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Abstract: The Bi4I16·4(C6H9N2) 2(H2O) compound was synthesized by slow evaporation at room
temperature. It exhibits a zero-dimensional (0D) tetrameric structure, comprising [Bi4I16]4− distorted
octahedra, with strong I· · · I interactions among adjacent anionic clusters. We used Hirshfeld surface
analysis to discuss the strength of hydrogen bonds and to quantify the inter-contacts (two-dimensional
(2D) fingerprint plots). It revealed that the hydrogen bonding interactions H· · · I (56.3%), π–π stacking
(11.7%), and I· · · I interactions (5.9%) play the major role in the stability of the crystal structure.
The crystal morphology was simulated using Bravais–Friedel, Donnay–Harker (BFDH) and growth
morphology (GM) methods. The experimental habit of the title compound was adequately reproduced
by the two models. The calculated results show that the crystal morphology of the title compound in
a vacuum is dominated by five facets: (020), (011), (110), (10−1), and (11−1). The (020) facet is the
largest among all the facets calculated. Projection of the facet showed that there are a few polar groups
on the (020) facet. In the 50–400 and 400–4000 cm−1 frequency regions, we measured the Raman and
infrared spectra, respectively, of the title compound, and we assigned the observed vibration modes.

Keywords: iodobismuthate; tetranuclear cluster; 1-allylimidazole; crystal morphology; Hirshfeld
surface analysis; infrared and Raman spectroscopy

1. Introduction

As a significant type of hybrid material, organic–inorganic hybrid materials (OIHM) based on
halogenometallates attracted remarkable attention in recent years, due to their structural diversity
and several physical properties arising from the mixture between organic and inorganic parts. Many
studies concentrated on the synthesis and characterization of such materials [1–6]. However, hybrid
materials based on bismuth were paid special attention owing to their diverse structures, developing
a variety of ferroelectric and Ferro-elastic devices [7–11], with novel thermochromic, optical, and
electrical properties [12–15]. Halogenobismuthate (III)-based materials occupy an exceptional place
for the replacement of lead-based compounds in photovoltaic cells [16–19]. These compounds are
unaffected by humidity like lead compounds. According to the literature, these materials can exhibit a
great diversity of anionic sublattices built from different linkages of BiX6 (X = Cl, Br, and I) octahedra
including corner-, edge-, or face-sharing modes [20–26]. Furthermore, the supramolecular assemblies of
halogenobismuthate compounds depend on some parameters, such as bonds, coordination geometries
around the metal center, the nature of the ligands, the metal–ligand stoichiometry, and the different
experimental conditions such as solvents, temperature, the concentration of hydro-halogenic acid, and
crystallization methods. For instance, this complex presents the new salt isolated by 1-allylimidazole in
the crystalline state from diluted HI. From the Cambridge Crystallographic Database, 1-allylimidazole
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is a good template that is rarely studied, presenting both rigidity and flexibility. In recent times, flexible
and rigid organic templates were often used to build interesting structures due to their influence on the
arrangement of the inorganic networks. It is worth mentioning that the supramolecular arrangement
is controlled by different kinds of electrostatic interactions such as hydrogen bonds, π–π interactions,
and halogen· · ·halogen contacts. Thus, to examine these interactions inside the supramolecular
arrangement, it is important to study their quantitative measurements.

Here, we report the synthesis of new perovskite-like hybrid iodobismuthate Bi4I16·4(C6H9N2)
2(H2O). We discuss the crystal structure and the spectroscopic behavior. The intermolecular interactions
were described by Hirshfeld surface analysis. The theoretical crystal morphology was calculated
showing a big similarity with the experimental one.

2. Materials and Methods

2.1. Synthesis

Crystals of Bi4I16·4(C6H9N2) 2(H2O) were synthesized by slow evaporation at room temperature.
Firstly, we dissolved, in an aqueous solution, 1-allylimidazole (0 3 g, 2 mmol) and HI (3 mL of H2O
and 2 mL of HI, 57%). Then, Bi2O3 (0.65 g, 1 mmol) was dissolved in 10 mL of H2O and 5 mL of HI
and stirred for 30 min. The two solutions were mixed together and stirred for four hours with heating
(50 ◦C). The saturated orange solution was put in the dark for evaporation at room temperature. After
three days, block orange crystals were formed.

