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Two new heteronuclear Cd(II)/Co(IlI) compounds, {[Cd(1-meim)3Cdp s(1-meim)Co(p-CN)4(CN)2]1}, (1) and
{[Cd(1-etim)3Cd 5(1-etim)2Co(p-CN)3(CN)3]-H20}, (2) (1-meim: 1-methylimidazole, 1-etim = 1-ethyl-
imidazole), have been synthesized and characterized using elemental analysis, FT-IR and Raman spectroscopy,
single-crystal X-ray diffraction techniques. The single crystal X-ray study shows that the compound 1 exhibited a
1D double chain structure and is further linked into 3D supramolecular architectures through C—H---N and =---n
interactions. Whereas the compound 2 displayed 2D network which is extended into a 3D supramolecular
framework by O—H---N hydrogen bonds and C—Heeer interactions. In 1 and 2, each Co(III) ion is coordinated by
six carbon atoms from cyanide ligands, thus showing an octahedral coordination geometry. Cd1 and Cd2 ions
exhibited two different geometries, distorted trigonal bipyramidal and octahedral. Furthermore, phase purities,

catalytic and thermal properties were investigated.

1. Introduction

Coordination compounds, also known as coordination complexes,
are a class of compounds in which a central atom or ion (usually a metal)
is surrounded by a set of molecules or ions, known as ligands, that are
bonded to it. The central atom or ion and the ligands are connected via
coordinate covalent bonds, where the ligands donate electron pairs to
the metal atom or ion. One of the most well-known classes of coordi-
nation compounds is coordination polymers (CPs) [1]. CPs are formed
by the assembly of two different building blocks: the metal entities
(metal ion or metal complex) and the bridging ligands [1-8]. The se-
lection of bridging ligands plays a very important role in the formation
of CPs [9]. Therefore, this formation requires usually multidentate li-
gands with two or more donor atoms. Research on CPs bridged with
cyanide ligands continues to attract interest [10-15]. Cyanide ligands
are widely used due to their ability to act as both c-donor and
n-acceptor, their negative charge, and their dual character [16-19]. The
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cyanide groups can partly or fully participate in the formation of coor-
dination bonds with various transition metal ions to generate different
structures by the combinations of them, which result in practically zero-,
one-, two- and three-dimensional structures [20-22].

The versatility and wide-ranging applications of hex-
acyanometallates make them an important area of study in inorganic
chemistry, materials science, and various applied fields. Hex-
acyanometallates serve as key examples in studies of coordination
chemistry and crystal engineering. They often form well-defined struc-
tures, such as the famous Prussian blue analogues, which are used to
understand metal-ligand interactions and coordination networks [23].
Many hexacyanometallates exhibit interesting magnetic properties,
including ferromagnetism and ferrimagnetism [24]. It acts as a catalyst
in various chemical reactions [25]. The ability of metals to stabilize
different oxidation states makes them useful in redox reactions,
including environmental applications such as organic transformations
and degradation of pollutants. Hexacyanometallates are used in
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electrochemical applications such as batteries, electrochromic devices,
and sensors [26-28]. Additionally, hexacyanometallates can be used to
remove toxic metal ions from contaminated water and soil. It is used in
the development of advanced materials, including nanoporous materials
and frameworks [29,30]. These materials have potential applications in
gas storage, separation and catalysis [31]. Some hexacyanometallates
exhibit interesting photophysical properties such as luminescence and
photochromism [32,33]. These properties are useful in the development
of light-emitting devices, sensors, and molecular switches. Hex-
acyanocobaltate(IIl) complexes are an important class of coordination
compounds characterized by their octahedral geometry, low-spin elec-
tron configuration, and significant stability due to the strong field
strength of cyanide ligands. Transition metal hexacyanocobaltates(III)
refer to CPs that also offer physical properties that can be exploited for
technological applications. These properties make them useful in a va-
riety of chemical and industrial applications [25,34]. Additionally, there
are structures with two different centers containing Cd(Il) ions [35,36].

The intensive use of fossil fuels for energy directly leads to air
pollution and indirectly to water and soil pollution. In short, the use of
fossil fuels seriously disrupts the all ecosystems at the same time. In this
respect, it is the greatest danger that humans have discovered. There-
fore, it is necessary to seriously reduce the use of fossil fuels. The main
approach to minimize the impact of fossil fuels is the discovery or use of
alternative energy sources. In this respect, hydrogen is one of the best
alternatives to fossil fuels as a green, renewable and clean energy source
[37]. Because the energy density of hydrogen (142 MJ/kg) is almost
three times higher than the energy density of oil (47 MJ/kg) [38].
However, there are still significant challenges in the efficient produc-
tion, storage and transportation of hydrogen [39-41].

