Journal of Thermal Analysis and Calorimetry
https://doi.org/10.1007/510973-023-12653-9

=

Check for
updates

Synthesis, spectral, thermal properties, and crystal structure
of bis(2,4-dichlorobenzoato-0)bis(thiourea-S)zinc(ll)

Juraj Kuchar'© . Katarina Homzova' - Peter Tom¢ik? - Eva Culkova? - Zuzana Vargova' - Katarina Gyoryova'

Received: 1 March 2023 / Accepted: 4 October 2023
© The Author(s) 2023

Abstract

The complex compound bis(2,4-dichlorobenzoato-O)bis(thiourea-S)zinc(Il) has been prepared and characterized by elemen-
tal analysis, thermal analysis, IR spectroscopy, and single-crystal X-ray analysis. During the thermal decomposition in
inert atmosphere, thiourea, dichlorobenzene and carbon dioxide are evolved. The solid intermediate was confirmed by IR
spectroscopy, and the final product of the thermal decomposition was proven by powder diffractometry. The coordination
environment of the zinc(Il) atom is built up by two sulphur atoms from two thiourea ligands and two oxygen atoms from two
monodentate 2,4-dichlorobenzoate anions to form a distorted tetrahedral coordination around the zinc(II) atom (chromophore
Zn0,S,). The mode of the carboxylate binding was assigned from the IR spectrum using the magnitude of the separation
between the carboxylate stretches (A), and it is in good agreement with the crystal structure. The structure is also stabilized

with hydrogen bonds of N-H:--O and N-H---Cl type.
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Introduction

Zinc complexes are essential for many biological processes,
including enzymatic catalysis. Zinc complexes prepared
from organic acids have also been shown to have a variety
of bioactive and biocatalytic functions [1]. Zinc carboxylates
with N-donor and S-donor organic ligands have been exten-
sively studied, and the relationship between their structure
and reactivity has been well established [2]. Another con-
stituent of the title compound, thiourea, is a well-known
addition agent for copper plating, but it has also been shown
to have analgesic, anti-inflammatory, antibacterial [3, 4],
anticonvulsant, and cytotoxic activities [5]. From a struc-
tural perspective, thiourea is a monodentate ligand that
coordinates to metals through its sulphur atom. Compounds
containing thiourea are being studied in a variety of fields,
including nonlinear optical crystals [6, 7], hybrid perovskites
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for photovoltaic devices [8], and precursors for gold nano-
particles [9]. Therefore, the thermal decomposition of the
thiourea containing compounds can be important and can
be found, e.g. in paper of Sankowska et al., Diaz et al. or
our previous works, e.g. Krajnikova et al. [10-12]. It is also
noteworthy to mention its use as a corrosion inhibitor [13].
Our previous works were focused mainly on the study of the
spectral and biological properties as well as thermal stability
and decomposition of the zinc carboxylates. As a part of our
extensive study of zinc carboxylates over the last decades,
an investigation of the relationship between composition of
the carboxylates (e.g. functional groups and their position
on the aromatic ring, presence of bioactive ligands) and their
thermal, antimicrobial, and structural properties is taking
place [14, 15]. Last ten years we mainly focused on benzo-
ates, their halogeno- and hydroxyderivatives [16—18].
During the thermal decomposition of
2-aminobenzoatozinc(IT) complexes, the release of 2-amin-
obenzaldehyde, aniline, and CO, takes place. The final solid
product of thermal analysis is zinc(II) oxide [19] By thermal
decomposition of 3-aminobenzoatozinc(II) complex with
thiourea ligand, [Zn(3-NH,C4H,COO),tu,], the release of
2 mol of thiourea, 2 mol of aniline, with CO, and CO takes
place [20]. 4-aminobenzoato complex [Zn(4-NH,C.H,CO
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0O),tu,]-H,0 decomposed, after the release of crystal water
molecule by mass loss of 3.52 %, to 2 mol of thiourea ligand
with one mole of aniline. In the next step of thermal decom-
position aniline, CO, and CO liberated. ZnO is a product of
thermal decomposition [21]. In the case of 4-hydroxyderiva-
tives, we found in the product of the thermal decomposition
organic ligand, phenol, CO, and Zn as the final product of
decomposition [18].