2.2. Crystal Data and Structure Determination

A Bruker D8 Quest (Madison, WI, USA) diffractometer (MoKα radiation λ = 0.71073 Å) was
used to collect the single-crystal X-ray data at 298 K, via the Bruker APEX3 software package [27].
SAINT [28] was executed for data reduction. Multi-scan absorption correction was accomplished
using SADABS [29]. The SHELXS (Madison, WI, USA) and SHELXTL (Madison, WI, USA) packages
were used to solve the structure via direct methods, and the program SHELXL-2014 was performed to
refine the structure using full-matrix least squares procedures on F2 [30]. All non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen atoms were located at calculated
positions using a riding model. We could not locate the hydrogen atoms of water molecules but
we included them in the formula. Diamond 3 was used to prepare the molecular graphics [31].
Table 1 shows details of the data collection and crystallographic parameters. Table S1 (Supplementary
Materials) provides the atomic coordinates and equivalent isotropic displacement parameters. Some
interatomic distances and bond angles are given in Table 2.

2.3. Physicochemical Characterization

A Nicolet NXR Fourier-transform infrared (FT-IR) spectrometer (Dhahran, Saudi Arabia) was
used to record the FT-IR spectrum in the 400–4000 cm−1 region at room temperature on a KBr disc.
The Raman spectrum was recorded using a HORIBA Lab RAM HR Evolution Surface-Enhanced
Raman Scattering Microscope (Dhahran, Saudi Arabia) in the 400–50 cm−1 region. The morphology
of the sample was observed using a JEOL, JSM-6380-LA electron microscope (Riyadh, Saudi Arabia).
The working distance was 15 mm with an accelerating voltage of 10 kV.

2.4. Simulation Details

2.4.1. Hirshfeld Surface Analysis

The Crystal Explorer 3.1 program (Perth, Australia) was used to create the Hirshfeld molecular
surfaces and their relative two-dimensional (2D) fingerprint plots [32,33]. The normalized contact
distance dnorm [34] based on Bondi’s van der Waals radii [35] and 2D fingerprint plots were used for
quantifying and decoding the inter-contacts in the crystal packing. The intense red color arises as a
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result of contacts shorter than the sum of van der Waals radii, which are indicated by negative values
of dnorm. The other intermolecular distances close to van der Waals contacts, with dnorm equal to zero,
appear as light-red spots. In turn, contacts with positive dnorm values which are longer than the sum
of van der Waals radii are colored with blue. Furthermore, de (inside) and di (outside) represent the
distance from the point to the nearest nucleus external and internal to the surface with respect to the
relative van der Waals radii. The intermolecular interactions in the crystal are summarized by the
combination of de and di in the form of a 2D fingerprint plot.

The enrichment ratio EXY for a pair of elements (X, Y) is defined as the ratio between the proportion
of actual contacts in the crystal (CXY) and the theoretical proportion of equi-distributed random contacts
RXY [36].

EXY = CXY/RXY

A pair of elements has a high tendency to form contacts in the crystal if their enrichment ratio
is larger than unity, while pairs which have an E value lower than unity tend to avoid contact with
each other.

2.4.2. Computer Morphology Simulation

The crystal morphology predictions were created using a preliminary equilibration procedure,
by means of the Forcite tools implemented in the Material Studio 7.0 package (San Diego, CA,
USA) of Accelrys [37], assuming the molecular mechanics approximation and the Universal Force
Field (UFF) [38]. The crystal structures used to simulate morphology were determined from the
cif file containing all the crystallographic information. The morphology process was based on the
Bravais–Friedel, Donnay–Harker (BFDH) and growth morphology (GM) methods. The minimum
interplanar distance (dhkl) for facet list generation was set to 1 Å, with a maximum value of 5 for the
Miller indices and no limit for the overall number of growing facets. The crystal morphology simulation
was achieved in vacuum and, consequently, it did not take into account any experimental conditions.

