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Highlights
* [NiCI2(2PS)2] and [CdCl2(pD)]n compounds were synthesized.
« These compounds have been experimentally characterized.
» The molecular modelling studies were carried out with DFT method.

Article Info Abstract

In this investigation, two novel coordination compounds in crystalline form were synthesized
Received: 13 Sep 2023 utilizing chemical substances including 2-mercaptopyridine (2MP), 1,4-dioxane (pD), nickel(ll)
Accepted: 05 Apr 2024 chloride (NiClz2), and cadmium(Il) chloride (CdClz), followed by an exploration of their structural

properties through various experimental techniques. In addition, molecular modelling studies
were carried out with B3LYP/LanL2DZ level using Gaussian 03 program. HOMO and LUMO

Keywords orbitals, NBO studies were obtained by computation. The results from both experimental and
2-mercaptopyridine optimized structural data were consistent. In particular, the vibration frequencies obtained
2-pyridinethiolate experimentally of these compounds and the vibration frequencies theoretically calculated with
1,4-dioxane B3LYP/LanL2DZ are substantially compatible with each other.

molecular simulation
SC-XRD analysis

1. INTRODUCTION

Some of the coordination compounds (CCs) are formed by the continuous repetition of a certain structure
in 1, 2 or 3 dimensions [1]. Such structures are called coordination polymers (CPs). The CPs, like some
other compounds, has become the most interesting compounds of recent times due to of their gas storage,
luminescence properties and magnetic properties [2,3]. It is thought that the CPs will be the most used
structures in the coming years with their interesting and beneficial properties known so far, as well as new
features that emerge day by day. Besides, various interactions are expected in the newly formed compound,
depending on many factors such as the structural geometry of the newly formed compound, the presence
of m-m interactions in the ligands and co-ligands, and the presence or absence of the complementary atom
in the pyridine ring of the ligands. The role of such interactions is very important in the crystal packing of
the newly formed compound [1-3].

In this study, two different types of 2-mercaptopyridine (2MP) and 1,4-dioxane (pD) ligand molecules and
NiCl; and CdClI, compounds were used to obtain new type of coordination polymers. 2MP; It is an organic
sulfur compound with the closed formula CsHsNS, consisting of an SH group attached to a pyridine ring
[4]. 2MP is a ligand molecule that can make between 1 and 3 bonds depending on the physical and chemical
conditions of the environment. There are some scientific studies related to it by various researchers [5-13].
The pD is a heterocyclic organic compound classified as ether, with the closed formula C4HsO., normally
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in a colorless liquid state. The pD has a centrosymmetric structure and is generally found in the chair
conformation in liquid form and its compounds. However, since it has a flexible structure, it can be found
in the boat formation in its some compounds. Other isomers of pD (oD and mD) are rare and all are
commonly used as solvents in organic chemistry. In addition to being used as solvents in organic chemistry,
the pD, oD and mD compounds were used as ligands to obtain new compounds at the same time. There are
many scientific studies on this subject, both by us and other researchers [14-27].

Nickel(Il) chloride is a chemical compound consisting of a nickel and two chlorine atoms, represented by
the formula NiCl.. The color of nickel chloride changes depending on the number of water molecules in its
structure. While the color of the anhydrous NiCl; salt is yellow, the color of the most used and more known
NiCl2-6H,0 compound is green. Various forms of Nickel(Il) chloride are used as a source of nickel in the
formation of chemical compounds. Various nickel salts increase the risk of developing cancer for living
things that interact with them for a long time [28,29].

The ionic compound formed by the covalent bond of cadmium and chlorine atoms is called “Cadmium(II)
chloride” and is represented by the formula CdCl. This compound is a crystalline chemical substance that
is well soluble in water. CdCl; is used in the synthesis of organocadmium compounds, ketones and many
other chemical compounds in addition to its uses such as photocopying, painting and electroplating [30-
34].

In this study, chemical synthesis of compounds with closed formulas as NiCl,(2MP), and CdCl,(pD)
obtained in crystal form and their characterizations by various spectroscopic methods are given. The
theoretical vibrations of the crystals obtained were calculated with the help of their .cif files at
B3LYP/LanL2DZ level using the Gaussian 03 program [35]. The values of all calculated vibration
frequencies are positive. These vibration frequencies were scaled with the appropriate coefficient and these
values were found to be compatible with experimental values [36]. All kinds of visual pictures of the
compounds were obtained with the help of GaussView 4.1 program [37].

2. MATERIAL METHOD
2.1. Materials

Some chemicals such as NiCl,-6H,O (Alpha Aesar, 98%), 2-mercaptopyridine (2MP) (CsHsNS, Alpha
Aesar, 98%), CdCl, (Alpha Aesar, 99+%), 1,4-Dioxane (pD) (C4HsO2, Sigma-Aldrich, >99.0%), ethyl
alcohol (CH3CH,OH, Alpha Aesar, Pure, 95.0%) and NH4OH (Alpha Aesar, 25% NHs in H,O) were used
for synthesis. All chemicals required for the desired compounds were used without any additional treatment.

The infrared spectra of 1 and 2 were performed between 3500 — 400 cm™ from KBr pellets on. Suitable
crystals were selected for the structural characterization of 1 and 2 compounds. The data of the crystals
were collected by using D8-QUEST diffractometer using Mo-K, radiation. The SHELXS-97 program [38]
was used for the solutions of the structures. The SHELXL-97 program [38] within the WINGX [39]
software was used in the refinement of the solved structures. The refinement was performed by using the
least squares and the difference-Fourier methods. The C-H bond length is fixed at 0.97 A by using the
riding model in the refinement of the hydrogen atoms. The molecular diagrams of the structures were drawn
by the MERCURY program [40]. Table 1 provides the specifics regarding data collection and refinement.