Although a variety of methods are used in hydrogen production, one
of the most commonly used ones is the production of hydrogen gas from
NaBH, due to its high hydrogen capacity (10.8 wt%), high stability, non-
toxicity, cheapness and easy accessibility, and its use in proton-exchange
membrane fuel cells [42,43]. Under normal conditions, hydrogen gas
can be produced from NaBH4 by hydrolysis or methanolysis without the
need for a catalyst. However, since this natural process is extremely
slow, a catalyst is definitely needed. Apart from this, monoterpenes are
also a certain class of compounds produced by plants for various pur-
poses, including defense, attraction, etc. The various pharmaceutical
properties exhibited by these compounds, such as anti-bacterial, anti-
cancer, etc., make monoterpenes very valuable chemicals in synthetic
chemistry. In addition, many compounds of commercial importance can
be obtained by the reaction of monoterpenes as starting materials
[44,45]. For this purpose, the catalytic properties of the coordination
compounds synthesized in this study were investigated.

In the literature, the metal compounds utilizing the imidazole ligand
and its derivatives have been studied [46-56]. However, specific
research on hexacyanometallate(III) compounds with imidazole and its
derivatives are scarce [57,58]. In our previous studies, tetracyanome-
tallate(II) compounds were synthesized and structurally examined using
metal(II) (M(II) = Cu, Zn or Cd), 1-meim and 1-etim ligands [59-65]. As
a continuation of these studies, we present two new cadmium(II)/cobalt
(1II) cyanide bridged compounds with 1-meim and 1-etim ligands, {[Cd
(1-meim)3Cdg 5(1-meim)Co(p-CN)4(CN)21}, (€D} and {[Cd(1-
etim)3Cdg 5(1-etim)2Co(u-CN)3(CN)3]-H20}, (2). Their vibrational
spectra (FT-IR and Raman), single-crystal and powder X-ray diffractions
and thermal analytical properties were investigated. Furthermore,
compounds 1 and 2 were tested as catalysts in both hydrogen pro-
ductions by methanolysis of NaBH4 and oxidation of Thymol (a
monoterpene).

2. Materials and methods
2.1. Materials and instruments

Cadmium(II) acetate dihydrate (Cd(CH3COO)2-2H50, Acros, 99 %),
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Table 1

Crystal data and structure refinement parameters for compounds 1-2.
Crystal data 1 2
Empirical formula C44H48Cd3C0oN2g Ce2Hg4Cd3C0oN3504
Formula weight 1424.16 1764.67
Crystal system Monoclinic Orthorhombic
Space group P2,/n Pbca
a (1“\) 7.5320 (4) 17.4403 (18)
b (A) 22.6223 (13) 15.5105 (14)
c(A) 16.5707 (9) 28.968 (3)
pC) 98.122 (2) 90.00
V (A% 2795.2 (3) 7836.0 (13)
Z 2 4
D. (g cm™3) 1.692 1.496
p (mm™Y) 1.76 1.28
6 range (°) 2.5-28.4 1.8-28.3
Measured refls. 65,890 244,354
Independent refls. 6950 9743
Rint 0.049 0.056
S 1.03 1.11
R1/wR2 0.029/0.058 0.037/0.090
APmax/APmin (€A™ 0.39/-0.50 0.41/-0.57
CCDC 2,355,652 2,355,653

potassium hexacyanocobaltate(III) (K3[Co(CN)g], Acros, 95 %), 1-meth-
ylimidazole (C4HeNy, Merck, 99 %), 1-ethylimidazole (CsHgNo, Fluo-
rochem, 99 %) and ethanol (CyHsOH, Merck) were purchased from
commercial sources and were used as received. Elemental analyses were
carried out on LECO, CHNS-932 analyzer for C, H and N at the Middle
East Technical University Central Laboratory. The FT-IR spectra of the
compounds were carried out as KBr pellets in the range of 4000-400
em ™! (4 em™! resolution) on a Perkin Elmer spectrum 100 FT-IR spec-
trometer which was calibrated using polystyrene and CO. bands
(Fig. S1). Raman spectra of the compounds were recorded in the region
4000-400 cm ™! on a Bruker Senterra Dispersive Raman instrument
using laser excitation of 785 nm line of a 3B diode laser (Fig. S2). Powder
X-ray diffractions (PXRD) were carried out with Cu-K,, irradiation using
a PANalytical Empyrean device. PXRD patterns of the compounds were
recorded to control their phase purities. Powder X-ray diffraction
(PXRD) plots are usually recorded in reflection geometry. This is the
standard technique used in most powder XRD analyses. In powder XRD
measurements, the reflection geometry is more commonly used with
instruments such as the PANalytical Empyrean because it is simpler and
has a wider range of applications. The experimental PXRD patterns of
the complexes are well-matched with simulated patterns from the single
crystal structure with the use of Mercury program (Fig. S3). Thermal
analyses of the compounds were performed in a static air atmosphere
with a heating rate of 10 °C per minute in the range of 30 to 1000 °C
using platinum crucibles (Fig. S4).