3. Results and Discussion

3.1. Energy-Dispersive X-ray Spectroscopy (SEM-EDX)

SEM image (Figure S1, Supplementary Materials) analysis shows that the surfaces of the hybrid
appeared in the form of flat surfaces, which designates a good crystal quality. The EDX analysis
associated with the SEM was carried out in zones of high contrast. The EDX measurements were
conducted to confirm the presence of heavy element compositions of the crystal. They show the
presence of characteristic carbon, iodine, bismuth, and oxygen signals.

3.2. Structure Description

The title compound Bi4I16·4(C6H9N2) 2(H2O) crystallizes in the monoclinic space group P21/n
(Table 1). Half of the (Bi4I16)4− anion of the structure sits on a crystallographic inversion center; two
1-allylimidizalium cations (C6H9N2)+ and one water molecule complete the asymmetric unit (Figure 1).
Each Bi(III) atom is six-coordinated by I atoms in a distorted octahedral geometry, and each BiI6

octahedron is linked to another by two I atoms, forming a tetranuclear centrosymmetric cluster via
edge-sharing. There are three types of I atoms: (i) I4 and I4i [symmetry code: (i) 1 − x, 1 − y, 1 − z]
bridge three bismuth centers (µ3-I); (ii) I2, I2i [symmetry code: (i) 1 − x, 1 − y, 1 − z], I5, and I5i bridge
two bismuth centers (µ2-I); (iii) the remaining I atoms (I1, I3, I5, I6, I7, I8) are terminally bonded to Bi
atoms. The range of B–I bonds is 2.8898 (7)–3.3309 (6) Å, with a range of 3.3196 (6)–3.3309 (6) Å for
bonds involving (µ3-I) atoms and 3.0228 (6)–3.1416 (6) Å for bonds involving (µ2-I) atoms. The bond
angles I–Bi–I range between of 84.369 (15)◦ and 96.58 (3)◦, suggest the high distortion of octahedra
(Table 2). The shortest I6···I7ii [symmetry code: (ii) x − 1/2, y − 3/2, z − 1/2] distance is 3.8603(10) Å,
which is shorter than the sum of van der Waals radii of two iodine atoms (4.3 Å) [39]. This indicates the
presence of strong I···I interactions. All bond distances and angles of this cluster are in agreement with
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the related iodobismuthate compounds [40–42]. The packing diagram for Bi4I16·4(C6H9N2)·2(H2O) is
shown in Figure 2, where it is observed that the organic–inorganic (110) layers stack in a slightly offset
ABAB manner. The supramolecular hydrogen-bonding patterns associated with both imidazolium
groups of the (C6H9N2)+ cation in the title compound are shown in Figure 3. The terminal N–H moieties
in (C6H9N2)+ cations act as hydrogen-bond donors with three iodine vertices of two isolated (Bi4I16)4−

anions via N2–H2N· · · I3 and N2–H2N· · · I1 interactions (Table 3). The water molecules connect the
organic cations using N4–H4N· · ·O1W hydrogen bonds, π–π interactions with imidazolium rings,
oxygen–centroid distances of 3.43 (1) Å, and oxygen–centroid of allyl group distances of 3.66 (1) Å.
The organic cations are also interconnected by π–π interactions between allyl groups and imidazolium
rings (centroid allyl–centroid imidazolium ring distances of 4.03 (2) Å), as shown in Figure 4. Therefore,
I···I interactions, hydrogen bonds, and π–π interactions contribute to the structural stabilization.

Table 1. Crystallographic data and structure refinement parameters for Bi4I16·4(C6H9N2) 2(H2O).