2.2. Syntheses of the NiCl,(2MP), and CdCl,(pD) Compounds

To obtain the compound NiCl2(2MP)2; 1 mmol of NiCl,-6H0 (237.69 g) was dissolved in 10 mL of hot
distilled water. Then, 2 mmol of 2MP, (222.32 g) dissolved in 5 mL of hot ethyl alcohol was added dropwise
into this solution. The mixture was stirred for 3 hours at 65 °C and a stirring speed of 750 rpm. It was
observed that the light green colored NiCl2(2MP), compound was formed as a suspension in a mixture of
ethyl alcohol and water. Later, aqueous NHs solution was slowly added to the reaction. This mixture was
then filtered. After about six weeks, colorless, transparent crystals thought to have the chemical formula
NiCly(CsHsNS), (compound 1) were obtained.
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To obtain the compound CdClI;(pD); 1 mmol of CdClI; anhydrous (0.183 g) was dissolved in 10 mL of hot
distilled water. Then, 1 mmol of pD, (0.089 g) dissolved in 5 mL of hot ethyl alcohol was added dropwise
into this solution. Later, the method applied for mixture 1 was repeated for mixture 2 and [CdCI(C4HsO2)]n
(compound 2) were obtained.

Table 1. Experimental parameters for compounds 1 and 2

1 2
Empirical formula C1oHsCI2N2NiS; C4HsCl,CdO;
Formula weight 349.91 271.40
Crystal system Orthorhombic Monoclinic
Space group Fdd2 C2/m
a(A) 12.8473 (10) 7.615 (2)
b (A) 27.557 (3) 11.967 (3)
c(A) 8.1463 (6) 3.8612 (9)
L) 90.00 93.224 (9)
V (A% 2884.0 (4) 351.31 (16)
Z 8 2
D¢ (g cm™®) 1.612 2.566
0 range (°) 4.3-30.5 3.2-28.3
Measured refls. 10341 7092
Independent refls. 1786 458
Rint 0.048 0.032
S 1.10 1.20
R1/wR2 0.070/0.211 0.012/0.028
Apmax/ Apmin (€A) 2.05/-0.96 0.42/-0.43
CCDC 2069757 2060795

The amounts of nickel and cadmium metals were analyzed by Perkin-Elmer optima 4300 DV ICP-OES,
and the C, N, S and H amounts were analyzed by CHNS-932 (LECO). Experimental results obtained from
these measurements and theoretically calculated results for compounds 1 and 2 are given below,
respectively.

For compound 1.

Experimentally found (%): C, 34.23; H, 2.36; Ni, 16.85; N, 8.13; S, 18.19.

Theoretically calculated (%): [C10H10CI2N2NiS,, (M, = 351.93 g / mol)]: C, 34.13; H, 2.86; Ni, 16.68; N,
7.96; S, 18.22.

For compound 2:
Experimentally found (%): C, 17.91; H, 2.71; Cd, 42.12.
Theoretically calculated (%): [C4HsCdCI.0,, (M, =271.89 g / mol)]: C, 17.70; H, 2.97; Cd, 41.62.

It is seen that there are some discrepancies between the theoretical and experimental results of compound
1, especially in hydrogen percentages. This situation can be evaluated as a normal result that occurs between
the current information and two different methods.

However, when examining the crystal data regarding the structure of compound 1, it is seen that the 2MP
molecule has lost hydrogen in compound 1. This new situation for the 2MP molecule is a new structure
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called "2-Pyridinethiolate” (2PS). According to the results of this new situation, the discrepancy between
the theoretical and experimental analyzes of compound 1 disappears. In this case, the closed formula of
compound 1 must be in the form of NiCl,(2PS),. Necessary information on this subject will be given in the
spectral examination of compound 1 section.

The theoretical analysis values of compound 1 in this case are as follows.

Theoretically calculated for compound 1 (%): [C10HsCI2N2NiSz, (M = 349.91 g / mol)]: C, 34.33; H, 2.30;
Ni, 16.77; N, 8.01; S, 18.33.

It is seen that the newly obtained theoretical values for compound 1 are quite compatible with the
experimental values.

3. THE RESEARCH FINDINGS AND DISCUSSION
3.1. Crystallographic Studies of Compounds 1 and 2
Compound 1

The molecular diagram of compound 1 obtained from XRD results is given in Figure 1. The compound 1
contains one coordinated chlorine atom, one Ni(ll) ion and one 2PS ligand in the asymmetric unit. The
Ni(11) ion is attached to two S atoms [Ni1-S1 =2.517 (4) A] from 2PS ligands and two Cl atoms [Ni1-CI1
=2.473 (4) A], therefore displaying a distorted tetrahedral geometry. Ni-Cl and Ni-S bond lengths were
presented as 2.3866(4), 2.4208(8) and 2.172 (8) A in similar studies [41, 42, 43].

Figure 1. Compound 1's molecular configuration

The 2PS molecules in the structure of compound 1 are linked together by 77 interactions (Figure 2). A
77 interactions occur between the two pyridine rings (Cgl) associated with the symmetries of
neighboring 2PS ions. These interactions hold all compounds 1 molecule together. The Cgl-Cgl’
perpendicular distance is 3.4720 A [(i) 1/4+x, 3/4-y, -1/4+Z]. The distance between the centers of pyridine
rings interacting with each other is 3.8389 A.
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Figure 2. Crystal packing of compound 1, showing the chain formation resulting from the m--x
interactions of pyridine rings

Compound 2

Looking at the structure of compound 2, it is seen that it forms a 2D coordination polymer (Figure 4). The
compound 2 contains one coordinated chlorine atom, one Cd(ll) ion, and a half pD ligand in the asymmetric
unit (Figure 3). The Cd(ll) ion is attached to two O atoms [Cd1-O1 = 2.4235(16) A] from pD ligands, and
four Cl atoms [Cd1-Cl1 = 2.6010(6) A], therefore displaying a distorted octahedral geometry. Cd-Cl and
Cd-O bond lengths were presented as 2.582 and 2.372(7) A, respectively in similar studies [44, 45]. The
pD ligands and the Cd(ll) ions form a 1D coordination polymer running parallel to the [100] direction.
Adjacent these polymers are joined by chlorine atoms, with grid dimensions are 3.861 x 7.615 A (Figure
4) (defined by Cd---Cd distances). The unit cells of compounds 1 (a) and 2 (b) are shown in Figure 5,
respectively. Table 2 shows some selected bond lengths and angles for both molecules.

