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Ke ds: Hirshfeld surface analysis is a very useful method for examining the intermolecular interactions that form
ywords: i e . . . : h

. . the lattice within a crystal. The percentage of intermolecular interactions can be determined with the two-
?ﬁi?:ntné!;) halides, dimensional fingerprint graphics obtained. In this work, four dimeric bismuth(lll) halide-thioamide

complexes {[BiCls(u-S-PYT)(PYT).} (1), {[BiBra(u-Br)(tHPMT),.CHsCNL.}  (2), {[BiBra(ue-
Br)(PYT).]..CHsCN} (3) and {[Bilx(n2-1)(MBZIM).],} (4), previously synthesized and characterized, were
selected (PYT: 2-mercaptopyridine, tHPMT: 2-mercapto-3,4,5,6-tetrahydro-pyrimidine and MBZIM: 2-
mercaptobenzimidazole). To determine of intermolecular interactions of complexes 1-4 Crystal Explorer
ver. 21.5 used. According to the obtained hirshfeld surfaces, it was determined that the interactions that gave
the most contribution to the dimeric bismuth(l11) halide complexes 1-4 were X--H/H-X (X: Cl, Bror I) and
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H-H contacts.

1. Introduction

Bismuth is a pnictogen group element that has been
known since ancient times [1,2]. Bismuth attracts the attention
of biological research due to its low toxic properties [3,4].
Bismuth compounds have been reported to be used in
gastrointestinal diseases [5]. Bismuth compounds have been
used especially in the treatment of infections caused by
Helicobacter Pylori [6]. Helicobacter pylori is a type of gram-
negative bacteria that infects stomach tissue [7]. It causes
diseases such as ulcers and gastritis. Pepto-Bismol® (Bismuth
subsalicylate), De-Nol® (Colloidal bismuth subcitrate) and
Pylorid® (Ranitidine) bismuth citrate) are among the main
bismuth-containing drugs used in the treatment of these diseases
[8]. In recent time, the antibacterial [9], anticancer [10] and
antimicrobial [11] activities of complexes of bismuth formed
with ligands containing sulfur donor atoms were determined.

The complexes formed by heterocyclic thioamides with
transition metals and main group elements are biochemically
important compounds [12,13]. Thioamide ligands have
monodentate, bidentate, bridging, tridentate and polydentate
bonding types with -NH-C(=S)- < -N = C(-SH)- functional
groups [14-17]. Interest in thioamides is increasing day by day
due to both their biochemical and coordination chemistries.

Bismuth has two oxidation states, +3 and +5, +3 state is
the most stable and common form [18]. Because bismuth has
various coordination numbers from 3 to 10, it can form
complexes with different molecular geometries [19]. Many
complexes formed by bismuth(lll) halides with thioamide

ligands have been obtained. Bismuth(lll) halide-thioamide
complexes in square pyramid geometry [BiX3L2] form dimeric

Hirshfeld surface analysis is a method that qualitatively
and quantitatively determines the intermolecular and
intramolecular interactions that exist within a crystal [26,27].
The coordination chemistries and biological activities of the
complexes vary depending on these interactions.

In this work, the previously synthesized complexes {[BiCla(u2-
S-PYT)(PYT)]2} (1), {[BiBrz(u2-Br)(tHPMT)2.CH3sCN]2} (2),
{[BiBr2(u2-Br)(PYT)2]2.CHsCN}  (3) and  {[Bil2(u2-
)(MBZIM)2]2} (4) were selected (Fig 2). The complexes 1-4
were characterized by various spectroscopic methods and single
X-ray diffraction anaylsis [21,22,25]. The intermolecular
interactions of the bismuth(lll) halide-thioamide complexes
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Fig 1. Bismut(lll) halide-thioamide complexes in square
pyramid and dimerization types.
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were determined by using Crystal Explorer version 21.5.
2. Material and Method

Hirshfeld surface analysis was performed using the Crystal
Explorer programme ver. 21.5. of the CIF files of the crystal
structures [28]. This analysis allows visualization of contact
types according to the distance between atoms in the crystal.
Molecular hirshfeld surfaces provide extensive information
about the bonding between atoms. The white areas on the dnorm
maps indicate contact at a distance equal to the sum of the van
der Waals radii. The red and blue colors in the dnorm
correspond to shorter or longer contact distances compared to
van der Waals radii. di is defined as the distance from the
Hirshfeld surface to the nearest atom inside, and de is defined
as the distance from the Hirshfeld surface to the nearest atom
outside and the equation [29-31]:

norm = [(di-ri®W)/ ri®W] + [(de-re?vW)/re®W]

2D fingerprints are obtained by the combination of de and

di. In each 2D fingerprint plot, the area of the surface
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corresponding to the interactions is revealed [32,33]. In the
graph, the points that contribute to the surface are colored blue,
green and red, respectively, from smallest to largest [34,35]

3. Results and Discussion

One of the best methods for examining intermolecular
interactions within the crystal structure is Hirshfeld surface
analysis. Hirshfeld surface analyzes of complexes 1-4 were
examined. In Figure 3, the dnorm (normalized contact distance),
di (interior distance) and de (exterior distance) surfaces of the
bismuth(111) complexes 1-4 are given. dnorm ranges of the
complexes 1-4 are -0.3356 A to 1.0831 A (1), -020 Ato 1.0 A
(2),-02At01.0A (3)and -0.2 Ato 1.0 A (4).