Empirical Formula Bi4I16·4(C6H9N2)·2(H2O)

Formula weight (g/mol) 3338.96
Crystal system, space group Monoclinic, P21/n

a (Å) 11.312 (6)
b (Å) 25.985 (2)
c (Å) 11.879 (7)
β (◦) 110.05 (2)

V (Å3) 3280 (3)
Z 2

µ (mm−1) 18.26
Dx (Mg·m−3) 3.381

F(000) 3.381
Crystal size (mm) 0.34 × 0.33 × 0.20

Crystal habit Block, orange
θmin/θmax (◦) 2.5/28.4

Measured reflections 113,427
Independent reflections 8177

Observed reflections with I > 2σ(I) 6751
Rint 0.116

Data/restraints/parameters 8177/0/245
R[F2 > 2σ(F2)] 0.042

wR(F2) 0.091
GooF = S 1.086

∆ρmax/∆ρmin (e Å−3) 1.55/−1.39

Table 2. Selected bond distances and angles of Bi4I16·4(C6H9N2)·2(H2O).

Bond Distances (Ả)

Bi1–I3 2.9033 (6) Bi2–I6 2.8918 (7)
Bi1–I1 2.9219 (6) Bi2–I7 2.9581 (6)
Bi1–I2 3.0228 (6) Bi2–I5 3.2456 (6)
Bi1–I5 3.1416 (6) Bi2–I2 i 3.3271 (6)
Bi1–I4 3.3196 (6) Bi2–I4 3.3418 (6)

Bi1–I4 i 3.3309 (6) I2–Bi2 i 3.3272 (6)
Bi2–I8 2.8898 (7) I4–Bi1 i 3.3308 (6)

Bond Angles (◦)

I3–Bi1–I1 92.74 (2) I8–Bi2–I6 96.58 (3)
I3–Bi1–I2 89.82 (2) I8–Bi2–I7 95.71 (2)
I1–Bi1–I2 94.571 (2) I6–Bi2–I7 91.90 (2)
I3–Bi1–I5 93.38 (2) I8–Bi2–I5 87.97 (2)
I1–Bi1–I5 90.259 (2) I6–Bi2–I5 90.35 (2)
I2–Bi1–I5 174.073 (2) I7–Bi2–I5 175.43 (2)
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Table 2. Cont.

I3–Bi1–I4 90.346 (2) I8–Bi2–I2 i 85.10 (2)
I1–Bi1–I4 176.274 (2) I6–Bi2–I2 i 178.23 (2)
I2–Bi1–I4 87.516 (2) I7–Bi2–I2 i 88.458 (2)
I5–Bi1–I4 87.479 (2) I5–Bi2–I2 i 89.170 (2)

I3–Bi1–I4 i 174.67 (2) I8–Bi2–I4 167.43 (2)
I1–Bi1–I4 i 92.564 (2) I6–Bi2–I4 94.14 (2)
I2–Bi1–I4 i 89.226 (2) I7–Bi2–I4 90.443 (2)
I5–Bi1–I4 i 87.124 (16) I5–Bi2–I4 85.427 (2)
I4–Bi1–I4 i 84.369 (15) I2i–Bi2–I4 84.122 (2)

Symmetry code: (i) −x + 1, −y + 1, −z + 1.

Crystals 2020, 10, x FOR PEER REVIEW 5 of 15 

 

I1–Bi1–I2 94.571 (2) I6–Bi2–I7 91.90 (2) 
I3–Bi1–I5 93.38 (2) I8–Bi2–I5 87.97 (2) 
I1–Bi1–I5 90.259 (2) I6–Bi2–I5 90.35 (2) 
I2–Bi1–I5 174.073 (2) I7–Bi2–I5 175.43 (2) 
I3–Bi1–I4 90.346 (2) I8–Bi2–I2i 85.10 (2) 
I1–Bi1–I4 176.274 (2) I6–Bi2–I2i 178.23 (2) 
I2–Bi1–I4 87.516 (2) I7–Bi2–I2i 88.458 (2) 
I5–Bi1–I4 87.479 (2) I5–Bi2–I2i 89.170 (2) 
I3–Bi1–I4i 174.67 (2) I8–Bi2–I4 167.43 (2) 
I1–Bi1–I4i 92.564 (2) I6–Bi2–I4 94.14 (2) 
I2–Bi1–I4i 89.226 (2) I7–Bi2–I4 90.443 (2) 
I5–Bi1–I4i 87.124 (16) I5–Bi2–I4 85.427 (2) 
I4–Bi1–I4i 84.369 (15) I2i–Bi2–I4 84.122 (2) 

Symmetry code: (i) −x + 1, −y + 1, −z + 1. 