There are several structurally characterized aromatic
zinc(II) carboxylates in which thiourea is involved. Com-
pound [Zn(C4H,COO),tu,], has molecular structure and
contains two crystallographically independent molecules,
where each zinc atom is tetrahedrally coordinated with two
monodentate oxygen atoms from two benzoate anions and
with two sulphur atoms from two thiourea ligands (chromo-
phore ZnO,S,) [22]. In [Zn(2-BrC;H,CO0),tu,]-2H,0,
the coordination environment of the central zinc atom with
chromophore Zn0,S, is a distorted tetrahedron created
from two oxygen atoms of two monodentate coordinated
2-bromobenzoato ligands and further from two sulphur
atoms from two thiourea ligands (chromophore Zn0O,S,)
[23]. It is also known crystal structure of several aliphatic
zinc(II) carboxylates with thiourea from the literature
[Zn(CH;COO),tu,] [24]; [Zn(CH;CH,COO),tu,] [25]; and
[Zn(CCl1;CO0),tu,]-H,0 [26] with chromophore ZnO,S,.

In this paper synthesis, thermal, spectral proper-
ties, and crystal structure of new compound [Zn(2,4-
Cl,CcH;COO0),tu,] are discussed.

Experimental
Synthesis and crystallization

The following chemicals of analytical grade were used:
ZnCl, (Fluka, Germany), Na,CO; (Centralchem, Slova-
kia), 2,4-dichlorobenzoic acid (Aldrich, Germany), thio-
urea (Lachema, Czech Republic). An aqueous solution of
ZnCl, (1.36 g, 10 mmol) was added to an aqueous solution
of Na,COj; (1.06 g, 10 mmol) upon stirring. The freshly
prepared precipitate of ZnCO; was purified from sodium
chloride by decantation, and its water suspension was added
to an ethanol solution of 2,4-dichlorobenzoic acid (3.82 g,
20 mmol). Afterwards, thiourea (1.52 g, 20 mmol) was dis-
solved in 20 cm® of ethanol and added dropwise to the mix-
ture. The reaction mixture was stirred for two hrs at 313
K, and the solution was reduced in volume at 343 K in a
water bath. The filtrate was left to stand at room tempera-
ture. Within a few days, colourless crystals were collected
by filtration, washed with a small amount of cold ethanol,
and then dried at room temperature (yield 84 %). The crys-
tals suitable for X-ray experiment were separated manually
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under a microscope. All other experiments were carried out
without separation of single crystals.

Instrumentation

Elemental analysis (C, H, N, S, CI) was performed on a
PerkinElmer 2400 CHN analyser (PerkinElmer, USA). The
content of zinc was determined complexometrically using
Complexone III as an agent and Eriochrome black T as an
indicator. Analyses were calculated for C,¢H,,C1,N,0,S,Zn
(M,.=595.59) (found/calc.): C, 25.98/26.03 %; H,
3.19/3.28 %; N, 9.97/10.12 %; S, 11.24/11.58 %; Cl,
25.31/25.61 %; and Zn, 11.63/11.81 %.

IR spectrum was recorded on a Nicolet 6700 FT-IR
spectrometer (Thermo Fisher Scientific, USA) using KBr
pellets (2 mg of sample per 200 mg of KBr) in the range
400-4000 cm™.

The thermal measurements of TG/DTG and DTA were
carried out up to 1173 K, heating rate at 9 K min~! in nitro-
gen atmosphere by the NETZSCH STA 409 PC/PG ther-
moanalyser (Netzsch, Germany). The sample (amount 14.2
mg) was placed in ceramic crucible during the measurement.

The final solid product of thermal decomposition was
identified with diffractometer Rigaku MiniFlex 600 (Rigaku,
Japan), using p-filtered CuKa radiation (41=1.540593 A),
40 kV/15 mA, in the range of 5°-60° 20, step 0.02°.

X-ray crystallography

Data were collected at 173 K on Oxford Diffraction (Rigaku,
Japan) Xcalibur diffractometer equipped with the Sapphire2
CCD area detector with a MoKa graphite-monochromated
radiation (1=0.71073 A) controlled by the CrysAlisPro soft-
ware package [27], in the ® range of 3.13°-26.49°. The final
parameters R[F’ 2> 26(F?)], wR(F?) and S obtained from the
last refinement were 0.021, 0.053, and 1.11, respectively.
The structure was solved by direct methods using the pro-
gram SHELXT [28] and refined by the full-matrix least-
squares method on all F data using the program SHELXL
2018/3 [29]. Figures of the molecular and crystal structure
were created using the software package Crystal Impact Dia-
mond [30].

Results and discussion

The title compound [Zn(2,4-C1,C4H;COO),tu,] was char-
acterized by elemental analysis, thermal analysis, IR spec-
troscopy, and X-ray analysis. The newly prepared complex
is colourless, stable at light and air, and very soluble in hot
water, methanol, ethanol, dimethylformamide, and dimethyl-
sulfoxide. It is slightly soluble in chloroform, diethyl ether,
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Fig.1 TG/DTG (red/green line)
and DTA (blue line) curves of 100
[Zn(2,4-Cl,C4H;COO),tu,].
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Fig.2 The IR spectrum of [Zn(2,4-Cl,C4H;COO),tu,] heated up to
493K

and acetone, and insoluble in tetrachloromethane, toluene,
and benzene.