The dnorm maps shown in Fig. 3 show red dots of different
intensities of bismuth(I11) halide complexes. Significant
intermolecular interactions are shown as red dots, indicating
that the intramolecular contact distance is shorter than the sum
of the van der Waals radii. The most intense red dot on the dnorm
surface of complex 1 indicate H---CI/CI---H type intermolecular

3)

Q)

Fig 2. The crystal structures of the bismuth(I11) complexes 1-4
111
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Fig 3. Hirshfeld surfaces mapped with di (interior distance), de (exterior distance) and dnorm (normalized contact distance) in
bismuth(111) halide complexes 1-4.

The other pale red spots on the dnorm surface of 1 are
CH/H--C, HH, and S--H/H--S interaction. In complex 2, the
darkest red dots on the dnorm map correspond to Br--H/H--Br
interactions. C--H/H--C, H-H, and S-H/H-S interactions
appear as lighter red dots. On the dnorm mapped surface of the
complex 3, while Br-H/H--Br interactions create the most
intense red dots, C--H/H-C, H-H, and S--H/HS contacts
achieve paler red points. In complex 4, the intense red spots on
the dnorm surface indicate S--H/H-S type intermolecular
interactions and the paler red spots indicate I--H/H--1, H---H, and
C:-H/H--C type intermolecular contacts.

The shape index, curvedness and fragment patch
Hirshfeld surfaces of the complexes 1-4 are given in Fig 2. The
shape index is mapped in the range —1.0 to 1.0 A, and the
curvature is mapped in the range —4.0 to 0.4 A. Shape index and
curvature surfaces can be used to reveal stacking patterns. The
colored regions resulting from =-w interactions can be seen in
the shape index map of complex 1 shown in Fig. 4a. The C-C
intermolecular interactions that pyridine rings form with each
other are given in Fig. 4b. This situation is not observed in other
complexes 2-4.

112

2D fingerprint plots show the contributions of various
atoms to the formation of the hirshfeld surfaces of the
complexes. In these fingerprint graphs, interactions between
atoms are expressed as a percentage, X-Y/Y-Z. The
fingerprint plots of the bismuth(111) complexes 1-4 are shown in
Fig. 5 and 6. In complexes 1, 3 and 4 the X-H/H-X
intermolecular interactions (X: Cl, Br or I) are strongest contacts
with 45.4% (1), 35.5% (3) and 49.8% (4). Each of them has two
spikes in the fingerprints graphs. Only for complex 2, the main
contribution to the Hirshfeld surface area comes from the H--H
contacts (39.6%). The second significant interactions of crystal
packing in complexes 1, 3 and 4 are HH contacts. The
contribution percentages of these contacts are 19.6% (1), 23.0%
(3) and 18.7% (4), respectively. The Br--H/H--Br contacts are
the second highest interactions in complex 2, with 30.6%. The
next significant contributions are S--H/H---S interactions in all
complexes. S...H/H...S contacts appear in two symmetrical
sharp spikes in fingerprint plots. The contribution values of
these contacts are 13.3% (1), 16.4% (2), 15.3% (3) and 13.9%
(4). The C-H/H---C interactions in complexes 1-4 are the fourth
largest contributing contacts to crystal packing, with 11.1% (1),
4.3% (2), 12.1% (3) and 7.3% (4). The other contributions of
complexes 1-4 are presented in Fig 7.
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b)

Figure 4. n-x interactions shown in the shape index map in the bismuth(I11) complex 1 (a), fingerprint graph of the bismuth(l11)
complex 1 showing contributing from C--C contact.
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Fig 5. The intermolecular nteractions that contribute most to crystal packing in complexes 1 and 2.
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Fig 6. The intermolecular nteractions that contribute most to crystal packing in complexes 3 and 4.
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Fig 7. The contact contributions to the Hirshfeld surfaces in the bismuth(l11) halide complexes 1-4.
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4, Conclusion

In previously studies, bismuth(l11) halide complexes
with thioamide derived ligands (PYT, tHPMT, MBZIM)
were synthesized and their chemical structures were
characterized. Their crystal structures were determined
by single crystal X-ray diffraction method in literature.
The monomeric units of the complexes 1-4 have square
pyramidal geometry with [BiX3L2] formulae. These are
dinuclear bismuth(lI1) halide complexes with secondary
Bi-(u2-X) and Bi-(u2-S) bonding interactions in 1, 2, 3
and 4 lead to octahedral arrangement (Oh). Hirshfeld
surface analysis revealed that X-H/H--X, H-H,
S+H/H-S, and H-H interactions were the dominant
contacts in crystal packing in all complexes. The presence
of n-m interactions in the crystal packing of complex 1
was observed in the shape index map.
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