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Graphical abstract

ABSTRACT:
One novel bismuth (III) hybrid compound with 2-amino-5-chloropyridine was prepared. The
crystal was grown by slow evaporation method at room temperature. The structure was
determined by single-crystal X-ray diffraction. It crystallizes in the triclinic space group P-1,
with the following parameters: a = 7.5076(4) Å, b = 12.3682(6) Å, c = 15.1265(6) Å and α =
98.893(2)°, β = 95.779(2)°, γ = 106.459(2)° with Z = 2 and V = 1315.26(11)Å3.The structure
was solved with a final R = 0.03for 5983 independent reflections.The crystal arrangement
consists of [BiCl6]3-anionssurrounded by[C5H6ClN2]+cations. Complex hydrogen bonding
interactions between [BiCl6]3- and organic cations through N(C)–H···Cl hydrogen bonds form
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a

three-dimensional

network.

The

crystal

packing

is

stabilized

by

Cl···Cl

interactions.Hirshfeld surface calculationswere conducted to investigate intermolecular
interactions, associated 2D fingerprint plots and enrichment ratio, revealing the quantitatively
relative contribution of these interactions in the crystal packing. Thermal behavior was
characterized by TG-DSC showing the decomposition of the compound at 180°C.
Furthermore,Impedance spectroscopy study in the temperature range from 298 K to 443 K
and in the frequency range between 5 and 13 MHz revealed that the temperature dependence
of DC conductivity follows the Arrhenius law. Moreover, the frequency dependence of
conductivity follows Jonscher's dynamical law. Nyquist plots (Z''versus Z') are well fitted to
an equivalent circuit model which consists of a parallel combination of a bulk resistance Rb
and constant phase elements CPE.

Keywords: hybrid material; hexachlorobismuthate; X-ray diffraction; Hirshfeld surface
analysis; conductivity.

Introduction
One of the most efficacious strategies to get novel functional materials with distinctive
properties is to combine bothorganic and inorganic components into one material. They can
be of great importance as they display a large variety of structures and a vast diversity of
exceptional properties such as magnetic, optical and electrical properties.Metal-halides,in
particularhalogenobismuthates(III),with organic cations have been the subject of intense
investigations due to their interesting photochemistry and photophysical properties caused by
active lone pairs. Also, some special types of the anionic structure usually show
ferroelectricity[1].

The

discovery

of

this

phenomenon

in

the

group

of

halogenobismuthates(III),which can be described by the general formula RaMbX(3b+a) (where
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R stands for an organic cation, M = Bi(III) and X = Cl, Br, I),has increasedthe interest on this
class of materials. The ferroelectricity appears in compounds involving different types of
cations, such as small size alkylammonium (methyl-, dimethyl- and trimethylammonium) and
unsubstituted heteroaromatic moieties (imidazolium and pyridinium)[2-3].Furthermore,
anionic species of bismuth halide have been observed to form variety of dimensionality[4].In
the case of chlorobismuthates, itcan be octahedra, either isolated or connectedwith each other
by bridging chlorine atomsforming more complicated arrays, like polyanionic one-, two- or
three-dimensional nets,or sharing corners, edges or faces[5].
on the other hand, 2-aminopyridine and its derivatives constitute a class of compounds widely
known for a long time andare continuing to generate considerable interest thanks to their
promising application in several fields such as pharmaceutical, photo chemical, electro
chemical and catalytic applications[6].Especially, 2-Amino-5-chloropyridine,for its use as
anintermediate in the pharmaceutical industry for the manufacture of Zopiclone, Zolpidem
(hypnotic agents), and Alpidem (an anti-anxiety drug). It is also used as an intermediate in the
agrochemical industry for the manufacture of Clodinafop[7].
Based on these facts,we havesucceeded the synthesis of a new hybrid material based on
chlorobismuthate(III) and we have reported in this manuscript its structural characterization,
optical, thermal and dielectric properties.
2. Experimental
2.1. Chemical preparation
All reagents were obtained from commercial sources and used without purification.
Bismuth(III) oxide (2.5 mmol, 1.16 g) and 2-amino-5-chloropyridine (2.5 mmol, 0.32 g) were
dissolved in hydrochloric acid solution in presence of distilled water and ethanol in a
stoichiometric ratio. The solution was stirredfor 30 min at 50°c, and then, left withslow
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evaporation at room temperature. Colourless prismatic crystals suitable for X-ray analysis
were separated out from the solution after 5 days.
2.2. Investigation techniques
2.2.1. X-ray single crystal structural analysis
TheX-ray