2.2. Single crystal X-ray diffraction (SC-XRD) analysis

Suitable crystals of 1-2 were selected for data collection which was
performed on a D8-QUEST diffractometer equipped with a graphite-
monochromatic Mo-K, radiation (A = 0.71073 10\) at 293 K. The struc-
tures were solved by direct methods using SHELXS-2013 [66] and
refined by full-matrix least-squares methods on F? using SHELXL-2013
[67]. In 2, the H atoms of water molecule were in a difference map and
refined freely. The other H atoms were located from different maps and
then treated as riding atoms with C—H distances of 0.93-0.97 A. The
following procedures were implemented in our analysis: data collection:
Bruker APEX3 [68]; program used for molecular graphics were as
follow: MERCURY programs [69]; GUI for other software related to
structure solution: WinGX [70]. Details of data collection and crystal
structure determinations are given in Table 1.
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2.3. General synthesis methods

A solution of 4 mmol of 1-meim (0.328 g) or 1-etim (0.385 g) in 15
mL of ethanol was added dropwise to the stirring solution of 1 mmol Cd
(CH3CO0)3-2H50 (0.266 g) dissolved in 20 mL of water. After stirring
for 15 min, the clear white solution formed was added dropwise to 1
mmol K3[Co(CN)s] (0.332 g) in dissolved in 20 mL of water. The solu-
tions were stirred for 50 °C for 4 h in a temperature-controlled bath. The
obtained solutions were filtered and kept for crystallization at room
temperature. {[Cd(1-meim)3Cdg 5(1-meim)Co(u-CN)4(CN)21}, (1) and
{[Cd(1-etim)3Cdg 5(1-etim)2Co(p-CN)3(CN)3]-H20}, (2) single crystals
were obtained by slow evaporation after two weeks. Colorless crystals of
the compounds were obtained in (0.094 g) 48.26 % yield for compound
1 and (0.085 g) 57.20 % yield for 2 (based on Cd(CH3COO),-2H50).
Anal. Calcd. for C44H4gCd3Co2N2g (1) (MW = 1424.16 gmol_l): C37.11,
H 3.40, N 27.54 %; found C 37.03, H 3.08, N 26.85 %. Anal. Calcd. for
Ce2HgaCd3Co2N3205 (2) (MW = 1764.67 gmol’l): C 43.08, H 4.66, N
25.93 %,; found C 42.97, H 4.28, N 25.62 % (see Scheme 1).

2.4. Hydrogen production tests

Metal complexes were used for hydrogen production via NaBHy4
methanolysis and its catalytic activity was evaluated. The experimental
setup consisted of a sealed glass flask, a gas burette, and a water bath.
The volume of hydrogen gas generated during the methanolysis reaction
was determined by measuring the volume of water displaced in a 500 mL
gas burette. Furthermore, the effects of varying amounts of catalysts and
NaBH4 and different temperature conditions on the hydrogen produc-
tion rate were investigated. This investigation to identify the optimal
reaction conditions that would yield the catalyst’s maximum hydrogen
generation rate. Finally, the hydrogen generation rate of the catalyst
under its respective optimum conditions was determined.

2.5. Thymol oxidation

Catalytic oxidation of Thymol experiments was conducted in a sealed
glass tube with a magnetic stirrer under specified conditions. In a typical
experimental procedure, the required amounts of reactants were
calculated. Then, first the catalyst and then the substrate (Thymol) were
added to the solvent and the reaction temperature was reached by
stirring. Finally, the reaction was started by adding the oxidant. At the
end of 24 h, the reaction was stopped, and the Gas Chromatography (HP-
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Fig. 1. The molecular structures of 1 (a) and 2 (b) showing the atom numbering
schemes. [(i) x-1,y, z; (ii) —x, -y + 1, —z; (iii) —x + 1, -y + 1, —z for 1; (i) —x
+1,-y+1, —z+1; () —x + 1, y-1/2, —z + 3/2 for 2].