Thermal analysis

The results of thermogravimetric analysis are presented in
Fig. 1. In the first step, two moles of thiourea are evolved and
then two moles of 1,3-dichlorobenzene are liberated (mass
loss: exp. 73.80 %, calc. 74.93 %), which is accompanied by
endothermic effect on the DTA curve at 493 K.

In the solid intermediate heated up to 493 K (see
Fig. 2), the absorption bands of thiourea were miss-
ing (\(N-H)=3372, 3185 cm™!, »(N-H)=1608 cm™!,
»(C=S)=1105 cm™"). The next step of the thermal decom-
position in the temperature range 593—-1023 K is the release
of two moles of carbon dioxide (mass loss: exp. 16.30 %,
calc. 14.78 %). This is accompanied by an exothermic effect
at 993 K.
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Fig.3 Powder diffractometry of [Zn(2,4-Cl1,CcH;COO),tu,] heated
upto 1173 K

The final solid product of thermal decomposition was
metallic zinc (exp. 9.90 %, calc. 10.98 %). The presence of
metallic zinc was proven by recording powder diffraction
data (Zn 26: 36.32°, 38.98° and 43.22°) (see Fig. 3). The
obtained result corresponds to the powder pattern of metallic
zinc found in the literature [31]. The following reaction is
proposed for the decomposition process:

[Zn(2.4 - C1,C4H;COO0) (tu), ]
- 2tu + 2CL,CH, + 2CO, + Zn

Complex compound with isonicotinamide ligand [Zn(2,4-
Cl,CcH;COO0),inad,] decomposed similarly [32].

On other hand, the benzoatozinc(II) compounds
with one Cl™ substituent on aromatic ring in 2-posi-
tion decomposed by evolving of bis(2-chlorophenyl)
ketone (C4H,CI),CO, CO,, and final solid product of
thermal decomposition are ZnO [17]. Thermal decom-
position of 2-bromobenzoatozinc(Il) complexes [16] and
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4-bromobenzoato complex with thiourea ligand is simi-
lar. They decomposed also by evolving of thiourea ligand,
bromophenyl ketone (C;H,Br),CO, and CO, [12]. The final
solid product of thermal decomposition is ZnO. By thermal
decomposition of 4-hydroxybenzoatozinc(Il) compound
with thiourea ligand,

Zn(4-OHC¢H,COO),tu,], in the first step of decomposi-
tion two moles of thiourea with one mole of phenol liberated
and in the second step one mole of phenol and two moles of
CO, take place. The final solid product of thermal decom-
position is metallic zinc [18].

IR spectroscopy

The IR spectrum confirmed the presence of functional
groups of organic ligand (Fig. 4). The stretching vibrations
of the thiourea N-H groups were found at 3372 and 3185
cm™. In the case of carboxylate compounds, the values of
the asymmetric and symmetric vibrations of carboxylate
groups are important. The absorption band observed at 1589
cm™" was assigned as v,(COO™) and that at 1358 cm™ as
v(COO™). Sodium salt of 2,4-dichlorobenzoic acid shows
asymmetric stretching vibrations v, (COO~) at 1589 cm™!
and symmetric stretching vibrations v ,(COO™) at 1398 cm™
The carboxylate binding modes were assigned from IR
spectra using the magnitude of the separation between the
carboxylate stretches (A, =v,—v,). The following order
has been proposed for divalent metal carboxylates [33]: A
(chelating) < < A (bridging) < A (ionic) < <A (monoden-
tate). The A value observed for [Zn(2,4-Cl,CcH;COO),tu,]
(231 cm™!) is higher than the value for sodium salt Na(2,4-
CL,C¢H;COO) (191 cm™!) that agrees with the monodentate
coordination mode of carboxylate groups in the compound.
IR spectroscopy can also provide information regarding
whether nitrogen or sulphur atom of thiourea is involved
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Fig.4 The IR spectrum of [Zn(2,4-Cl,CcH;COO),tu,]
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in coordination. In the case when the sulphur atom of thio-
urea is the donor atom, the stretching vibration of v(C=S)
is shifted to lower frequency compared to free thiourea. In
titled compound v(C=S) appears at 1105 cm™'. Compared
with free thiourea at 1164 cm™, the v(C=S) shift to lower
wavelengths is apparent, and thus, the ligand coordination
occurring via sulphur atom was assumed. This conclu-
sion was later confirmed by single-crystal X-ray structure
determination.