Ci

Cu

OIii

Ci™
Figure 3. Compound 2's molecular configuration
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Figure 5. The unit cells of compounds 1 (a) and 2 (b)

Table 2. Comparison of some selected geometric parameters of compounds 1 and 2 (4, 9

Compound 1 Compound 2
XRD LanL2DZz XRD LanL2DZ
Ni1-Cl1 2.473 (4) 1.191 Cd1-01 2.4235(16)  2.278
Cl1-Ni1-Cl1 115.2(2) 157.452 Cdi-Cl1 2.6010(6) 2417
Cl1-Ni1-S1 100.86(12) 93.494 01-Cd1-CI1* 87.55(3) 100.818
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Ni1-S1 2.517 (4) 2.257 CI1-Cd1-CI1it  84.15(3) -
CI1-Ni1-S1/ 109.76(13)  101.607 01-Cd1-Cll  92.45(3) 100.818
S1-Ni1-S1/ 121.1(2) 95.810 CI1-Cd1-CI1V  95.85(3) -

Symmetry codes: (i) —x+1, —y+1, z for 1; (ii) —x+1, —y+1, —z+1; (iii)) —x+1, —y+1, —z; (iv) X, y, z+1 for 2

3.2. Computational Studies

Apart from the geometric and spectroscopic properties of the two synthesized molecules, some
physicochemical properties, atomic charges, natural bond orbital analyses, HOMO-LUMO energies, some
chemical parameters and thermodynamic properties were also investigated theoretically. The molecular
geometries of the compounds were taken from their X-ray diffraction results for theoretical calculations.
DFT/B3LYP method was chosen as the computational method and Gaussian 03 program was used.
LanL2DZ was chosen as the basis set because it gives meaningful energy values and suitable geometry
[35]. The molecular diagrams of the optimized structures for molecules 1 and 2 are given in Figure 6 (a)
and (b). Compound 1 and compound 2's geometric parameters were computed using the DFT method at
the B3LYP/ LanL2DZ level and documented in Table 2, alongside their experimental counterparts.
Notably, the optimized bond lengths generally deviate slightly from the experimental data due to
differences in molecular states between experimental and theoretical contexts. Experimental measurements
typically involve molecules within condensed phases, while theoretical calculations often focus on isolated
molecules in the gas phase.

(2) (b)
Figure 6. Optimized geometry of molecules 1(a) and 2(b) calculated by DFT/B3LYP method
Mulliken atomic charges:

The electrical charges on each atom of a chemical compound that has reached a stable structure are also
called "Mulliken charges". The Mulliken charges are widely used because they provide a rough general
idea about the molecule’s polarity, its electronic structure, atom charge distribution as well as donor and
acceptor pairs within the molecules. Figure 7 illustrates the Mulliken atomic charges for molecules 1 and
2, calculated using B3LYP/ LanL2DZ. As depicted in Figure 7, the charges of all hydrogen atoms in both
compounds are of a positive value. All carbon atoms in compound 2 have negative charge values. While
all chlorine and oxygen atoms in compound 2 have negative charge values, cadmium atom has positive
charge value. While 13 S atom in compound 1 and 17 Cd atom in compound 2 have the largest positive
charge values, the smallest negative charge values are 23 Cl atom in compound 1 and 14 O atom in
compound 2.
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Figure 7. The Mulliken charge distribution in compounds 1 (a) and 2 (b)
Frontier Molecular Orbitals:

The HOMO-LUMO molecular orbitals are of great importance in understanding the optical and electronic
properties of molecules. HOMO and LUMO orbitals are considered boundary molecular orbitals where a
molecule interacts with other molecules. HOMO energy refers to the potential to donate electrons, LUMO
energy refers to the potential to gain electrons, and the energy gap between the two refers to the chemical
stability of the molecule. The frontier molecular orbitals for compounds 1 and 2 have been calculated by
the DFT/B3LYP method and the LanL2DZ basis set and Figure 8 shows energy levels of frontier molecular
orbitals.
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Figure 8. The frontier molecular orbitals of compounds 1 (a) and 2 (b)

The energy gap between the HOMO and LUMO orbitals not only characterizes the chemical stability of
the molecule but also signifies the extent of charge transfer occurring within it. The energy gap determines
the energy required within the molecule to move from the ground state to an excited state. As seen in Figure
8, the HOMO and LUMO energy values for 1 were -0.26194 a.u. (-7.128 eV) and -0.22316 a.u. (-6.072
eV), respectively. Similarly, while the HOMO energy value of compound 2 is -0.28827 a.u. (-7.844 eV),
LUMO energy value is -0.04602 a.u. (-1.252 eV). As the HOMO-LUMO energy gap (AE) increases in a
molecule, the molecule becomes more stable and less reactive; conversely, reducing this energy gap makes
the molecule more susceptible to chemical reactions, destabilizing it and lowering the threshold energy for
reactions. The energy differences between the HOMO and LUMO for molecules 1 and 2 are 1.056 eV and
6.592 eV, respectively. Therefore, we can say that molecule 2, which has a larger energy gap, will be more
stable and non-reactive than molecule 1.