5 quartz capillary column 30 m x 0.32 mm x 0.25 pm equipped with an
FID detector) method was used for the analysis of the reaction
components.
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Table 2
Selected bond distances for compounds 1-2 (A, ).
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Compound 1

Cd1-N1 2.328(2) Cd1-N3 2.243(2)
Cd1-N5 2.256(2) Cd1-N7 2.253(2)
Cd1-N10' 2.338(2) Cd2-N8 2.362(2)
Cd2-N9! 2.392(2) Cd2-N13 2.309(2)
Co1-C13 1.900(2) Col-Cl4 1.901(2)
Col-C15 1.907(2) Co1-C16 1.892(2)
Co1-C17 1.903(3) Co1-C18 1.906(3)
Compound 2

Cd1-N1 2.331(3) Cd1-N3 2.349(3)
Cd1-N5 2.366(3) Cd2-N11 2.234(3)
Cd2-N13 2.246(3) Cd2-N15 2.249(3)
Cd2-N6' 2.347(2) Cd2-N7 2.348(2)
Col-Cl11 1.892(3) Co1-C12 1.894(3)
Co1-C13 1.893(3) Col-C14 1.901(3)
Col-C15 1.909(3) Co1-C16 1.913(3)

Symmetry codes: (i) x-1, y, z for 1; (i) —x + 1, y-1/2, —z + 3/2 for 2.
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Fig. 2. An infinite 2D supramolecular network in 1 (a), 2 (b).
3. Results and discussion
3.1. Structural analysis of the compounds

The single crystal X-ray study shows that the heterometallic com-
pound 1 has one-dimensional CP, while the heterometallic compound 2
has two-dimensional CP. The compound 1 has P2;/n space group, while
the compound 2 is Pbca. The asymmetric unit of 1 consists of one and a
half Cd(II) ions, one Co(III) ion, six cyanide ligands and four 1-meim
ligands, while the asymmetric unit of 2 consists of one and a half Cd
(I1) ions, one Co(III) ion, six cyanide ligands, five 1-etim ligands and one
water molecule (Fig. 1). In 1-2, the Cd(II) ion [Cd1 in 1 and Cd2 in 2] is

Table 3

Hydrogen-bond parameters for compounds 1-2 (A, °).
D-H--A D-H H--A DA D-H--A
Compound 1
C1-H1---N11Y 0.93 2.31 3.213(3) 163
C12-H12A.-N12" 0.96 2.60 3.378(5) 139
Compound 2
Ol-HleNS‘_ 0.86(2) 2.07(3) 2.914(7) 168
O1-H1A.--N8Y 0.86(2) 2.16(3) 3.002(7) 167

Symmetry codes: (v) x-1/2, —y + 3/2,z + 1/2; (vi) —x, -y + 1, —z + 1 for 1; (i)
—x+1,-y+1,-z+1;(iv) x,y + 1, z for 2.

Table 4

C—H''n and 7n""x interactions parameters for 1-2 (A, °).
D-H--Cg D-H H--Cg D--Cg D-H--Cg
Compound 2
C25»H25A-~~Cg(5)i 0.97 2.72 3.6510 (4) 161
CgM Cg()) Cg-Cg Perpendicular distance
Compound 1
Cg(3) Cg(3)' 3.7768 (2) 3.4352

Symmetry codes: (i) 1-x, —y, —z; Cg(3) = N5/N6,/C9/C10/C11 for 1, (i) x-1/2, y,
1/2-z; Cg(5) = N15/N16,/C27,/C28/C29 for 2.

coordinated by three nitrogen atoms from ligands [1-meim in 1 and 1-
etim in 2] and two nitrogen atoms from cyanide ligands (Table 2),
thus showing a trigonal bipyramidal coordination geometry. The ge-
ometry of these Cd(II) ions can be evaluated by the Addison distortion
index tau [t = (B-a)/60, where a and  are the two largest coordinated
angles in the complex]. In a five-coordinate geometry, T = O for a square
pyramidal geometry and t© = 1 for a trigonal bipyramidal geometry. The
7 values are 0.87 for 1 and 0.90 for 2. In 1, the Cd2 atom is coordinated
by two nitrogen atoms from 1-meim ligands and four nitrogen atoms
from cyanide ligands, while in 2, the Cd1 atom is coordinated by four
nitrogen atoms from 1-etim ligands and two nitrogen atoms from cya-
nide ligands (Table 2). Thus, the Cd(II) ions [Cd2 in 1 and Cd1 in 2] have
an octahedral coordination geometry. In 1-2, each Co(IIl) ion is coor-
dinated by six carbon atoms from cyanide ligands, thus showing an
octahedral coordination geometry. The metal ions are bridged by cya-
nide ligands to form [Cd2Co2(CN)4] in 1 and [CdgCoe(CN)12] units in 2.
The CdeeeCo separations are 5.378 and 5.438 Ain1and 5.254, 5.298
and 5.305 A in 2. In 1, the combination of [Cd2Co2(CN)4] units produces
a one-dimensional CP running parallel to the [100] direction (Fig. 2a),
while in 2, the combination of [CdgCog(CN)12] units produces a two-
dimensional CP running parallel to the bc plane (Fig. 2b). In 1, two-
dimensional molecular packing is achieved by C—H---N hydrogen
bonds (Table 3) and =---m interactions (Table 4), while in 2, three-
dimensional molecular packing (Fig. 3) is achieved by O—H:-N
hydrogen bonds and C—H---x interactions.