intensity

data

was

measured

on

D8

VENTURE

Bruker

AXS

diffractometerequipped with, Mo-Kα radiation (λ = 0.71073 Å) at T = 150 K.The structure
was solved by dual-space algorithm using the SHELXT program [8], and then refined with
full-matrix least-squares methods based on F2 (SHELXL) [9]. All non-hydrogen atoms were
refined with anisotropic atomic displacement parameters. Except nitrogen linked hydrogen
atoms that were introduced in the structural model through Fourier difference maps analysis,
H atoms were finally included in their calculated positions and treated as riding on their
parent atom with constrained thermal parameters. A final refinement on F2 with 5983 unique
intensities and 299 parameters converged at ωR(F2) = 0.0805 (R(F) = 0.0299) for 5728
observed reflections with I > 2σ(I).Crystal data, data collection parameters, and structure
refinement details are given in Table 1.
2.2.2Hirshfeld surface analysis
The Hirshfeld surface analysis of the title compound was performed usingCrystalExplorer 3.1

[10]to figure out the normalized contact distance (dnorm),which depends on contact distances to the
closest atoms outside (de) and inside (di). The inter-contacts shorter than the sum of the van der
Waals radii are highlighted on the dnormsurface in red which indicatethe presence of possible
hydrogen bonds while contacts closer in length or in the limit to the van der Waals radii are
respectively colored blue and white.The two-dimensional fingerprint plots [11] were generated
from the Hirshfeld surface by plotting the fraction of points on the surface as a function of the pair
(di, de) to summarize contactdistances.The proportion of Hirshfeld surface contacts for the (X,Y)
pair of elements is referred to CXY. While, the proportion SX of chemical type X on the molecular
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surface is obtained according to the formulaSX= CXX + ½ ∑y≠xCXY, the random contacts RXY

values are defined as if all contact types X···Y in the crystal packing were equi-distributed
between all chemical types and are obtained by probability products RXX = SX.SX and RXY =
2SX.SY .All those formulas allowed us to calculate the enrichment ratiosEXY = CXY/RXY[12].
2.2.3. Physical measurements
FT-IR analysis was carried out at room temperatureusing NICOLET IR 200 FT-IR infrared
spectrometer in therange of 4000–400 cm−1. Absorption spectrum was recorded, for the solid
sample at room temperature with a Perkin Elmer Lambda 35 UV-Vis spectrophotometer
equipped with an integrating sphere in the range of 200-700 nm. Emission and excitation
spectra were recorded at room temperature for the solid sample with Perkin-Elmer LS55
spectrofluorometer. Simultaneous Thermogravimetry – Differential Scanning Calorimetry
(TG-DSC) were performed using “NETZSCH STA 449F1” operating from 28°C up to 500° C
temperature at an average heating rate of 5°C/min in Argon atmosphere using5.50 mg of the
sample.
2.2.4. Electrical measurements
Theelectricalmeasurements were performed using twoelectrode configurations on a
polycrystalline sample, which in turnwas pressed into pellets of 13 mm in diameter and 0.75
mm of thickness and with a signal amplitude of 0.5V. Electrical impedances weremeasured in
the frequency range from 5 to 13 MHz and the temperaturerange between 293 and 443 K
using a Hewlett–Packard HP 4192 Analyzer.
3. Results and discussion
3. 1. Structure description
The asymmetric unit of the title compound consists of discrete BiCl63- and three independent
2-amino-5-chloropyridinium cations as shown in Fig.1. The Bi atom is six-fold coordinated
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by chloride ions, forming an octahedral arrangement. Only the pyridinium N atom is
protonated, while the amine group remains unprotonated, resulting in a charge of (+1) for the
organic cation. Thus, to ensure charge equilibrium, the structure associates each
hexachlorobismuthate(III) anions with three 2-amino-5-chloropyridinium cations. The Fig.
2shows that the atomic arrangement of the title hybrid compound can be described as
inorganic BiCl63-interconnected from each other by the organic cations. Multiple hydrogen
bonds connect those entities of the compound to form an infinite three-dimensional network.
The crystal packing is influenced by N-H···Cl, and C-H···Cl hydrogen bonds. The (N)-H···Cl
distances, varying between 2.34 and 2.69 Å (Table 2), are smaller than the sum of the Van der
Waals radii of the chlorine and hydrogen atoms [r(Cl) + r(H) = 2.81 Å]. Consequently, these
values correspond well to strong hydrogen bonds. There are significantly short intermolecular
Cl···Clinteractions(Cl1···Cl3 = 3.759 Å, Cl1···Cl2 = 3.523 Å and Cl2···Cl3 = 3.375(Å)(Fig.3)
in the structure leading to restrict the number of possible modes of packing.
The bismuth atom is octahedrally coordinated by chlorine atoms, with Bi-Cl distances ranging
from 2.621(11) to 2.806(10) Å; their average bond length of 2.72 Å is significantly lower than
the sum of van der Waals radii (3.83 Å), according to Pauling [13], and the Cl-Bi-Cl bond
angles range from 82.49(3)° to 99.64(4)° (cis atoms) and 170.88(4)° to 177.86(3)° (trans
atoms), with an average value of 90.01° and