Using HOMO-LUMO energies, some physicochemical parameters such as chemical softness (S),
electrophilicity index (®), chemical potential (u), electronegativity (x), and chemical hardness (n) indicating
the chemical activities of the molecules were also calculated. These values for molecules 1 and 2 are given
in Table 3. When we examine Table 3, we can say that molecule 2 will be more stable than molecule 1. At
the same time, the higher chemical potential and lower chemical hardness value of molecule 1 indicate that
it will exhibit a better electrophilic character than compound 2. The same situations have been reported in
similar studies [46, 47].

Table 3. The HOMO and LUMO energies and chemical parameters of compounds 1 and 2

HOMO LUMO AE % n 1 S o
(eV) (eV) (eV) (eV) (eV) (eV) ev)t (ev)t

Compound1  -7.128 -6.072  1.056 6.600 -6.600 0.528 0.94697 41.250
Compound 2 -7.844 -1.252 6.592 4.548 -4.548 3.296 0.15170 3.138

Thermodynamic parameters:

Heat production, which is a thermochemical property for any compound, is one of the most important
thermochemical parameters of that compound. For most organic compounds their heat generation values
are unknown. The fact that it is very difficult to experimentally examine the heat effects of compounds
increases the importance of quantum chemical calculations in this regard. Thermodynamically, it can be
decided whether a chemical reaction will take place by examining the effect of heat. The thermochemical
properties calculated for both compound 1 and compound 2 are given in Table 4.

As a result, it is observed that the compound 1’s all thermal chemical values are greater than the thermal
chemical values of compound 2. This result reveals the fact that compound 1 has better heat storage property
and better heat dissipation property than compound 2.
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Compound 1 Compound 2
Etotar (kcal/mol) 113.98 86.08
Electronic 0.000 0.000
Translational 0.889 0.889
Rotational 0.889 0.889
Vibrational 112.205 84.304
Cv Heat Capacity at constant volume (cal/mol.K) 61.84 36.97
Electronic 0.000 0.000
Translational 2.981 2.981
Rotational 2.981 2.981
Vibrational 55.883 31.010
S Total entropy (cal/mol.K) 148.24 112.55
Electronic 0.000 0.000
Translational 43.434 42.700
Rotational 34.391 31.857
Vibrational 70.415 37.991
Evo Zero point Vibration Energy (kcal/mol) 102.60 78.94
Rotational constants (GHz)
A 0.52157 0.97393
B 0.17209 0.52209
C 0.15664 0.35398

Natural bond orbital analysis:

To better understand the intramolecular-intermolecular interactions and the interactions between the bonds,
NBO analysis was performed on optimized structures. In molecules with a higher E® value, interactions
among electron-donating and -accepting sites are more dominant. In this case, the structure is more stable.
Table 5 gives the types of donor-acceptor interactions, and their perturbation energy values for compounds

1and 2.

As a result, it can be said that compound 1 exhibits higher energy values for charge transitions compared
to compound 2, both in terms of the number of transitions and their respective values. This result is evidence
that compound 1 is more active than compound 2 in terms of its thermochemical properties.

Table 5. Second order perturbation theory analysis of Fock matrix on NBO of compounds 1 and 2

Donor NBO (i) Acceptor NBO (j) E®@ 2 (kcal/mol) E()-E(i)° (a.u.) F(i.))° (a.u.)
Compound 1

LP (4) Ni 12 LP* (3) S 13 121.02 0.03 0.069
o* (C 1-N 11) n* (C 6-C 8) 86.00 0.03 0.080
n* (C 14-N 24) n* (C 19-C 21) 86.00 0.03 0.080
LP (4) CI 10 LP* (5) Ni 12 85.61 0.42 0.172
LP (4) CI 23 LP* (5) Ni 12 85.43 0.42 0.172
n* (C 14-N 24) n* (C 15-C 17) 83.78 0.04 0.085
m* (C 1-N 11) * (C 2-C 4) 83.78 0.04 0.085
o* (Ni 12-S 25) LP* (5) Ni 12 72.40 0.29 0.175
LP* (3) S 13 LP* (5) Ni 12 36.74 0.38 0.118
o (Ni 12-S 25) LP*(3) S 13 36.54 0.08 0.064
LP* (5) Ni 12 RY* (8) Ni 12 30.03 1.68 0.406
n (C 1-N 11) LP*(3) S 13 28.88 0.05 0.045
x (C 15-C 17) n* (C 14-N 24) 28.83 0.24 0.076
7 (C2-C4) o* (C 1-N 11) 28.83 0.24 0.076
7 (C 1-N 11) n* (C 6-C 8) 22.28 0.33 0.076
7 (C 14-N 24) 7 (C 19-C 21) 22.28 0.33 0.076
n (C 19-C 21) n* (C 14-N 24) 21.45 0.24 0.065
7 (C 6-C 8) o* (C 1-N 11) 21.45 0.24 0.065
n (C 6-C8) n* (C 2-C 4) 20.60 0.28 0.070
n (C 19-C 21) n* (C 15-C 17) 20.60 0.28 0.070
x (C 15-C 17) n* (C 19-C 21) 19.84 0.28 0.068
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n (C2-C4) n* (C 6-C 8) 19.84 0.28 0.068
LP (2) Cl 23 LP* (5) Ni 12 16.01 0.50 0.091
LP (2) Cl10 LP* (5) Ni 12 15.99 0.50 0.091
LP* (5) Ni 12 RY* (6) Ni 12 14.94 0.87 0.206
7 (C 14-N 24) n* (C 15-C 17) 14.87 0.33 0.063
n (C 1-N 11) n* (C2-C4) 14.87 0.33 0.063
o (Ni 12-S 25) LP (4) Ni 12 14.22 0.05 0.037
LP*(3)S 13 * (C 1-N 11) 13.68 0.24 0.058
LP (1) N11 o* (C1-C2) 11.81 0.83 0.090
LP (1) N 24 o* (C 14-C 15) 11.81 0.83 0.090
LP(2) S13 o* (Ni 12-S 25) 11.75 0.09 0.032
LP (3)Cl 10 LP*(3)S13 11.33 0.02 0.017
LP(1)N 24 o* (C 19-C 21) 10.37 0.84 0.085
LP (1) N 11 o* (C 6-C 8) 10.37 0.84 0.085
Compound 2