3.2. Spectral (FT-IR and Raman) analysis

Vibrational spectra, as observed by infrared absorption and Raman
scattering, are direct manifestations of these forces. Interatomic forces
can be expressed as force constants (or compliance constants, which may
be more appropriate in some cases) which determine the vibrational
frequencies of the system [71]. The FT-IR and Raman spectra of the
compounds 1 and 2 can be seen in Figs. S1 and S2, respectively, and are
listed in Table S1. The presence of bands belonging to the ligands in the
FT-IR and Raman spectra of the compounds indicates the presence of 1-
meim and 1l-etim in the compounds. Vibrational wavenumbers and
vibrational assignments for 1-meim and 1-etim are taken from studies in
the literature and are given in Table S1 [72,73]. The vibrational
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(b)

Fig. 3. An infinite 3D supramolecular network in 1 (a) and 2 (b).

absorption bands for compound 2, observed between 3500 and 3250
em™}, are assigned to the symmetric and asymmetric ¥(OH) stretching
vibrations of water molecules. Additionally, the presence of water
molecules is indicated by two vibrational bands at 1525 and 1414 cm ™%,
corresponding to 8(OH) deformation vibrations. Elemental, thermal,
and XRD analyses further confirm the presence of water in compound 2.

As can be seen from Table S1, the vibrational spectral analyses for 1-
meim and 1-etim ligands are performed based on v(CH), V(CH3), Vring,
V(N-CH3), 8(CH3), Y(CH) and 8,i,g vibrations. The bands observed in the
FT-IR spectra of 1-meim and 1-etim ligands in the range of 3100-3000
cm! belong to v(CH) vibrational bands [72,73]. The v(CH) stretching
vibrations originating from the imidazole ring of 1-meim and 1-etim
ligands are assigned as 3136 cm™!, 3102 cm ! and 3027 ecm™! for
compound 1 and 3132 cm ™! and 3117 em ™! for compound 2 in the FT-IR
spectra. The v(CH) stretching vibrations in the Raman spectra are
assigned as 3183 cm ™!, 3109 cm™! and 3045 cm ™! for compound 1. The
absorption bands of v(CH3) and v(CH) groups in the complexes are
observed at 3130-2930 cm ™! range and shift towards lower or higher
frequencies according to the ligands. It was found that these vibrations
correspond to the vibrations of C1-H1 and C12-H12 bonds for compound
1, and from crystallographic data, these bond lengths are 0.93 A and
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0.96 A, respectively. The v(C—H) bands seen in the FT-IR spectrum of
compound 1 are observed as [3132 cm_l, 3106 cm™! and 3025 cm ™! for
C1-H1 and 2987 cm ™! and 2952 ecm™! for C12-H12]. The v(OH) bands
seen in the FT-IR spectrum of compound 2 are at wavenumbers [3503
cm ! for O1-H1 and 3259 cm ™! for O1-H2]. It was found from crystal
data that the bond lengths corresponding to these vibrations were 0.86
) A. 8(CHj3) vibration bands in ligands occur between 1558 and 1028
em™! in FT-IR, spectra. When aromatic ring nitrogen is involved in
complex formation, certain ring modes, especially at 1229 cm ™! and
1228 cm™, increase in value both due to coupling by M—N (ligand)
bond vibrations and due to changes in the ring force field. These shifts
can be explained as the coupling of the internal modes of 1-meim and 1-
etim molecules with M—N (1-meim and 1-etim) vibrations. Similar shifts
have been observed in the vibrational spectra of other metal-
coordinated imidazole complexes [53,74,75].