173.9° respectively(Table 3). The different

bond lengths, together with the bond angles distribution, give rise to a slight distortion of the
[BiCl6]3- octahedra[14]; such a distortion is correlated not only to the primary deformation
resulting from the stereochemical activity of Bi lone electron pair [15,16], but also to
secondary deformations resulting from hydrogen bond interactions [17]. The involvement of
any chlorine atom in hydrogen bonding results in a shift of the lone electron pair of the Bi
atom in the direction of the H atom, which generally leads to an increase of the Bi1Cl
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distance. In the present case such a behavior is observed for Bi1Cl13, Bi1Cl14 and Bi1Cl15 bond
lengths which are long with respect to the others.
In the organic entity, the N7-C4 bond [1.326(6) Å] is shorter than the N3-C4 [1.350(6) Å] and
N3-C2 [1.365(6)Å] bonds, consistent with the iminuim tautomer [18]. Moreover, the
existence of the iminium tautomer is supported by the fact that the C4-C5 [1.415(6)Å] and
C1-C6 [1.411(6) Å] bonds are longer than the C5-C6 [1.363(6)Å] and C1-C2 [1.345(6) Å]
bonds. Similar features are also observed in other organic cations. However, previous study
shows that a pyridinium cation always possesses an expanded angle of C-N-C in comparison
with the parent pyridine [19]. It is worth noticing that all these geometrical characteristics are
in good agreement with those of the related structure of the same cation, (C5H6ClN2)2[ZnCl4]
[20].
3.2.Hirshfeld surface analysis and enrichment ratio
To complete the study of the structural description, we have required the Hirshfeld surface
analysis. In fact, it defines the space occupied by a molecule in the crystal by partitioning the
electron density of the structure into molecular fragments.In addition, to gain more insights
into the intermolecular interactions existing in the molecular crystal [21]. The
Hirshfelddnormsurface of [C5H6N2Cl]3BiCl6 is reported in Fig. 4. The recognition of the
regions of particular importance to intermolecular interactions is given by mapping the
normalized contact distance (dnorm) expressed as: dnorm = (di – rivdw)/ rivdw + (de – revdw)/ revdw,
where di and de are the distances to the nearest atoms inside and outside the surface while rivdw
and revdw are the van der Waals radii of the atoms [22]. The brighter and larger red spots
observed in the dnormrefer to the shorter intermolecular contacts indicating the existence of
hydrogen bonds: N—H···Cl as well as C—H···Cl in the crystal packing.Whereas, longer
contacts are coloured in blue, and contacts around the vdW separation are coloured in white.
Distances outside (de) and inside (di) mapped on the Hirshfeld surface are also used to
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generate a fingerprint plots which consists in a two-dimensional summary of intermolecular
interactions present between related molecules in the crystal structure. This decomposition
provides a visualization containing implicit information of all intermolecular interactions as
well as purely geometrical aspects like close contacts. This allows identification of prevailing
interaction types such as, C⋯C or C⋯H interactions or hydrogen bonds [23, 24].
Fingerprint plots were calculated for the title compound for all phases.They are summarized
inFig. 5. The H···Cl contacts exhibit the characteristic shape of two “wings” at the top left
and the bottom right of the Fingerprint plots(Fig. 5.b). In fact, they constitute the most
important interactions in the crystal and their relative contribution extends to 53.1 %
(indicated as red areas) due to the existence of N—H···Cl as well as C—H···Cl hydrogen
bonds with distances down to 2.8 Å. In contrast, the H⋯H contacts are rather homogeneously
extended over a large range of (di, de)-pairs with an average contribution of 14.6 %(see Fig
6.a).