LP (4) Cl 15 o* (Cl116-Cd 17) 48.24 0.30 0.108
LP(2) O 14 o* (C116-Cd 17) 10.21 0.62 0.074
LP (4) Cl 15 RY* (2) Cd 17 6.69 0.72 0.065
LP (2) O 13 o* (C1-C2) 5.30 0.63 0.052
LP(2) 013 o* (C3-C4) 5.30 0.63 0.052
o (C 3-H 10) o* (C 4-0 14) 5.13 0.70 0.054
o (C2-H 6) o* (C 1-0 14) 5.13 0.70 0.054
LP(2) 013 o* (C3-H9) 4.94 0.74 0.054
LP(2) 013 o* (C 2-H 5) 4.94 0.74 0.054
LP (1) Cl 15 o* (C116-Cd 17) 4.56 0.64 0.051
o (C4-H11) o* (C3-013) 4.31 0.76 0.051
o (C1-H8) o* (C2-013) 4.31 0.76 0.051
o* (C116-Cd 17) RY* (12) Cd 17 4.08 2.58 0.269
o (C 3-H 10) o* (C2-013) 4.07 0.75 0.049
o (C 2-H 6) o* (C3-013) 4.07 0.75 0.049
LP(1)O 14 o* (C 4-H 12) 4.03 0.80 0.051
LP(1)O 14 o*(C1-H7) 4.03 0.80 0.051
o (C4-H 11) o* (C 1-0 14) 3.86 0.71 0.047
o (C1-H8) o* (C 4-0 14) 3.86 0.71 0.047
o* (C116-Cd 17) RY* (10) Cd 17 3.78 1.56 0.201
LP (4) Cl 15 RY* (12) Cd 17 3.68 2.89 0.098
LP(1)O 14 o* (C 3-C4) 3.34 0.68 0.043
LP(1) O 14 c* (C1-C2) 3.34 0.68 0.043
LP (4) Cl 15 RY* (10) Cd 17 3.18 1.87 0.073
6 (C3-H9) o* (C4-H 12) 3.06 0.98 0.049
o (C2-H5) o*(C1-H7) 3.06 0.98 0.049

2 E@ means energy of hyperconjugative interaction (stabilization energy),

b Energy difference between donor and acceptor i and j NBO orbitals,
©F(i; j) is the Fock matrix element between i and j NBO orbital,
d Stared label (*) indicates anti-bonding, LP (A) is a valence lone pair orbital on atom A and RY™* for 1-center Rydberg.

3.3. Spectral Analysis

To compare with the experimental vibration data of both compound 1 and compound 2, their vibration
modes were calculated with Gaussian 03 program DFT/B3LYP method, LanL2DZ basis set [35]. Before
comparing with experimental values, the theoretical values were multiplied by 0.958 coefficients for
wavenumbers larger than 1700 cm* and by 0.988 coefficients for wavenumbers smaller than 1700 cm?,
respectively [36]. The fit equations between the experimental and scaled theoretical vibration values of
compounds 1 and 2 were obtained as y1 = 1.0543x; - 49.709 (R? = 0.999) and y, = 1.0602x; - 48.823 (R? =
0.999), respectively (Figure S1).

The vibration spectra of 2MP ligand and of the compound 1 are given in Figure S2. Similarly, experimental
FT-IR spectra and theoretical vibration spectra of the liquid pD ligand and compound 2 are given in Figure
S3. FT-IR spectral data obtained for compounds 1 and 2 were interpreted by considering the changes in the
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vibrations of 2MP and pD ligand molecules and NiCl, and CdCl, units, one by one, resulting from
compound formation.

When the spectra of compounds 1 and 2 are examined carefully, it is seen that the FT-IR spectra of each
compound are different from each other. Because the ligand molecules that make up both compounds are
different from each other. Therefore, both compounds are expected to crystallize in different structures.
The accuracy of this situation can be clearly seen from Table 1 and Figures 1-4.

The compounds 1 and 2 will be discussed separately for their spectroscopic properties, respectively.
Compound 1

The 2MP molecule involved in the formation of compound 1 is an organic sulfur compound in the C1
conformation and space group P21/c which the pyridine ring and thiol (~SH) group are in the same plane.
Since the 2MP molecule has 12 atoms, it has 30 vibration modes, all of which are both IR and Raman
active.

The 2MP molecule that contributes to the formation of compound 1 can make three different bonds to metal
atoms or other molecules due to its three different electron donor regions. The three different electron
donating regions of 2MP are the S atom in the SH group, the N atom in the pyridine ring and the = electrons
located in the pyridine ring, respectively.

Depending on the activity values of these electron donating regions, the 2MP molecule can make at least
one bond and at most three bonds to metal atoms or other molecules around it [43]. Spectral data of the
2MP molecule and compound 1 are listed in Table S1.