The most important point of the FT-IR and Raman spectra of the
compounds include the characteristic vibrations of the cyanide groups
between 2200 cm ™! and 2000 cm ™! [76]. The number and positions of
V(C=N) absorptions reveal bridging or terminal cyanides in the com-
pounds. V(C=N) vibrations are observed in two regions, 2148 cm’l,
2126 cm™! for compound 1 and 2135 cm ™! and 2120 cm ™! for com-
pound 2. The strong and sharp absorption band observed at 2148 cm™!
for 1 and 2135 cm™! for compound 2 is the stretching vibration of
bridging cyanide groups, the other band observed at 2126 cm™! for
compound 1 and 2120 cm™! for compound 2 is the terminal cyanide
originating from groups. A;g and B1g modes in the Raman spectrum of
the K3[Co(CN)g] were observed in 2150 cm ! and 2137 ecm”l, respec-
tively. These modes were observed in 2260 em ! and 2234 cm ™! (for 1),
2255 cm ™! (for 2) in the Raman spectra of the compounds. According to
these spectral values, A;; and B;g; modes were shifted to the high fre-
quency range in the compounds. Terminal cyanide frequencies v(CN) in
cyanide-bridged compounds are generally observed at lower frequencies
than the v(CN) frequencies of bridging cyanides [77,78]. Bridge cyanide
frequencies in cyanide-bridged compounds are observed at higher fre-
quencies due to kinematic coupling [79,80].

When the FT-IR and Raman spectral data of the compounds were
compared with the single crystal X-ray data, it was seen that the results
were compatible with each other. Accordingly, the bond lengths of
C14=N8 and C13=N7 for compound 1 were found to be 1.146(3) A. cd-
N bond lengths in compound 1 are Cd1-N1 = 2.328(2) f\, Cd1-N3 =
2.243(2), Cd1-N5 = 2.256(2), Cd1-N7 = 2.253(2), Cd1-N10 = 2.337(2),
Cd2-N8 = 2.362, Cd2-N9 = 2.392 and Cd2-N13 = 2.309 A. The
stretching bands seen in the FT-IR spectrum of compound 1 [2148 cm™?
for C14=N8 and 2126 cm ! for C13=N7]. For compound 2, the C13=N7
and C11=N5 bond lengths were found to be 1.148(4) and 1.142(4)10\,
respectively. Cd-N bond lengths in compound 2 are Cd1-N1 = 2.331 A,
Cd1-N3 = 2.349, Cd1-N5 = 2.336, Cd2-N7 = 2.348(2), Cd2-N11 =
2.234(3), Cd2-N13 = 2.246(3) and Cd2-N15 = 2.249 A. Stretching
bands seen in the FT-IR spectrum of compound 2 [2135 cm™! for
C13=N7 and 2120 cm ™! for C13=N7].

3.3. Thermal analysis

To determine the thermal behaviour of the compounds, the thermal
analysis curves of the compounds were recorded in the temperature
range of 30-1000 °C under a dry air atmosphere (Fig. S4). The thermal
decomposition of compounds 1 and 2 proceeded in three steps. In its first
step, 1 loses three 1-meim ligands in the temperature range of
202-303 °C [found (calculated)(%) = 33.80 (34.56)]; In 2, one water
molecules remove from the structure in the temperature range of
110-200 °C [found (calculated)(%) = 2.04 (2.00)]. In the second step, 1
loses one 1-meim ligand in the temperature range of 303-415 °C [found
(calculated)(%) = 29.36 (28.75)]; For 2, it loses five 1-etim ligands in
the temperature range of 200-378 °C [found (calculated)(%) = 53.60
(54.47)]. In the last step, six cyanide ligands the released with strong
exothermic peak for 1 in the temperature range of 415-477 °C [found
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Fig. 4. Effects of compound 1 amounts (a), NaBH4 amounts (c), and temperature (f) on hydrogen generation of compound 1 and the calculated HGR values for
compound 1 (b), NaBH4 amounts (d), and temperature (f), respectively.
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(calculated)(%) = 20.98 (21.92)] and for 2 in the temperature range of
378-474 °C [found (calculated)(%) = 30.73 (31.26)]. (DTApax. =
448 °C for 1 and 435 °C for 2). After these stages, the solid products of
thermal decomposition are CdO + Co304 for 1 and 2. The decomposition

product, Co304, converted into CoO above 905 °C.

