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New cobalt complexes, Col and Co2, were synthesized starting from
acetylacetone-S-methylthiosemicarbazone. The square planar cobalt(II) and
octahedral cobalt(IIT) complexes were characterized by FT-IR, UV-visible, 'H
NMR, and X-ray diffraction spectroscopies and mass spectrometry. Frontier
orbitals of the complexes were theoretically obtained to better understand the
complex structures and intermolecular interactions. The electrochemical
behaviors of Col and Co2 were investigated and the results were evaluated by
comparing with each other and with similar published compounds to deter-
mine their possible usage in various electrochemical technologies, such as
energy storage devices, electrocatalysts, and electrosensors. Metal-based oxida-
tion at around 0 V and metal-based reduction at around —1.0 V indicated that
these complexes are valuable for the proposed applications. By determining
the trolox equivalent antioxidant capacity and the radical scavenging activity
of the cobalt complexes, the compatibility between the antioxidant qualifica-

tion, redox, and theoretical calculation results was discussed.
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1 | INTRODUCTION

Comprehending basic features of electron transfer reac-
tions in functional materials is not only a demanding sci-
entific mission but also a necessity to investigate the
prediction of their practical usage. It thus comes as no
surprise that efforts have been made to qualitatively and
quantitatively investigate redox processes in complexes of
redox active metals such as cobalt.

The molecules of metal complexes have two redox
regions consisting of a metal center and a ligand. It has
been well documented that the ligand generally exhibits
one-electron reduction and oxidation under normal con-
ditions.!"?! However, the metal center plays an important
role in the level of redox activity of these complexes.
Expanding the redox activity of organic ligands by redox
active metals increases the number of total transformed
electrons, which extends the usability of the complexes in
energy conversion and storage applications due to their
possible high specific capacity. It is known that the redox
couples of metal complexes are considerably affected by
the nature of substituents on the ligand,*™® so detailed
redox characterizations of many metal complexes have
been examined to find material for possible applications.

Various metal complexes of salen-type ligands have
shown multiple voltammetric waves arising from
electron transfer in the metal center and/or the ligand.
There are many reports on cobalt complexes with a
salen ligand, but studies on those with N,O,-
thiosemicarbazone are few.[*'°! Moreover, experimental
studies on cobalt-salen complexes demonstrating cobalt-
based electron transfer reactions are very limited.!”*!

Although thiosemicarbazones and metal complexes
are known for their various biological activities, some
have also been investigated for their biosensor and opti-
cal material properties.' ™ For the detection of the cop-
per ions, a thiosemicarbazone of a propanedione
derivative has been recommended as a chromogenic opti-
cal sensor.!'® A thermally resistant zinc(II) complex of
4-methoxybenzaldehyde-thiosemicarbazone has been
investigated as a potential nonlinear optical material.!?!
The copper(ID!'”*® and cadmium(N"® complexes of
some thiosemicarbazones have been reported as suitable
compounds to produce some optical materials.

In 1987 and 1989, cobalt(Il) complexes of N,O,-
chelating S-alkylthiosemicarbazones were obtained using
salicylaldehyde derivatives.!>!®! However, cobalt com-
plexes of the thiosemicarbazones with a salen-like but
asymmetric N,O, donor set have not been studied for the
above-mentioned applications. Here, we synthesized
four- and six-coordinated cobalt complexes bearing
tetradentate thiosemicarbazone ligands to determine
their basic properties for bio- and optic-sensor

applications and also demonstrated the relationship
between antioxidant capacity and redox properties
(Figure 1). The novel complexes Col and Co2 were struc-
turally characterized using analytical and spectroscopic
methods. Redox properties were determined with cyclic
voltammetry (CV), square wave voltammetry (SWV), and
in situ spectroelectrochemical (SEC) measurements. The
antioxidant capacities of the complexes were determined
by 1,1-diphenyl-2-picryl hydrazyl (DPPH) free radical
scavenging assay and Cupric Reducing Antioxidant
Capacity (CUPRAC) methods, and the correlation
between the redox data and antioxidant capacity is dis-
cussed. In addition, detailed computations were per-
formed using the sets DFT/B3LYP and LanL2DZ to
confirm the experimental findings and to determine the
basic data for the structural features.