From the review of Figure 1 and Table S1, it is understood that some significant changes occurred in the
2MP molecule during the formation of compound 1. One of these changes is the disappearance of the SH
stretching peak observed at 2507 cm™ wavenumber in the FT-IR spectrum of the solid state 2MP molecule.
This situation was observed in aliphatic and aromatic sulfur compounds that we have previously examined
and in similar studies of other researchers [44-48].

In the solid state, a pair of 2MP molecules usually exist in the form of dimer, linked together from hydrogen
and sulfur atoms. This dimeric structure is called the “thion form” for thiols [5, 9, 10]. However, if the 2MP
molecule is attached to a metal atom from the sulfur atom, the dimeric structure is broken. In this case, each
2MP molecule loses one hydrogen atom and takes the form of 2-pyrinethiolate [6, 49, 50]. The thiolate
form of the 2MP molecule is structurally an anion, and it is denoted by the abbreviation 2PS. The 2-
pyrinethiolate (2PS) structures can generally bond with other atoms in the compound in which they are
located, either only from sulfur atoms or only from nitrogen atoms or from both sulfur and nitrogen atoms.
Even, these thiolate structures interact with each other because of the n electrons in pyridine rings [9, 51,
52].

The experimental vibration spectrum of in solid state 2MP molecule and the theoretical and experimental
vibration spectra of compound 1 should be examined together. The indicated examination for the 2MP
molecule and compound 1 was made and the results are given in Table S1.

If there are symmetric structures or symmetric groups in a molecule or a compound, fewer vibration peaks
appear in their experimental spectra than theoretical values. Because only one vibration peak is observed
for each identical symmetric structures or symmetric groups in the molecule or compound studied
theoretically.

As can be seen from Figure 6 (), there are 25 atoms in compound 1. According to theoretical calculation,
it should have 69 vibration modes. However, 33 vibration modes have emerged in their experimental
spectrum. The reason for this is that there are symmetrical and identical groups in its structure or the
intensities of some vibration modes are quite small.
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To support the experimental spectral data of compound 1 in Table S1, theoretical vibration calculations
were made at the B3LYP/LanL2DZ level and the assignments of the vibration peaks were made with the
VEDA 04 program [53].

It can be seen from the examination of Table S1 that some spectroscopic results for the formation of
compound 1 have been obtained. These spectroscopic results can be listed as the changes in the vibration
modes of 2MP due to its compound formation and the formation of new some vibration modes resulting
from the bonding of 2MP with NiCl,. Some of these spectroscopic results are marked in bold and italic
bold in Table S1 for easier viewing, respectively.

Looking at Table S1, the CH stretching vibrations in the solid state 2MP molecule shifted to the high
frequency region by about 13-29 cm™ wavenumber in the 2PS thiolate form due to the formation of
compound 1. Because no hydrogen bond contributes to the formation of compound 1, these shifts are only
due to the change in the environmental conditions of 2PS. The reality of this situation is evident from Figure
1, Figure 2 and Figure 5 (a).

It is also seen that the in-plane and out-of-plane bending vibrations of the C-SH part of the 2MP molecule
at the 911 and 212 cm™* wavenumbers disappear because of the transformation into the 2PS thiolate form.

Experimental studies about the vibration modes of NiCl, and NiCl,-6H,O compounds are given in
references 28 and 29. In addition, the theoretical calculation of vibration modes was made with Gaussian
03 program for the case where CI-Ni-Cl angle for NiCl, is 120°. According to this theoretical study, the
asymmetric Ni-Cl stretching [vas(Ni-Cl)], symmetrical Ni-Cl stretching [vs(Ni-Cl)] and in-plane bending
[B(CI-Ni-Cl) ip] vibration modes calculated for free NiCl, were obtained at wavenumbers of 475, 388 and
80 cm™, respectively. It has been seen that these values are compatible with the experimental values [28,29].

In the theoretical calculation for compound 1, these vibration modes of NiCl, bonded to the structure were
obtained as unscaled at 442, 304 and 82 cm™ wavenumbers, respectively.

Compound 2

The pD molecule is a centrosymmetric molecule with a total of 14 atoms, a chair conformation and
theoretically 36 vibration modes of which 14 are IR active, 15 are Raman active and 7 are both IR and
Raman active. It has a structurally flexible structure and can easily pass into the boat conformation to form
a chelate structure with metal atoms when necessary [54]. However, it is clear from Figures 3, 4 and 5 (b)
that the pD molecule preserves the chair conformation in the structure of compound 2.

Vibration bands of the pD molecule in liquid form and in the structure of compound 2 are given in Table
S2. Compared to the liquid phase, these vibrations of pD show large variations for the resulting compound
2. This result is naturally due to the compounding of pD with CdCl,. These results indicate that the
interaction of pD with CdCl; is strong in compound 2.

It can be seen from the examination of Table S2 that some spectroscopic results for the formation of
compound 2 have been obtained. These spectroscopic results can be listed as the changes in the vibration
modes of pD due to its compound formation and the formation of new some vibration modes resulting from
the bonding of pD with CdCl,. Some of these spectroscopic results are marked in bold and italic bold in
Table S2 for easier viewing, respectively.

Experimental studies of the vibration modes of CdCl; are given in references [55] and [56]. In addition, for
the case where CI-Cd-Cl angle of CdCl, is 180°, the theoretical calculation of vibration modes was made
with Gaussian 03 program. According to this theoretical work, asymmetric Cd-ClI stretching [vas(Cd-Cl)],
symmetrical Cd-Cl stretching [vs(Cd-CI)] and in-plane and out-of-plane bending [B(CI- Cd-Cl) ) ip, y(C1-
Cd-CI) oop] calculated vibration modes for free CdCl, were obtained as unscaled at wavenumbers of
378.26, 292.49 and 66.69 cm™?, respectively. It has been observed that these theoretically obtained values
are compatible with experimental values [55,56].
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In the theoretical calculation for compound 2, these vibration modes of CdCl» bonded to the structure were
obtained as unscaled at 354.85, 286.65 and 84.96 cm™ wavenumbers, respectively.