They are generated between the organic cations inside the surface and the other

molecules outside the Hirshfeld surface with distances around 3.3 Å. Besides, the C···H
contacts are also broadly distributed with an accumulation comprising 9 % of the total surface
and with distances down to 3.8 Å(Fig. 5.d). While, C···Cl and Cl···Cl contacts display
relatively a sharp and acicular distribution with an average of 7.1 % and 6.8 %
respectively(Fig 6.a). The intermolecular C···C and H···N interactions appear as short blue
coloured patches with proportion of 2.9 %. In addition, Cl···N, C···N and N···N contacts are
negligible and exhibit only 2.6 %; 0.9 % and 0.1 % respectively from the total surface area
with (de+di) < 3.8 Å.Furthermore, the compound doesn’t show any π – π stacking interactions.
In fact, the examination on the Hirshfeld surface doesn’t reveal any adjacent red and blue
triangles on the shape Index surface and no flat regions toward the bottom of both sides of the
pyridinium moiety were detected on the curvedness surface (see Fig. 7).
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we have also calculated the enrichment ratios to analyze the propensity of two chemical
species to be in contact in the crystal packing. It is derived from the Hirshfeld surface and
defined as the ratio between the proportion of actual contacts CXY in the crystal (given by
CrystalExplorer3.1) and the theoretical proportion of random contacts RXY calculated from the
corresponding SX and SY proportions by the using of probability products. EXY is superior than
unity for a pair of elements with a larger propensity to form contacts, while enrichment value
is lower than unity for a pair which tend to avoid contacts [25].
The enrichment ratios, actual and random contacts of the main intermolecular interactions in
the compound are summarized in (Table 4).Most of contacts in the crystal structure are the
H···Cl type and they are well enriched with EHCl= 1.47 which is due to the abundance of SH=
47.1 % and SCl= 38.2 % in the total Hirshfeld surface area (see Fig. 5.b). Accordingly, the
driving forces in the crystal packing are the electrostatic attraction of hydrogen bonds between
BiCl6 anions and the pyridinium cations.In spite that the H···H contacts represent the second
most important surface interactions, they are moderately enriched. This is not surprising and
can be explained to relatively their higher values of random contacts RHH=22.18 % compared
to the proportion of these contacts on the molecular surface CHH=14.6 % (Fig.6.a; Table
4).The H···C and C···Cl intermolecular interactions are under-represented with EHC=0.83 and
ECCl= 0.81; while Cl···Cl types are impoverished and marked by a low amount of enrichment
ratio EClCl=0.46. In fact, the self-contacts X···X are usually characterized by low EXX ratios,
considering that the same chemical atom type does not like to interact with itself because of
the electrostatic repulsion between their charges of the same sign.Moreover, C···C contacts
take the most enrichment value corresponding to ECC= 2.23 indicating that these types have
an increased likelihood to form in the structure, which can be explained by the accumulation
of aromatic nuclei in the crystalline stack,Sc=11.4 % (Fig.6.b).The H···N and Cl···N contacts
are characterized by favored enrichment ratios equivalent or close to the unity as well as for
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C···N and N···N contacts:ENH= 0.93; EClN= 1.03 ECN= 1.19 and ENN= 0.91. These are due to the
negligible amount of random contacts in the crystal with RHN= 3.10RClN= 2.52 RCN= 0.75 and
RNN= 0.10 (Table 4).
3. 3. IR Spectroscopy
IR spectroscopy is an efficient method to confirm the functional groups present in the
crystalandto study the structural consequences such as in plane or out of plane
vibrations[26].Herein, we have discussed the vibrational analyses of the compound and tried
to give most precise assignment of the observed bands.FT-IR spectrum is shown in (Fig.8).
The strong and broad band, formed by overlapped peaksbetween 3500-2800 cm-1region,
corresponds to the valence vibrations of N—H and C—H groups interconnected by a system
of hydrogen bonds in the crystal. In fact,the broadening of the band is caused by hydrogen
bonding interactions which influence the frequency as well as the intensity of the
peak[27].The observed band at 1672 cm−1 can be assigned to the C=N group. In addition, the
N—H bending vibration appears at 1626 cm−1. The C=C aromatic stretchesare predicted at
1547 and 1455 cm−1[28].Moreover, the band located at 1324 cm−1can be assigned to C—N