2 | EXPERIMENTAL

2.1 | Materials and physical
measurements

All chemicals were pure or analytical reagent grade. Ele-
mental analyses were obtained on a Thermo Finnigan
Flash EA 1112. Magnetic moments were measured by the
Gouy technique (on a Sherwood Sci. MK I model) at
room temperature. FT-IR data were obtained by an
Agilent Cary 630 spectrophotometer with an Attenuated
Total Reflectance (ATR) unit in the 4000-600 cm ™" range
and '"H NMR spectra by a Varian UNITY INOVA
500 MHz spectrometer. UV-visible (UV-Vis) spectra
were recorded on an Ocean Optics QE65000 diode array
spectrophotometer. Electrospray ionization mass spectra
(ESI-MS) were obtained on a Thermo Finnigan LCQ
Advantage MAX spectrometer.
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FIGURE 1 Synthesis scheme of cobalt complexes
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For X-ray diffraction analysis, suitable crystals of
complexes Col and Co2 were selected for data collec-
tion, which was performed on a Bruker D8-QUEST
diffractometer using graphite-monochromatic Mo-K,
radiation at 296 K (Table 2). The H atoms were located
from different maps and treated as riding atoms with
C-H distances of 0.93-0.96 A. The procedures used for
our analysis were solved by direct methods® then
refined by full-matrix least-squares methods and
SHELXL-2013.2!!  Data collection was by Bruker
APEX2,??! molecular graphics by MERCURY,'* and
the solution by WinGX.**!

2.2 | Synthesis

The starting material, acetylacetone-S-methylthiosemi
-carbazone hydrogen iodide, was prepared by reaction of
acetylacetone and S-methylthiosemicarbazide hydrogen
iodide according to literature methods.”*>"*”) Characteri-
zation data for the cream-colored compound are: yield
2.42 g, 70%; m.p. 160°C. Anal. caled for C,H;4N;OSI
(315.17): C 26.68, H 4.48, N 13.33, S 10.17; found: C
26.51, H 4.23, N 13.07, S 9.91%. FT-IR: v,(NH,) 3,327,
v(NH,) 3,260, (OH) 3,184, §(NH,), (C=N"), »(N*=C)
1,637-1,539. UV-Vis (in 107> M CHCls, Ay [nm], loge
[dm® cm™ mol™]): 242 (5.04), 252 (5.03), 361 (3.80). 'H
NMR: 9.39, 8.95 (cis/trans ratio: 1/3, s, 2H, NH,), 7.70 (s,
1H, OH), 3.23 (s, 2H, ~CH,-), 2.59 (s, 3H, S-CH3), 2.08 (s,
3H, C-CH3), 1.73 (s, 3H, C-CH,).

2.2.1 | N'-acetylacetone-N*-
2-hydroxybenzylidene-S-
methylthiosemicarbazidato-cobalt(II) (Col)

0.24 g (1 mmol) of CoClL,.6H,0 was added with stirring
to a methanolic solution (10 ml) of 0.32 g (1 mmol)
of acetylacetone-S-methylisothiosemicarbazone hydrogen
iodide and 0.1 ml (1 mmol) of 2-hydroxybenzaldehyde.
After refluxing the mixture for 15 min, 0.2 ml of Et;N
was added and then refluxing was continued for a further
2 hr. The precipitate, a brown-colored solid product, was
crystallized from a mixture of ethanol-dichloromethane
(1:1). Yield 0.14 g, 40%; m.p. 223°C; ucg (BM): 3.34. Anal.
caled for C4H;sN3;0,SCo (348.28): C 48.28, H 4.34, N
12.06, S 9.21; found: C 48.57, H 4.23, N 11.77, S 9.63%.
FT-IR: see Table 4. UV-Vis (in 107> M CHCls, Amax [nm],
loge [dm® cm™" mol™']): 241 (5.05), 297 (4.90), 396 (4.67),
495 (4.63), 548 (4.32). m/z (+c ESI-MS, % relative abun-
dance): 348.1 [M] (100.00), 695.7 [2M-1H] (70.48), 349.1
[M + 1H] (49.12), 696.7 [2M] 47.64.
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2.2.2 | Sodium diazido-N"-acetylacetone-
N*-2-hydroxybenzylidene-S-
methylthiosemicarbazidato-cobalt(III)
(Co2)