4. RESULTS

This study focuses on the molecular structures and chemical properties of [NiCl>(2PS).] and [CdCl.(pD)]
coordination compounds were evaluated by computational and experimental methods. The two compounds
crystallized in the Fdd2 and C2/m space groups in orthorhombic and monoclinic crystal systems,
respectively. The 2PS ion was attached to the nickel atom from its sulfur atom in the compound 1.
Additionally, the crystal structure of this compound is influenced by =...n interactions among the cage
structures of 2PS ions.

In addition, @ ... T interactions among the cages structure of 2PS ions contributed to the crystal structure
formation. Besides, the pD molecule was attached to the cadmium atoms from its oxygen atoms in the
compound 2. In addition, CI-Cd-ClI bonds also contributed to the crystal packing of compound 2.

The Ni(IT) ion in compound 1’s structure is in the center of inversion in a state surrounded by two the sulfur
atoms of the 2PS ion and as well as two chlorine atoms. Therefore, the Ni(ll) atom displays distorted
tetrahedral geometry. In addition, the Cd(I1) ion (compound 2) is in a state surrounded by two oxygen atoms
of two pD molecules as well as four chlorine atoms. Thus, the Cd(ll) atom exhibits a distorted octahedral
geometry.

The compound 1, we examined is the first and only coordination compound that has bonded to the Ni atom
of the 2PS ion only from sulfur atoms. In some future work, new crystals can be obtained with all thiolates
and other M(II)CI; structures. The binding patterns and various properties of all thiolates can be studied.
Similarly, compound 2, which we studied, is the first and only coordination compound that is bonded to
the Cd atom of the pD molecule only by oxygen atoms. In some future work, new crystals can be obtained
with all dioxanes and other M(I1)Cl; structures. We hope that this study we have done will be a guide for
future research in this field.
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Table S1. Experimental FT-IR modes of 2MP and
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experimental vibration modes of compound 1

NiCl; in solid state with theoretical and

Experimental

Theoretical vibration modes of

FT-IR modes 1 Experimental Assignments and PED
and FT-IR (%)**
assignment of | Unscaled Scaled modes of 1 ?
2MP*
3160 v(CH) 3251 3153.47 3173 v(CH) 85
3099 v(CH) 3241 3143.77 3113 v(CH) 90
3048 v(CH) 3223 3126.31 3077 v(CH) 91
3021 v(CH) 3214 3117.58 3038 v(CH) 96
2507 v(SH) - - - -
1574 v(C=C) | 1594 1578.06 1605 v(CC) 60
- 1585 1569.15 1581 v(CC) 40
1489 n. a. 1464 1449.36 - B(HCN) 70
v(C=C), v(C=N) | 1444 1428.57 1443 B(HCC) 62
- 1318 1304.82 - v(NC) 51
- 1311 1297.89 1293 v(NC) 26 B(HCN) 26
1234 n. a. 1198 1186.02 1229 B(HCC) 80
1123 B(C-S) ip
/ Ring 1122 1110.78 1107 v(CC) 20 B(HCC) 21
breathing
- 1094 1083.06 1084 -
- 1053 1042.47 - v(CC) 58
. 1049 1038.51 1031 ;(4HCCC) 36 T(HCCN)
995 Ring T(HCCS) -11 T(HCNC)
1007 . 7
breathing 00 996.93 9 38 t(HCCC) 10
976 B(CH)ip 978 968.22 969 B(CCC) 32
T(HCCS) 18 T(HCNC)
932 922.68 938 42 T(HCCC) -18
900 B(C-SH)ip | - - - -
807 n. a. 809 800.91 819 Tl(lHCCC) 24 T(CCNE)
T(HCCN) 20 T(CNCC) -
763 755.37 757 13 T(CCNC) -17
739 v(C-S) 725 717.75 723 v(SC) 33 B(ccc) 43
618 B(CCC)ip B(CNC) -22 B(NCC) 18
24 17.7 1
/ Ring twisting 6 6 6 618 B(CCN) 18
T(CCCC) -10 t(CCCN)
482 n.a. 500 495.00 517 17 T(SCNC) -22
442 B(C-S) oop ,
. 443 438.57 442 v(NiCl) 90
/BCCO) ip (nich
] 124 41976 ] rl(é:CCC) 32 T(CNCC) -
- 407 402.93 - v(SC) 42
- 325 321.75 - v(NiS) 70
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- 304 300.96 - v(NiCl) 96

- 280 277.20 - B(NCS) 30 B(SCN) 36

212 B(C-SH) | ] ] ]

oop
B(CSNi) -12 B(NiSC)

- 190 188.10 - 12 T(NCCC) 16
T(CNCS) 14

- 135 133.65 - T(CISCINi) 76

] 124 122,76 ] B(CINICl) 72 B(SNiS) -
10

] 107 105.93 ] 6[i(C|N|5) -28 T(CISSNi)

- 88 87.12 - B(SNis) 57

i 82 81.18 i B(CINis) 47 B(CINicl)
-12

- 55 54.45 - B(CSNi) 29 T(CNCS) 21
T(NCSNi) 34 T(CSNiS) -

- 39 38.61 - 12 T(SNiSC) 12
T(NiSCC) 36

] 53 2277 ] T:csm) 11 t(NiSCC)

v: stretching, va: asymmetric stretching, vs: symmetric stretching, : bending, t: torsion, ip: in
plane, oop: out of plane, n. a.: not assigned, PED: Potential Energy Distribution, + values: for
symmetric modes, - values: asymmetric modes. Percentage contributions of the PED values of
each mode are given only for values greater than 20% or the highest percentage value for that
mode for values less than 20%.