 
Figure 1. The asymmetric unit of Bi4I16·4(C6H9N2)·2(H2O), showing the atomic numbering scheme. Figure 1. The asymmetric unit of Bi4I16·4(C6H9N2)·2(H2O), showing the atomic numbering scheme.

Table 3. Hydrogen bonds in Bi4I16·4(C6H9N2) 2(H2O).

H-Bonds D-H H·A (Å) D···A (Å) <(DH···A) (◦)

N4–H4···O1W 0.86 1.96 2.79 (2) 162
N2–H2N···I1 0.86 3.42 (6) 3.89 (1) 126
N2–H2N···I3 0.86 3.48 (8) 3.97 (1) 125
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3.3. Hirshfeld Surface Analysis

The nature of intermolecular interactions in Bi4I16·4(C6H9N2) 2(H2O) was clarified using
three-dimensional Hirshfeld surface analysis. The 2D fingerprint plots quantitatively revealed
the contribution of those interactions in the crystal structure, presenting the surfaces that were mapped
over a dnorm range of −0.614 to 1.100, de range of 0.737 to 3.166, and di range of 0.737 to 3.062 (Figure 5).
The information of these surfaces is summarized in Table 3. The deep-red regions visible on the views
of the dnorm surfaces represent hydrogen-bonding contacts: H···I and H···O. The bright-red regions on
the de surface focus on the hydrogen bond acceptor I···H, where de is short, but the hydrogen bond
donor H···I is observed as the red area of the di surface (Figure 5). The greatest contribution from the
I···H/H···I contacts is 56.3%, corresponding to N–H···I interactions, as illustrated by a pair of sharp
spikes characteristic of strong hydrogen-bonding interactions in the 2D fingerprint plot (Figure 6).
There are actually two N2–H2N···I1 and N2–H2N···I3 hydrogen bonds in the crystal structure (Table 3).
Furthermore, these types of contacts are the most common interactions due to the abundance of iodine
and hydrogen on the molecular surface (% SI = 39.7% and % SH = 45.6%) and an enrichment ratio
higher than the unit EH··· I = 1.55 (Table 4). In addition, the H···H interactions appear as a large region
of the 2D fingerprint plot with a high concentration in the middle region, comprising 11.7% of the total
Hirshfeld surface area (Figure 6); they are the second most frequent interactions due to the richness of
hydrogen on the molecular surface (45.6%). The H···O contacts, which refer to N–H···O interactions,
represent the third most important interaction on the surface with a percentage around 8.1% of the
Hirshfeld surfaces (Figure 6) and an enrichment ratio higher than unit EH···O = 1.39 (Table 4).
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Shape index and curvedness surfaces, illustrated in Figure 5, were used to discover planar stacking
(π···π) interaction arrangements. In the same region of the shape index surface, the presence of red
and blue triangles in Figure 5 indicates that the π···π interactions are identically present in the crystal
structure. Blue triangles represent the convex region which is formed due to the carbon and nitrogen
atoms present in the molecule inside the surface, while red triangles having concave regions are due
to the carbon atoms of π-stacked molecule above it. The mapping of curvedness on the Hirshfeld
surface Figure 5 shows flat green regions separated by blue edges. The clearly visible flat regions on
the curvedness surface are another characteristic of the π···π stacking interaction. The contribution
of π···π stacking interactions (O···C and C···C) was also investigated by Hirshfeld surfaces, as shown
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in Figure 7. The O···C contacts contribute 1.7% to the total Hirshfeld surface area, which is a small
percentage. The C···C contacts are a rare 0.3% of the total Hirshfeld surface area, but more enriched
at EC···C = 1.87 due to stacking between imidazole rings and allyl groups. The H···H interactions are
reflected in the distribution of scattered points in the 2D fingerprint plot, which have a relatively
significant contribution of 11.7% to the total Hirshfeld surface area of the molecules, but these contacts
are slightly under-represented with an enrichment ratio around 0.56. The Hirshfeld surfaces of the
bismuth atom in the compound, which were mapped over the dnorm surface, show deep-red regions
for Bi, highlighting the short Bi···I and I···I contacts. The Bi···I and I···I contacts contribute 5.5% and
5.9% of the Hirshfeld surfaces, respectively. Thus, the Hirshfeld surface analysis adequately confirms
the presence of the I···I interaction discussed in the structural description. Figure 7 presents the relative
percentage contributions to the overall Hirshfeld surface. In conclusion, the Hirshfeld surface analysis
elucidates the same results as the X-ray crystal structure analysis and explains the intermolecular
interactions in a new visual manner.
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Table 4. Hirshfeld contact surfaces and enrichment ratios for Bi4I16·4(C6H9N2)·2(H2O).
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Bi 0.00 0.00 0.00 0.00 - 0.00
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3.4. Prediction of Crystal Morphology

