH,
wagCH,
wagCH,
wagCH,
wagCH,
wagCH,
wagCH,
pCH,
pCH;
pCH,
pCH,
pCH,
pCH;
pCH;
pCH;
pCH,
pCH,
pNHz
pNH;
pCH;
pNH;
pNH;3
vN-CvC-C
BR1(AL)
vC-C
vC-C
vC-C
vC-C
TWCH,
vN-CvC-C
pNH;3
pNH;3
vN-CvC-C
vN-CvC-C
vN-CvC-C
vN-C
vN-C
TWCH,
TWCH,
vN-C
TWCH,



708w
680w
654w
624w

596w
562w
523w
493w
459s
433sh

736m

714m

675w

668w

627w

601w

594w

557w

526vw

500m

482w

474s

439w

389vw

375w

365w

276vs

276vs

276vs

276vs

276vs

276vs

276vs

276vs

239sh

231s 230 A, vsBi.Clyo (e+a)
222w 222 A vsBiClg(e+a)
209sh 197 A, vaBICly(e)

191sh 192 A vaBIClg(€)
191sh

187sh 188 A, vaBi,Cly(a)
176sh 185 Ay vaBi,Clyo(e+a)
176sh 182 A, vaBixClio(e+a)
165w

155w 169 A, VaBi.Cly(a)

155w 160 Ay 8.Bi,Cly(a)

155w

136w

136w

131w 136 A, 3,BiClg(a)vaBiCla(e)
131w 128 A, vaBiCly(e)

121sh 122 A wagBiCl,(e+a)3,BiCls
117sh 119 A wagBiCl,(e+a)

117sh 117 Ay pBiCla(e)

114s 113 A, pBICly(e)

105sh 110 Ay 8,BiClg(et+a)

99sh

736

697
684
684
621

531
514
473
459
435
402
382
352

293
286

239
231

212

211

209

188

146

119

114
106

Ag

Ag
Ag

Ag
Ag
Ag

Ag

Ag
Au

Ag
Au

Ag
Au

Ag

Au

Ag

Ag

Ag

TWCH,(C13) TWCH(C37)
vN32-C37
vN11-C16vN11-C13

TWCH,(C4)
TWCH,(C25)1WCH(C22)
BRuy(AL)

BR2(AL)

p’N11-H12
5C22N32C34
3CIN11C13
tRy(A1)3CIN11C16
3C25C40N28
pN11-H12BR, (A1)
pN11-H12 5CIN11C16

6C22N32C37
6C1C4C19

TRy(AL)
3C4C19N7

TWNH; (N28)
TWNH; (N7)

TRy(AL)

5C22C25C40

TR(AL)

1C40-C25

1C19-C4
3C4C1IN11 8C25C22N32

724

705
664
654
783
661
450
552
533
478
469
430
367
291
354
268
290
309
306
299
262
273
251
252
244
214
210
203
168
184
154
174
176
138
131
155
149
141
126
134
129
125
99
108
86
83
102
96

TWCH;

TWCH,
TWCH,
TWCH;
BR1(Al)
BRo(AL)
TWCH,
3CNC
3CNC
3CNC
3CNC
3CCN
3CNC
TWNH;3
3CCC
TWNH;3
vBi-Cl
3CCC
3CCC
TR3(Al)
vBi-Cl
TR2(AL)
vBi-Cl
3CCC
3CCN
vBi-Cl
vBi-Cl
vBi-Cl
C-C
vBi-Cl
wC-C
vBi-Cl
3CCC
C-C
C-C
8Bi,Cly
3CCC
TR,(AL)
vBiCly
wagBiCl,
8BiClg
8BiClg
tC-C
vCl-H
tC-C
C-C
3CCN
3CCN



99sh 75  1C-C

91 Ay 8.BiCls(a) 92  wagBiCl,
90 A 3.BiCls(e) 72 1C-C
89 A, wagBiCls(e+a) 85  wagBiCl,
66 tC-C
63 1C-C
74 A 3.BiClg(a)pBiCla(a) 75 Ag 1C25-C22 76 §,BiClg
69 A, pBiCly(e+a) 52 tC-C
68 Ay pBiCl,pBiCl, 64 Au tC4-C1 61  pBICl,
60 Ay 3.BiCl4(e)3.BiCls(e) 59  §,BiCl,
50 Ag TwC22-N32 54 §,BiCl,
47 A veBICl(e) 47 AU 1Ry(Al) 47 1CI-Bi-CI-H
4 A pBiCl4(a) 45  pBICl,
43 A vaBiCls(e) 34 <CI-Bi-CI-H
42 29  1CI-Bi-CI-H
Ay 8.BiCly(a) 30 Au  wC1-N11 29 §,BiCl,
32 A pBiCls(2)8.BiCls(e) 25  §,BiCl,

Abbreviations: v, stretching; B, deformation in the plane; y, deformation out of plane; wag, wagging; t, torsion;
Br, deformation ring 1, torsion ring; p, rocking; tw, twisting; 8, deformation; a, antisymmetric; s, symmetric;
(A1), Ring; (e), equatorial, (a), axial; Sym, symmetry; #This work, ®°From scaled quantum mechanics force field,
°From HF/SDD method.



Table 8. Scaled internal force constants for (C1oH2sN4)** cation and [Bi2Clio]* anion in gas phase
by using different theoretical methods.

Force constants B3LYP/6-31G** Force constants HF/SDD?
(C1oH28N4)* [Bi2Clio]*
f(ON-H) 5.83 f(vBi-Cl) 1.2-0.72
f(VNHs) 5.92 f(5CI-Bi-Cl) 0.8-0.2
f(VC-C)r 3.92
f(VCHz) 4.69
f(vC-NHs) 3.66
f(VC-N)chain 3.58
f(4C-N)r 3.05

Units are mdyn A for stretching and mdyn A rad for angle deformations
aThis work