or C—NH2 stretching vibrations[29].The group of vibrationsin approximately 1100-600 cm-1
range can be attributed to the out of plane bending modes of C—H, C—C, C—Cl and C—N
groups[30]. Furthermore, the C–Cl stretching mode occurs at 662 cm−1. Consequently,
thepresence of functional groups of the cation was proved and agreed with the literature data.
3.4. Optical properties
The solid-stateUV-Visible spectrum of [C5H6ClN2]3BiCl6was given in (Figure 9.a).The
crystal exhibitstwo distinct absorption bands. The first band around 271nm (4.57 eV)
corresponds to π – π* transitions, which are relative to the aromatic conjugation in the
cations.The second band at 350nm (3.54 eV)can be attributed to the charge transfermaxima
ofchlorobismuthate(III) anions[31, 32].
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The energy band gap value is useful to determine the chemical reactivity and kinetic stability
of the molecule [28]. It refers to the energy difference between the valence band and the
conduction band of a solid material. In other words, it represents the minimum energy that is
required to excite an electron up to a state in the conduction band where it can participate in
conduction. The evaluated band gap of our compound was found to be 3.2 eV
according to the Tauc plot method(see Fig. 9.b)which indicates that the crystal can have
dielectric behavior to induce polarization when powerfulradiation is incident on the
material[33].This value was obtained from the formula: (αhν)1/n =A(hν-Eg) with n =1/2 for
direct allowed transitions, where h is Planck's constant, n is the photon's frequency, α is the
absorption coefficient, Eg is the band gap, and A is a proportionality constant [34].
To explore the potential application as luminescent material, solid state fluorescent properties
for the title crystal was studied. The figure 10 shows the simultaneous emission (a) and
excitation (b) luminescence spectra. The emission spectrum recorded at an excitation
wavelength of 340 nm exhibits three emission peaks in the visible region of the
electromagnetic spectrum. The broad band observed at 425 nm followed by less intense bands
at 453 and 484 nm may be attributed to intra ligand π* – π transition of the pyridinium part
and ligand to metal charge transfer transition within the chlorobismuthate inorganic part [35,
36]. The excitation spectrum which reports the variation of the intensity of the emission band
at 425 nm as a function of excitation wavelengths shows two distinct bands, at 307 and 332
nm, well confirming the selected region of the excitation wavelength.
3.5. Thermal behavior
To study the thermal stability and decomposition of [C5H6ClN2]3BiCl6 crystals we have
recourse to TG-DSC analysis. Fig. 11 shows that the studied compound remains stable up to
145°C where we note in the DSC curve a change in the baseline at 150°C corresponding to a
phase transition.Further heating gives rise to two endothermic peaks in the temperature range
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from 160 to 260°C. These thermal phenomena are accompanied by the first weight loss, in the
TG curve, of approximately 50.74%. Therefore, the first late peak at 190 °C corresponds to
the melting point of the compound, the second one, at 220°C, which is wide and more intense
can be attributed to the decomposition of the organic part of the heated sample (percentage of
the three cations = 47.94%).Besides, the second mass change take place between 260° and
300°C with an experimental weight loss of 42.85%, in coincidence with the DSC results
exhibiting an endothermic peak at 300 °C, can be attributed to the decomposition and the
sublimation of the rest of the compound and the release of probably volatile substances such
as Cl2 molecules. These results are confirmed by heating a sample of this hybrid bismuth on a
Kofler bench showing clearly the melt of the tested material and the release of the gas. This
study suggests that the crystal can be used for applications such as optoelectronic devices
below 160°C temperature.
3.6. Electrical properties
3.6.1. Impedance analysis
The Nyquist diagram (Imaginary part versus real part of the impedance data: Z''versus Z') of
the studied compound at different temperatures is shown in Fig. 12. The well-defined
semicircles either passing through or close to the origin were obtained for 393K≤T≤443 K. As
temperature increases, these circles become tediously smaller indicating an activated thermal
conduction mechanism. The equivalent electrical circuit of this sample could be regarded as