Figure 8 shows that there is an extraordinary similarity between the simulated crystal morphology
based on BFDH and growth morphology (GM) methods (Figure 8b,c) and the experimental one
(Figure 8a) assessed by scanning electronic microscopy (SEM).

The vacuum morphology of Bi4I16·4(C6H9N2) 2(H2O) was generated by the BFDH model
(Figure 8b), which gave five important facets along with their planes (hkl), center-to-plane distance
(dhkl), and % surface area. The BFDH method is an approximation where facet growth rates are
assumed to be inversely proportional to the interplanar spacings dhkl in the lattice [43]. Table 5 lists the
inter-planar spacings of various low index facets of the crystal habit of the title compound based on the
BFDH calculation. It shows that the crystal facets are made up by (020), (011), (110), (10−1), and (11−1)
planes, of which (020) with 28.84% of the total facet area was the most important facet. The calculated
aspect ratio by BFDH morphology was 1.713. In the second step, morphology was determined by the
GM method, which shows (Table 5 and Figure 8c) that the crystal facets are dominated by (020), (011),
(110), (10−1), and (11−1) planes, of which (020) with 30.77 % and (10−1) with 27.26% of total facet
area were the most important facets. The calculated aspect ratio for the GM model was 1.88. Figure 9
show the result analysis of morphology prediction by the GM method, illustrating the hkl plane
corresponding to the morphological important crystal facets described in the habit, while simply taking
into account which types of groups are extended from the considered facet. It is evident that the (020)
and (10−1) morphological importance facets, which represent more than the 57% of the crystal surface,
are occupied by a small number of polar groups (small interactions). The attachment energies of (020)
and (10−1) are −32.0392 and −33.1538 kJ·mol−1, respectively. The other morphological important facets
demonstrate the presence of polar functional groups (stronger interactions). The attachment energy
calculations were performed to explain the probable energetic interactions during crystal growth.
If the attachment energy is the lowest in a particular direction, the morphologically important facet
bounding that growth direction has the slowest growth rate and will be the smallest [44]. According to
the Eatt value, the (11−1) and (011) facets present the stronger interaction and their growth rates are
also faster than that of the (020), (10−1), and (110) facets.
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Table 5. Morphology predictions for Bi4I16·4(C6H9N2)·2(H2O) through Bravais–Friedel, Donnay–
Harker (BFDH) (upper) and growth morphology (GM) (lower) calculations. The percentage of total
facet area (TFA) is calculated as 100 × (hkl facet area)/(total surface area).