*: Taken reference [12],
**: The 53 reference is taken as the source.
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Table S2. Experimental FT-IR modes of pD with theoretical and experimental vibration modes of
compound 2

Experimental FT- | Theoretical vibration modes of 2 .

Experimental .
IR modes and ET-IR modes Assignments and PED
assignments of | Unscaled Scaled (%)**

of 2
pD*
- 3171.12 (IR, Ra) 2958.66 3026 v(CH) 37 v(CH) 35
- 3169.42 (Ra) 2957.07 - v(CH) -35 v(CH) 38
- 3157.19 (Ra) 2945.66 - V(CH) -44 v(CH) -44
- 3154.48 (Ra) 2943.13 - v(CH) -44 v(CH) 44
- 3081.79 (Ra) 2875.31 - v(CH) 38 v(CH) 36
- 3079.34 (IR, Ra) 2873.02 2991 v(CH) -37 v(CH) 38
2961 "”(.CH) 3043.34 (IR, Ra) 2839.44 2951 v(CH) 45 v(CH) 45
(equatorial)
(zaisijl)vs(CH) 3038.71 (IR, Ra) 2835.12 2859 v(CH) 45 v(CH) -45
- - - 1625
- - - 1584
- 1511.81 (IR, Ra) 1496.69 - B(HCH) -36 B(HCH) -41
- 1502.54 (IR) 1487.30 - B(HCH) -38 B(HCH) -40
- 1502.32 (IR, Ra) 1487.29 - B(HCH) -44  B(HCH) 42
1453 CH,sym.
deformation 1494.28 (IR, Ra) 1479.34 1431 B(HCH) -45 B(HCH) 43
1445 CHasym- | 1 114 37 (Ra) 1400.23 - t(HCOC) 22
deformation
; 1412.60 (Ra) 1398.47 - t(HCOC) 23
- 1389.38 (IR) 1375.49 - T(HCOC) 15
1375 CH 1378.16 (IR, Ra) 1364.39 1373 T(HCOC) 19
wagging
1366 CH;
wagging + CC 1326.18 (Ra) 1312.92 - B(HCO) -24 B(HCO) 31
stretch
- 1301.22 (IR, Ra) 1288.21 1283 B(HCO) -27 B(HCO) 29
1289 CH; 1274.70 (IR) 1261.95 1256 B(HCO) -19
twisting
1255 CH, B(HCO) 22 B(HCO) -25
ewisting 1225.81 (Ra) 1213.55 B(HCO) -20
- 1146.40 (Ra) 1134.94 - 7(COCC) -22 t(COCC) -22
1122 coc 1119.47 (IR) 110828 | 1110 v(0C) 29 v(0C) -21
asym. stretch
1084 CH, 1097.55 (IR) 1086.57 1076 v(0C) -17
rocking
; 1055.47 (IR) 1044.92 - v(0€) 37 v(0C) -22
1048 ring
trigonal def. 1049.11 (IR, Ra) 1038.62 - B(COC) 22
- 1026.22 (IR, Ra) 1015.96 1031 v(CC) 44
888 CCstretch | 893.44 (IR) 884.51 888 B(0CC) 23
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874 COCsym. | ¢19.81 (IR, Ra) 841.31 850 v(0C) 23

stretch

- 826.56 (IR) 818.29 - v(0C) 24 v(OC) 22

- 802.56 (IR, Ra) 794.53 - v(OC) 26

614 CH: rocking | ci0 43 (1R) 602.35 621 B(COC) -21

+ ring def.

- 471.99 (Ra) 467.27 - B(OCC) 23 B(OCC) -20
- 451.61 (IR, Ra) 447.09 - v(Cd0) 13 8(COC) 26
- 402.32 (IR, Ra) 398.30 - B(COC) 14

- 354.85 (IR) 351.30 - v(CdCl) 49 v(CdCl) -49
- 286.65 (IR, Ra) 283.78 - v(CdCl) 50 v(CdCl) 50
- 274.89 (IR) 272.14 - 7(COCC) -19

- 259.17 (IR) 256.58 - B(CdOC) 22 t(0CCO) 34
- 172.88 (IR) 171.15 - v(CdO) 76

- 140.67 (IR, Ra) 139.26 - B(CdOC) 67

- 84.96 (IR) 84.11 - 8(cicdcl) 93

- 72.58 (IR) 71.85 - T(ClocICd) oop -83

- 69.73 (IR, Ra) 69.03 - B(CICdO) 81

- 41.23 (IR) 40.82 - 1(CdCCO) oop 79

- 34.08 (IR, Ra) 33.74 - T(CIcdoC) -90

v: stretching, va: asymmetric stretching, vs: symmetric stretching, : bending, t: torsion, ip: in plane, oop:
out of plane, n. a.: not assigned, PED: Potential Energy Distribution, + values: for symmetric modes, -
values: asymmetric modes. Percentage contributions of the PED values of each mode are given only for
values greater than 20% or the highest percentage value for that mode for values less than 20%.

*: Taken from reference [26].
**: The 53 reference is taken as the source.
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Figure S1. Graphs showing the relationships between the experimental vibrational wavenumbers and the
theoretically calculated vibrational wavenumbers of compounds 1 (a) and 2 (b)
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Figure S2. FT-IR spectrum of solid state 2MP (a), experimental FT-IR spectrum of compound 1 (b), and
theoretical vibration spectra of compound 1; FT-IR spectrum (c) and FT-Raman spectrum (d)
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Figure S3. FT-IR spectrum of liquid state pD (a), experimental FT-IR spectrum of compound 2 (b), and
theoretical vibration spectra of compound 2; FT-IR spectrum (c) and FT-Raman spectrum (d)