parallel combination of a bulk resistance Rb and constant phase element CPE.
We report in Figures 13 (a) and (b) the real and imaginary parts of impedance Z' and Z'',
respectively, as a function of frequency at different temperatures. The magnitude of Z'
decreases with the increasing of both temperature and frequency and the AC conductivity
increase. The phenomenon revealed that the as-synthesized material behaves like semi
conducting material. Z'' increased with frequency until reaching a maximum peak (Z''max)
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then decreased with the increasing frequency. Furthermore, Z''max values decrease with the
increasing temperature and shifts towards higher frequency side indicating a single relaxation
time.
3.6.2. Modulus analysis
The complex modulus formalism has been used in the analysis of the electrical properties
because it gives information about the relaxation mechanism. The electric modulus data are
calculated from the real and imaginary parts of the measured impedance data and the pellet
dimensions using the following equations:
M' = - ωC0Z''; M'' = ωC0Z'whereC0 = ε0S/e.
The frequency dependence of the real and imaginary part M' & M'' of the title material at
different temperatures are given respectively in Figures 14 (a) and (b). At low frequencies, M'
approaches nearly zero at all temperatures suggesting the suppression of the electrode
polarization. At high frequencies, M' displaying a maximum value corresponding to M∞ due
to relaxation process. For M'' variation, it is observed that the shape of the curve is
asymmetric with a constant M''max value, to which a characteristic relaxation rate can be
associated, and the peak frequency shifts towards the higher frequency region.
3.6.3. Conductivity study
The thermal evolution of the specific conductivity (Ln(σT) versus 1000/T) is reported in Fig.
15, indicating an Arrhenius-type behavior (σT= A exp (-Ea/KT)). The bulk conductivity is
calculated by the following formula: σ = Kc/R; Kc = e/S (where eis the thickness of the sample
and S is the electrode surface area). Two regions associated with two activation energies are
observed separated at T = 423 K. Thus, following the Arrhenius law, the obtained activation
energiesare Ea1 = 9.41 eV in region I and Ea2 = 2.02 eV in region II. These observations
suggested that the conductivity is caused by temperature increase of the protons hoping
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motion. These results are in good agreement with the thermal analysis showing a phase
transition at 418K.
The frequency–temperature dependence of AC conductivity for the studied sample is given in
Fig.16. This figure shows two regions; the first one is a plateau, at low frequencies, which
corresponds to direct current conductivity σdcand the second region is a dispersion
characterized by anincrease of the σAC values with the increase in frequency, which is a
characteristic of ωn. This phenomenon is given by universal power law governed by the
relation [37]: σ(ω) = σdc+ Aωn;where σdc is the frequency independent dc (or low-frequency)
conductivity, ωthe angular frequency of measurement, A and n are fitting parameters. Such
behavior has been observed with other organic-inorganic hybrid materials [38,39].The
increase of temperature leads to an increase of σAC values and the plateau characterizing σdc
conductivity becomes wider and thus the frequency characteristic of the beginning of the
dispersion (ωH) is shifted towards higher frequencies.
Conclusion
In summary we have presented the synthesis and physicochemical characterization of the new
compound [C5H6ClN2]3BiCl6.The crystal packing consists of [BiCl6]3- anions surrounded by
[C5H6ClN2]+cations and is stabilized by hydrogen bonding and van der Waals interactions
creating a three-dimensional network between [BiCl6]3- and organic cations. Hirshfeld surface
allowed us to investigate the stabilization of the crystal packing and to quantify the propensity
of the intermolecular interactions to form the supramolecular assembly.The presence of
functional groups of the cation was proved by IR. The optical properties were examined by
optical absorption and fluorescence measurements.The electrical behavior of the title
compound was studied as a function of temperature and frequency. The AC conductivity was
found to obey the universal power law. The analysis of the temperature variation of
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M''indicates that the observed relaxation process is thermally activated. Moreover,the
temperature dependence of conductivity was analyzed using the Arrhenius approach.