3.4. Hydrogen production results

In this study, to reveal the catalytic effects of compounds 1 and 2
were used to produce hydrogen from NaBH4 methanolysis. For this
purpose, the effects of catalysts (10-25 mg) and NaBH; amounts
(50-175 mg) and various temperature (0-50 °C) on hydrogen genera-
tion were investigated. HGR (hydrogen generation rate) data were
calculated based on half the theoretical hydrogen volume.
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The amount of catalyst is a quite important parameter for the
economy of the process. While a high catalyst amount is uneconomical, a
low amount results in an insufficient catalytic effect. Experiments were
conducted with varying amounts (10, 15, 20, and 25 mg) of catalysts.
During the experiments, 10 mL MeOH, 125 mg NaBHy4, 30 °C temper-
ature, and 700 rpm stirring speed were kept constant. The results of
compounds 1 and 2 were depicted in Fig. 4 (A and B) and 5 (A and B),
respectively. According to the results, 10, 15, 20, and 25 mg of com-
pound 1 produced the theoretical hydrogen volume in 6, 5.75, 5.75, and
5.5 mins, respectively. In terms of compound 2, the hydrogen generation
times were 5, 5.5, 5.75, and 4 mins, respectively. It was clearly under-
stood that the increase in the amount of catalyst positively affected
hydrogen production. For 10, 15, 20, and 25 mg compound 1 amounts,
HGR values were calculated 4364.7, 3866.7, 2487.9, and 2118.7 mL Ho.
min~'ggt, and 7103, 3208.8, 2804.2, and 2666.7 mL Hy.min 'gg: for
compound 2, respectively. It was observed that the HGR values for both
compounds decreased depending on the increase in the amount of
catalyst. At the same time, the HGR value obtained for compound 2 was
1.63 times higher than that of compound 1. Similarly, hydrogen pro-
duction was faster with compound 2. Since the highest HGR value for
both compounds were obtained at 10 mg catalyst, subsequent studies
were continued with this amount of catalyst. See Fig. 5..

Sodium borohydride amounts of 50, 75, 125, 150, and 175 mg were
used for both compounds to determine the effect of NaBH4 amount on
hydrogen production. Other conditions were kept constant: 10 mg
catalyst, 10 mL MeOH and 30 °C. The results were shown in Fig. 4 (C and
D), and 5 (C and D), respectively. As expected, the amount of hydrogen
increased with increasing amount of NaBH4. According to the results,
the theoretical hydrogen volume for 50, 75, 125, 150, and 175 mg
NaBH4 were produced 7.75, 7.5, 6, 5, and 4 mins for compound 1, and 7,
7, 5, 5, and 5.25 mins for compound 2, respectively. The HGR values
were 2276.4, 2901.1, 4364.7, 5681.3, and 9633.3 mL Hg.min’lg{;}t for
compound 1 and 2866.7, 3174.8, 7103, 6872.7, and 9600 mL Hy.min-
~1gz! for compound 2, respectively. It was clearly understood that the
increase in the amount of NaBH4 positively affected hydrogen produc-
tion. As with the catalyst amount, better high results were obtained with
compound 2 in NaBHy4 studies. Although the highest HGR value was
reached at 175 mg NaBH4 for both compounds, subsequent experiments
were continued with 125 mg NaBH,4 for comparison with the literature.

Kinetic studies of hydrogen production were carried out at 0, 30, 40,
and 50 °C temperatures for compounds 1 and 2. The experiments were
performed in the presence of 10 mg g catalyst, 125 mg NaBH,4 and 10 mL
MeOH. The results were presented in Fig. 4 (E and F), and 5 (E and F),
respectively. As can be seen, the rate of hydrogen production increased
as the temperature increased and the reaction completion time
decreased. For 0, 30, 40, and 50 °C temperatures, the reaction was
completed in 15.75, 6, 3.25, and 2.5 mins for compound 1 and 14.75, 5,
3.5, and 2.25 mins for compound 2, respectively. The HGR values were
2790.4, 4364.7, 9285.7, and 15200 mL Hy.min 'ge for compound 1
and 3869.2, 7103, 8142.9, and 18800 mL Hz.minflgc’alt for compound 2,
respectively.

Since activation energy (E,) is very important in hydrogen produc-
tion, activation energy was calculated with temperature data. Activation
energies were calculated according to the Arrhenius equation given in
Egs. (1) and (2):

k = A.e Ba/RT @
Ink = InA — E,/RT (2)

In the equation, k is the reaction rate constant, A is the Arrhenius con-
stant, R is the ideal gas constant, T is the temperature and E, is the
activation energy. Fig. 6 showed the 1/T graph plotted against Ink. The
activation energy was calculated from the slope of this graph. Accord-
ingly, the activation energy for compound 1 and 2 was calculated as
21.84, and 15.09 kJ.mol %, respectively. When both compounds were
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Table 5
Catalytic oxidation results of Thymol with using compound 1°