A solution of 0.2 g (0.57 mmol) of Coel in 10 ml of
methanol-dichloromethane (1:1) was slowly air bubbled
and then 0.1 g (1.5 mmol) of NaNj; dissolved in 10 ml of
methanol was added. The mixture was refluxed by
continuing aerial oxidation for 4 hr and the product was
filtered off. The clear solution was allowed to stand at
room temperature. After 24 hr, dark-brown crystals of
the complex formed a solid phase. Yield 0.09 g, 35%; m
p- > 350°C; peg (BM): approx. 0. Anal. caled for
C,4H,sNyO,SCoNa (455.33): C 36.93, H 3.32, N 27.69, S
7.04; found: C 36.47, H 3.51, N 27.28, S 6.77%. FT-IR: see
Table 4. UV-Vis (in 107> M CHCls, Amax [nm], loge
[dm?® cm™ mol™]): 242 (4.99), 357 (4.75), 509 (4.43). m/z
(+c ESI-MS, % relative abundance): 802.5 [2M-
(2N; + Na + H)] (100.00), 412.7 [M-N;] (66.22), 760.6
[2M-(3N; + Na + H)] (41.12), 803.5 [2M-(2N; + Na)]
31.71. '"H NMR: 7.85 (s, 1H, N*=CH), 7.55 (d, 1H, d), 7.26
(t, 1H, ¢), 7.19 (d, 1H, a), 6.50 (t, 1H, b), 5.03 (s, 1H,
=CH), 2.75 (s, 3H, S-CH3), 2.52 (s, 3H, C-CHs), 2.22 (s,
3H, C-CH,).

2.3 | Electrochemical measurements

CV and SWV measurements were performed on a
potentiostat (GAMRY Instruments, Reference 600 Pot-
entiostat/Galvanostat/ZRA) coupled by following the
procedure in the literature.!”®! The CV and SWV mea-
surements used a three-electrode system with a glassy
carbon electrode (GCE) as the working electrode with a
surface area of 0.072 cm?, a Pt wire counter, and a
Ag/AgCl reference electrode. The in situ UV-Vis spec-
troelectrochemical and electrocolorimetric measurements
used an Ocean Optics QE65000 diode array spectropho-
tometer coupled with a potentiostat. The data were
obtained in a thin-layer quartz spectroelectrochemical
cell with a three-electrode configuration using a Pt tulle
working electrode following the literature procedure.?*!

2.4 | Theoretical calculations

Molecular modeling of complexes was carried out using
the Gaussian 09 program!®”! and basic functional density
theory DFT/B3LYPP**3! with the 6-31G (d, p)'** base
set for the C, N, O, H atoms and the LanL.2DZ3*3*! base
set for cobalt(IT) and cobalt(IIT) atoms.
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2.5 | Antioxidant capacity and activity
tests

Total antioxidant capacity of the complexes (Col and
Co2) was assessed according to the CUPRAC method.*®!
By using the measurements at 450 nm, Trolox equivalent
antioxidant capacity coefficients (TEAC) coefficients
were calculated as the molar absorptivity ratio of each
compound to that of the trolox method (gyorox:
1.67 x 10* L mol™ cm™).