Supplementary data
Crystallographic data of the structure have been deposited in the Cambridge Crystallographic
data

centerCCDC

1836728.These

data

can

be

obtained

free

of

charge

www.ccdc.cam.ac.uk/data_request/cif.
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Table captions
Table 1. Crystallographic data and structure refinement parameters for the crystal.
Table 2. Hydrogen bonding parameters(Å, °).
Table 3. Selected bond distances and angles (Å, °) in 3(C5H6ClN2)·BiCl6.
Table4.Hirshfeld contact surfaces, derived random contacts and enrichment ratios ofdifferent
species present on the molecular surface in the compound.
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Table 1
Crystal data
Chemical formula

3(C5H6ClN2)·BiCl6

Mr

810.38

Crystal system, space group

Triclinic, P-1

Temperature (K)

150

a, b, c (Å)

7.5076(4), 12.3682(6), 15.1265(6)

α, β, γ (°)

98.893(2), 95.779(2), 106.459(2)

V (Å3)

1315.26(11)

Z

2

Radiation type

Mo Kα

µ (mm−1)

7.63

Crystal size (mm)

0.42 × 0.31 × 0.13

Data collection
Diffractometer

D8 VENTURE Bruker AXS

Tmin, Tmax

0.134, 0.371

No. of measured, independent and

29578, 5983, 5728

observed [I > 2σ(I)] reflections
Rint

0.050

(sin θ/λ)max (Å−1)

0.649

Refinement
R[F2 > 2σ(F2)], wR(F2), S

0.030, 0.080, 1.01

No. ofreflections

5983

No. ofparameters

299

No. ofrestraints

6

Δρmax, Δρmin (e Å−3)

2.60, −4.00
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Table 2
D—H···A

D—H

H···A

D···A

D—H···A

N3—H3···Cl12i

0.86

2.34

3.184(4)

166.0

C6—H6···Cl14ii

0.95

2.75

3.563(4)

143.5

N7—H7B···Cl16

0.88(2)

2.52(3)

3.351(4)

159(5)

N13—H13···Cl11

0.84

2.40

3.195(4)

157.8

N17—H17A···Cl11

0.87(2)

2.45(3)

3.246(4)

152(5)

N17—H17B···Cl15iii

0.87(2)

2.45(2)

3.298(4)

165(5)

N23—H23···Cl16iv

0.90

2.55

3.319(4)

143.8

C25—H25···Cl12v

0.95

2.62

3.472(4)

149.5

C26—H26···Cl11vi

0.95

2.76

3.616(4)

150.3

N27—H27A···Cl16iv

0.88(2)

2.55(4)

3.333(4)

149(5)

N27—H27B···Cl12v

0.88(2)

2.69(3)

3.486(4)

151(5)

Symmetry codes : (i) −x+1, −y, −z+1; (ii) −x+2, −y+1, −z+1; (iii) −x+1, −y, −z; (iv) x−1, y, z;
(v) −x+1, −y+1, −z+1; (vi) x, y+1, z.

Table 3
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C1—C2

1.345(6)

C21—C26

1.409(6)

C1—C6

1.411(6)

C22—N23

1.367(5)

C2—N3

1.364(6)

N23—C24

1.355(5)

C4—C5

1.415(6)

C24—N27

1.335(6)

C4—N7

1.326(6)

C24—C25

1.412(6)

C5—C6

1.363(6)

C25—C26

1.364(6)

N3—C4

1.350(6)

C14—N17

1.333(6)

Cl2—C11

1.725(4)

C14—C15

1.418(6)

C11—C12

1.356(6)

C15—C16

1.361(6)

C11—C16

1.404(6)

Bi1—Cl14

2.6215(11)

C12—N13

1.362(6)

Bi1—Cl13

2.6502(10)

N13—C14

1.344(6)

Bi1—Cl15

2.6918(10)

Cl1—C1

1.737(4)

Bi1—Cl12

2.7436(10)

Cl3—C21

1.733(4)

Bi1—Cl11

2.7750(10)

C21—C22

1.354(6)

Bi1—Cl16

2.8067(10)

C2—C1—C6

120.5(4)

N7—C4—N3

119.6(4)

C2—C1—Cl1

119.2(3)

N7—C4—C5

122.8(4)

C6—C1—Cl1

120.2(3)

N13—C14—C15

117.9(4)

C1—C2—N3

118.9(4)

N17—C14—N13

119.7(4)

C4—N3—C2

123.6(4)

N23—C24—C25

117.5(4)

C5—C6—C1

119.5(4)

N27—C24—N23

119.2(4)

C6—C5—C4

119.8(4)

N27—C24—C25

123.3(4)

C11—C12—N13

118.7(4)

Cl14—Bi1—Cl13

99.64(4)

C12—C11—Cl2

119.8(3)

Cl14—Bi1—Cl15

91.47(4)

C12—C11—C16

120.1(4)