BFDH

hkl Multiplicity Dhkl (Å) % of TFA

(0 2 0) 2 12.99 28.84

(0 1 1) 4 10.25 28.64

(1 1 0) 4 9.84 25.60

(1 0 −1) 2 9.49 9.73

(1 1 −1) 4 8.92 7.19

Growth Morphology

hkl Multiplicity dhkl (Å) Eatt (Total) (kcal·mol−1) % of TFA

(0 2 0) 2 12.99 −32.0392 30.77

(1 0 −1) 2 9.49 −33.1538 27.26

(1 1 0) 4 9.84 −39.0501 20.81

(0 1 1) 4 10.25 −51.9067 13.96

(1 1 −1) 4 8.91 −58,9835 7.10
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3.5. Infrared (IR) and Raman Spectroscopy

IR and Raman spectroscopy were completed to give information on the molecular interactions
existing in Bi4I16·4(C6H9N2) 2(H2O). The tentative assignment of the internal vibrations of the
allylimidazolium cations is based on the previously reported vibrational studies on materials containing
the allylimidazolium cation [45]. The assignments of the internal vibrations of the (Bi4I16)4− anions are
proposed on the basis of the results obtained for numerous halogenobismuthate (III) derivatives [46–49].

The Raman spectrum (Figure 10) recorded in the 50–400 cm−1 frequency range showed six bands
at 63 cm−1, 94 cm−1, 80 cm−1, 108 cm−1, 124 cm−1 and 144 cm−1 associated with the inorganic cluster.
The strong Raman line at 144 cm−1 clearly corresponds to the symmetric Bi–I stretching mode of the
external iodides. In turn, the feeble Raman line near 124 cm−1 is due to the asymmetric Bi–I stretching
mode. The stretching modes for the bridged I–Bi–I give a weak Raman line at 108 cm−1. The additional
weak bands visible at 63 cm−1, 94 cm−1 and 80 cm−1 may be assigned to the bending modes of the
external iodides and the bridged I–Bi–I.
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The infrared spectrum (Figure 11) recorded between 400 and 4000 cm−1 shows, at high
wavenumbers, an absorption at 3546 cm−1 assignable to N–H stretching modes. The weak bands
between 2924 and 2824 cm−1 are assigned to (C–H) stretching modes. The peaks observed at 1623 and
1265 cm−1 correspond to stretching vibrations of (C=N) and (C–N) bonds, respectively. C=C and C–C
stretching vibrations are observed at 1402 cm−1 and 1046 cm−1, respectively. The bands corresponding
to the deformation (CC) and (CN) groups appeared in the 996–800 cm−1 range. The vibrations at
736 cm−1 and 612 cm−1 were due to the deformation (C–H) of the imidazolium group. Finally, the
bands at 550 cm−1 and 439 cm−1 were associated with the rocking and wagging vibrations of C–H and
N–H bands.
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4. Conclusions

The crystal structure of the new organic–inorganic material Bi4I16·4(C6H9N2)·2(H2O) was
determined. This compound crystallizes in the monoclinic system at room temperature. The crystal
structure is formed by an alternation of organic and inorganic entities linked via hydrogen bonds
developing a three-dimensional structure. The Hirshfeld surface analysis of the crystal structure
clarifies that the most important contribution for crystal packing is from H···I (56.3%) and H···H (11.7%)
interactions and confirms the presence of I···I interactions between inorganic clusters. The predicted
morphology was compared with the results based on BFDH and GM models and with the experimentally
observed morphology. The main crystal facets (002), (101), (011), and (012) were observed to be dominant
in the morphology predicted by the two models. By cleaving these dominant crystal facets, surface
chemistry visualization and theoretical analysis based on the presence of polar groups (H-band
interactions) for the important morphological forms were achieved. Finally, the experimental IR and
Raman spectra allowed us to assign the vibration modes present in the title compound.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/10/5/397/s1,
Figure S1. SEM image, EDS spectrum and qualitative results of Bi4I16·4(C6H9N2) 2(H2O) single crystal; Table S1.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2). CCDC-1908070
contains the supplementary crystallographic data for Bi4I16·4(C6H9N2) 2(H2O). These data can be obtained free of
charge from The Cambridge Crystallographic Data Center via http://www.ccdc.cam.ac.uk/data_request/cif.
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