DPPH free radical scavenging assay was performed
using the following procedure. DPPH radical solution in
methanol (100 pM) was reacted with 5, 10, 15, 20, and
25 pM of the compounds for 30 min. The decrease in
absorbance was recorded at 515 nm."*”! The ICs, values
giving minimum concentration required to scavenge 50%
of DPPH radicals were calculated. The assays were car-
ried out in triplicate at room temperature and the results
expressed as mean value + standard deviation.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis, spectral, and structural
studies

Condensation of S-methylthiosemicarbazone and
2-hydroxybenzaldehyde by the template effect of
cobalt(IT) yielded the square planar complex Col, with
five- and six-membered chelate rings. Formation of diba-
sic N,O,-thiosemicarbazidato ligand by template conden-
sation and its coordination to cobalt(II) are simultaneous.
Completion of the reaction was monitored by FT-IR spec-
tra. Because OH and NH, groups react in this process
(see Figure 1), the bands v(OH) at 3,184 cm ™, »(NH,) at
3,327, and 3,260 cm™! for the starting material were not
observed in the FT-IR spectrum of complex Col. In addi-
tion, a new band appeared at 1,558 cm™" for the v(N*=C)

@)

vibration arising from condensation of NH, of S-
methylthiosemicarbazone and CH=O0 of salicylaldehyde.

The value of 3.34 BM obtained at room temperature
for Col indicates the high-spin structure of the cobalt(II)
center. The p.g value is lower than the expected values
(4.4-4.8 BM) for tetrahedral cobalt(II) complexes>®! and
indicates that the locations of donor atoms (O, N, N, O)
of the thiosemicarbazone are in a mold close to square
planar geometry. ESI-MS measurement for Col gave a
peak at 348.1 (100% relative abundance) corresponding to
the mole weight of the complex molecule (Supporting
Information Figure S5).

An anionic structure with azide ions in axial positions
was intended by considering the octahedral geometry
tendency of cobalt(III) ions. Using complex Col as the
starting material, a series of reactions was carried out
involving aerial oxidation of the cobalt(Il) center and
addition of NaNs. Repeated reactions resulted in the for-
mation of a neutral complex containing a sodium atom
instead of the anionic structure (see Figures 1 and 2b).
Complex Co2 has asymmetrical N,0,-chelating
thiosemicarbazone and azide ligands and its polymer
construction is similar to that of cobalt(IIT) complexes of
symmetrical salen ligands.**~*!!

The FT-IR spectrum of Co2 does not include the OH
and NH, bands of the S-methylthiosemicarbazone that
are seen for complex Col. The spectrum contains bands
at 2040 and 2014 cm™" arising from stretching vibrations
of the azide as co-ligand in addition to the bands similar
to those for Col. The octahedral complex Co2 is diamag-
netic and the cobalt(III) center is in a low-spin state
because of the strong field of the azide ligands.*” The 'H
NMR spectrum in DMSO-d¢(dimethyl sulfoxide-dg) of
complex Co2 does not contain any signal related to the
OH and NH, protons of the starting material. This find-
ing supports the FT-IR data since it shows that these
groups react by giving their protons. The proton signals
belonging to the acetylacetone, phenyl, and imine groups

FIGURE 2 The molecular
structures of Col (a) and Co2
(b) showing the atom

® numbering schemes
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FIGURE 3 The 1D (a)and 3D
(b) supramolecular network in Co2

[

@ (%)
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demonstrate that the square planar base in Col is protec-
ted in complex Co2 (Supporting Information Figure S7).
The mass spectrum of Co2 has peaks indicating some
fragments associated with two cobalt-centered structure
instead of a mononuclear unit (Figure 2b). The peaks for
2M-(2N; + Na + H), 2M-(2N; + Na), and 2M-
(3N3 + Na + H) correspond to the dimeric parts of this
polymer. As well as these, a fragment M-N3; (66.22% rela-
tive abundance), originating from the single unit, was
observed (Supporting Information Figure S6).