Cl13—Bi1—Cl15

92.04(3)

C15—C16—C11

120.1(4)

Cl14—Bi1—Cl12

88.30(3)

C14—N13—C12

123.7(4)

Cl13—Bi1—Cl12

90.09(3)

C16—C15—C14

119.4(4)

Cl15—Bi1—Cl12

177.86(3)

C16—C11—Cl2

120.1(3)

Cl14—Bi1—Cl11

170.88(4)

C21—C22—N23

119.5(4)

Cl13—Bi1—Cl11

88.47(3)

C22—C21—Cl3

120.2(3)

Cl15—Bi1—Cl11

92.38(3)

C22—C21—C26

119.5(4)

Cl12—Bi1—Cl11

87.54(3)
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C26—C21—Cl3

120.2(3)

Cl14—Bi1—Cl16

84.98(3)

C24—N23—C22

123.2(4)

Cl13—Bi1—Cl16

172.96(3)

C25—C26—C21

120.1(4)

Cl15—Bi1—Cl16

82.49(3)

C26—C25—C24

120.1(4)

Cl12—Bi1—Cl16

95.38(3)

N3—C4—C5

117.7(4)

Cl11—Bi1—Cl16

87.34(3)
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Table 4

H···Cl
H···H
H···C
C···Cl
Cl···Cl
C···C
H···N
Cl···N
C···N
N···N

Contacts
(C, %)
53.1
14.6
9
7.1
6.8
2.9
2.9
2.6
0.9
0.1

Random contacts
(R, %)
35.98
22.18
10.73
8.70
14.59
1.29
3.10
2.52
0.75
0.10

Enrichment
(E)
1.47
0.65
0.83
0.81
0.46
2.23
0.93
1.03
1.19
0.91
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Figurescaptions list
Fig. 1. Asymmetric unit of [C5H6ClN2]3BiCl6. Thermal ellipsoids are shown at
50%probability.
Fig. 2. Projection of the structure of[C5H6ClN2]3BiCl6 along the b axis. A polyhedral
representation is used for the BiCl6 octahedron.
Fig. 3. A view ofCl···Cl contacts in the compound[C5H6ClN2]3BiCl6.
Fig. 4. Hirshfeld surfaces mapped with dnorm for the title compound (the surface is shown as
transparent to allow visualization of the orientation of the asymmetric unit), showing
hydrogen bonds throw N—H···Cl and C—H···Cl with neighbouring molecules.
Fig. 5. Hirshfeld surface mapped with shape index in the middle and curvedness in the right
for the title compound.
Fig. 6. The 2D fingerprint plots of [C5H6ClN2]3BiCl6 arising from the different intermolecular
contacts are clearly shown, where de and di are the distances to the nearest exterior andinterior
atoms to the surface.
Fig. 7.Histogram of different percentages of real contacts (a) and proportion surface of
different atoms (b).
Fig. 8. IR spectrum of [C5H6ClN2]3BiCl6.
Fig.9. Solid-state UV-Vis spectrum (a) of(C5H6ClN2)3[BiCl6].H2O and the energy gap (b)
according to the Tauc model.
Fig.10. View of emission (a) and excitation (b) spectra of the compound in the solid state at
room temperature.
Fig.11. TG-DSC curve of [C5H6ClN2]3BiCl6.
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Fig.12. Complex impedance diagrams (- Z'' vsZ') for [C5H6ClN2]3BiCl6 atvarious
temperatures.
Fig.13. Plots of the real and imaginary parts of impedance Z' (a) and Z'' (b) vs. log(f)
of[C5H6ClN2]3BiCl6 at various temperatures.
Fig.14. Variation of the real M' (a)and imaginary parts M'' (b) of the electric modulus as a
function of the frequency at various temperatures in [C5H6ClN2]3BiCl6.
Fig.15. The frequency dependence of the AC conductivity at various temperatures in the
structure of [C5H6ClN2]3BiCl6.
Fig.16. Variation of the ln(σT) versus 1000/T for the [C5H6ClN2]3BiCl6 compound.
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Highlights


The new centrosymmetric compound, [C5H6ClN2]3BiCl6, was synthesized at room
temperature.



The crystal packing is ensured by N(C)–H···Cl hydrogen bonds and vdW interactions.



The compound was examined by IR, UV-visible, fluorescence, TG-DSC, Hirshfeld
surface analysis and electrical measurements.