Structural analysis

The [Zn(2,4-C1,CcH;COO),tu,] compound crystallized
with monoclinic lattice in centrosymmetric space group
P2/n, with the parameters of the unit cell a=10.5372(3) /OX,
h=8.3984(2) A, c=12.9576(4) A, and =101.903(3)°. The
geometry around the zinc(II) atom is close to tetrahedral,
created by two oxygen atoms from two monodentate coordi-
nated dichlorobenzoate anions, and two sulphur atoms from
two thiourea molecules (Fig. 5). The solid-state molecule
possesses an exact twofold symmetry passing through the
central zinc atom; the symmetrically dependent atoms of
the complex are obtained after this crystallographic twofold
axis is applied. The distortion of the tetrahedron around zinc
atom is the consequence of unequal ionic radii of the coordi-
nating sulphur and oxygen ions of both coordinated ligands.

The mean value for Zn-O and Zn-S bond length
(1.9790(10) and 2.3347(4) A, respectively) does not
deviate significantly from those observed for similar
monomeric carboxylatozinc(Il) complexes with thio-
urea: [Zn(2-BrC4H,COO),tu,]-2H,0 (2.0112(18) and
2.3256(8) A, respectively) [23]; [Zn(C¢H5;COO),tu,]
(1.964(2) and 2.3673(14) A, respectively) [22]. Additional
Zn---O distances to the non-coordinated carboxylate oxy-
gen atoms are 2.8127(12) A (2X), and the highest value

Fig.5 Molecular structure of [Zn(2,4-Cl,C,H;COO),tu,], showing
the atom-numbering scheme (displacement ellipsoids drawn at the
50 % probability level). Symm. codes: (i) —x +1/2, y,—z+3/2
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Fig.6 Hydrogen-bonding system of [Zn(2,4-Cl,CcH;COO),tu,]
(dashed lines) [symm. codes: (ii) x—1/2,—y+1, z — 1/2]. Hydrogen
atoms not involved in hydrogen bonds are omitted for clarity

of tetrahedral angles X-Zn-Y is 112.73(3)°. The corre-
sponding values for similar complexes mentioned above
with chromophore ZnO,S, (in the range 2.829(2)-3.282(7)
A, 119.3(3)-126.6(2)°, respectively) are comparable with
the obtained data. The structure is stabilized by system of
intramolecular as well as intermolecular hydrogen bonds
of N-H---O type and by intermolecular hydrogen bonds of
N-H---ClI type (Fig. 6). Hydrogen bonds of N-H-:--O type
involve amino group of thiourea ligands and oxygen atom
from carboxylate groups of the anionic ligands of the same
molecule making hydrogen bonds” motif of S,'(6) type (S
in Fig. 6). Also, interaction between hydrogen atom from
amino group and oxygen atom from neighbouring mole-
cule’s anionic ligand makes the similar motif of R,'(6) type
(R in Fig. 6), which lead to creation of polymeric network
(Fig. 6). The second type of hydrogen bonds N—H-:-Cl (mean
value for H---Cl distance is 3.8295 A) is from amino group of
the thiourea and chlorine from 2.,4-dichlorobenzoato ligands.

Conclusions

During the thermal decomposition of studied compound,
the thiourea, 1,3-dichlorobenzene, and carbon dioxide are
evolving. The final product of thermal decomposition was
metallic zinc, and that was confirmed by X-ray powder dif-
fraction method.

The products of thermal decomposition are different,
and it depends on structure of the complexes, type of decar-
boxylation, position of the substituent on the aromatic ring
and mesomeric and inductive effect of the substituents. In
the case of halogenoderivatives, if there are two chlorine
atoms in the 2- and 4-positions on the benzene ring, or in the
case of 4-hydroxyderivatives, thermal decomposition takes
place with the release of 1-,3-dichlorobenzene or phenol,

respectively, 2 mol of CO, and the final product is metallic
zinc.

If there is only one chlorine atom in the ortho-position, or
bromine atom in the ortho-, or para-position as a substituent
on the benzene ring, a halogenoketone and CO, are always
formed. The final product is ZnO. In the case of 2-amino-
derivatives aldehyde, aniline and CO, are evolved. 3-,4-ami-
noderivates allowed to develop aniline, CO,, and CO. Solid
product of thermal decomposition is ZnO.

The coordination environment around zinc(II) atom is
tetrahedral with chromophore Zn0O,S,. Oxygen atoms from
dichlorobenzoate anions are monodentate coordinated that
is in a good agreement with the results of IR spectroscopy.
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