(0]
Cat., -BuOOH
HO Toluene, 24 h
¢}
Entry Solvent T(°C) sub/cat Oxidant Yield (%)
1 EtOH 60 100 t-BuOOH (1 mL) 35.4
2 CH3CN 60 100 t-BuOOH (1 mL) 33.2
3 Toluene 60 100 t-BuOOH (1 mL) 37.6
4 Toluene 30 100 t-BuOOH (1 mL) 30.5
5 Toluene 40 100 t-BuOOH (1 mL) 33.2
6 Toluene 60 100 t-BuOOH (1 mL) 37.6
7 Toluene 100 100 t-BuOOH (1 mL) 54.2
8 Toluene 100 100 H,0, (1 mL) 3.3
9 Toluene 100 100 t-BuOOH (2 mL) 83.6
10 Toluene 100 200 t-BuOOH (1 mL) 48.3
11 Toluene 100 50 t-BuOOH (1 mL) 97.8
12° Toluene 100 100 t-BuOOH (1 mL) 8.6
13° Toluene 100 100 t-BuOOH (1 mL) 47.6

3 Reaction conditions: ney: 4.8x107° mol, Vyojy. = 4 mL, t = 24 h.
b Without catalyst.
¢ With using compound 2.

compared, it was clearly seen that compound 2 had lower E, value than
compound 1. This result supports that compound 2 showed higher
performance in catalyst and NaBH, amounts and temperature experi-
ments. The compound showed faster catalytic effect due to lower acti-
vation energy. This made compound 2 a much more effective catalyst.

3.5. Reusability of compounds 1 and 2

It is quite significant to show the usability of the catalyst from an
industrial perspective. Therefore, reusability studies were carried out in
this study to show the economics of compound 1, and 2. Reusability
studies were carried out by using the same sample five times. After each
use, it was waited for 45 min and then next use was started. During the
experiments, 10 mg catalyst, 125 mg NaBH, and 30 °C were kept con-
stant. The results obtained for compounds 1 and 2 are presented in Fig. 7
(A and B). Accordingly, the required amount of hydrogen was produced
in all five uses. This result showed that compounds 1 and 2 have serious
potential in hydrogen production by methanolysis of NaBH4. However,
the hydrogen production period was extended after each use. It was
thought that the main reason for this was the accumulation of Na and/or
tetramethoxyborate residues on the catalyst surfaces in each use. Kaya
[81] obtained similar results during the reusability studies of activated
carbons produced from defatted spent coffee ground. It was stated that
this situation was caused by tetramethoxyborate residues accumulated
on the surface of activated carbons and the increase in solution viscosity.

3.6. Catalytic oxidation results

In catalytic activity studies, both compound 1 and compound 2 were
compared under the same conditions and it was determined that com-
pound 1 was more active (Entries 7 and 13). Therefore, the studies were
continued with compound 1. It was tested for the oxidation of Thymol to
Thymoquinone under several experimental conditions. As a result of the
test carried out in the absence of catalyst, the product formation found to
be below 10 % (Entry 12). In solvent effect experiments carried out at
60 °C, the highest product conversion was achieved with toluene (37.6
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%), followed by ethanol (35.4 %) and acetonitrile (33.2 %) solvents,
respectively (Entries 1-3). As a result, catalytic studies were continued
with toluene, which is the most suitable solvent. In temperature effect
experiments, 30, 40, 60 and 100 °C were studied, respectively (Entries
4-7). As expected, an increase in product yield was observed with
increasing reaction temperature. 54.2 % thymoquinone formation was
reached at 100 °C (Entry 7). When a different oxidant (H203) was used
under the same conditions, no significant product formation was
detected (3.3 %, Entry 8). In the ongoing studies, when the oxidant
amount (t-BuOOH) was doubled, 83.6 % thymoquinone was detected
(Entry 9). In terms of the substrate/catalyst ratio, when s/c = 200 was
used, almost half the conversion was obtained (48.3 %, Entry 10), while
at s/c = 50, it was observed that almost all of the substrate was con-
verted to desired product (97.8 %, Entry 11) (Table 5).

4. Conclusions

In this study, two new heteronuclear Cd(II)/Co(III) compounds were
synthesized using imidazole-derived ligands and characterized using
different techniques. The single crystal X-ray study shows that com-
pound 1 has one-dimensional CP, while compound 2 has two-
dimensional CP. Compound 1 is in the space group P2;/n, whereas
compound 2 is in the space group Pbca. When the 1-meim ligand was
replaced by the 1-etim ligand, 2D layer network was obtained, which is
extended into a 3D supramolecular framework by O—H:---N hydrogen
bonds and C—Heeer interactions. In the complexes, each Co(IIl) ion is
coordinated by six carbon atoms from cyanide ligands, thus showing an
octahedral coordination geometry. As a result of this study, the com-
pounds were characterized by different techniques and at the same time
the catalytic activities of the compounds were investigated and it was
shown that they could be alternatives to existing catalysts.
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