3.2 | X-ray crystallography

The molecular structures of Col and Co2, with their
atom numbering schemes, are shown in Figure 2. The
asymmetric unit of complex Col contains one cobalt(II)
ion and one dibasic thiosemicarbazidato ligand, while
the asymmetric unit of complex Co2 contains one
cobalt(III) ion, one Na(I) ion, one ligand and two azides
as co-ligands. In complex Col, the cobalt(II) is coordi-
nated by two oxygen atoms [Col-O1 = 1.820 (12) A and
Co1-02 = 1.835 (13) A] and two nitrogen atoms [Col-
N1 = 1.860 (14) A and Col-N3 = 1.818 (16) A] (see
Supporting Information Table S1) from the ligand, thus
showing distorted square planar coordination geometry.
In Col, atom C9 in the molecule at (x, y, z) acts as
hydrogen-bond donor to the O2 atom in the molecule at
(1-x2-y,1-7),so forming a C(7) chain which runs
parallel to the [101] direction (Supporting Information
Figure S2).

As seen in the crystal structure of Co2 (Figure 3a),
the unit NaCo(L)(N5), has one dibasic thiosemicarbazone
and two azide ions as ligands. Sodium atoms with octahe-
dral environments act as a bridge in this polymer struc-
ture. The cobalt atom is coordinated with the two oxygen
and two nitrogen atoms of the thiosemicarbazidato and

Applied . 50f12
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two nitrogen atoms from two azide molecules. The bond
lengths (A) Co1-O = 1.924 (11), Co1-02 = 1.901 (11),
Col-N1 = 1.880(13), Col-N3 = 1.879 (13), [Col-
N4 = 1.999 (11) and Col-N7 = 1.950 (11) display dis-
torted octahedral coordination geometry (see Supporting
Information Table S1). When the Na(I) ion is located on
a center of symmetry and coordinated by four oxygen
atoms [Nal-O1 = 2.374 (12) A and Nal-02 = 2.462
(13) A] and two nitrogen atoms [Nal-N4 = 2.523 (12) A]
from the neighboring thiosemicarbazone ligands, a dis-
torted trigonal prismatic coordination geometry is
obtained. Adjacent [CoL(Ns),] units are bridged by
Na(I) to generate a one-dimensional (1D) coordination
polymer (Figure 3a) that runs parallel to the [100] direc-
tion, with a Co-----Co distance of 6.136 A. Adjacent 1D
coordination polymers are further joined by C-H---x
interactions (Supporting Information Table S2), generat-
ing a 3D supramolecular network (Figure 3b).

Molecules similar to complex Co2 are salen com-
plexes with a symmetrical N,0O, donor set. Azide anions
are also in the axial position in the cobalt(IIT) complexes
of salen ligands obtained from 1,3-diaminopropane!*”’
and 1,2-diaminocyclohexane,[41] and their Co-N (azide)
bonds are approximately 1.96 A. In complex Co2, the
Co-N (azide) distances are different [1.999 (11) and 1.950
(11) A] due to the asymmetric N,O, set. The Na-N
(azide) bonds of Co2 are 0.05-0.097 A longer than those
of these salen complexes. Each of the bond lengths in the
O-Na-O bridges is different, but the values are compati-
ble with those of the salen complexes.

3.3 | Voltammetric measurements
Electrochemical characterizations of complexes Col and

Co2 were carried out with CV and SWV in DMSO/TBAP
(Tetrabutylammonium perchlorate) electrolyte on a GCE.
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TABLE 1 Electrochemical data for the complexes in DMSO/TBAP solution
Redox processes
Red, Red,
[Co'L]*~/[Co"L >~ [Co™L]/[Co"L]*~
Complexes Ey;» (V) AE, (mV) el Ey;» (V) AE, (mV) Iyallpc
Col -2.01 67 0.48 -1.14 77 0.54
Co2 -2.07 124 0.34 -1.17 87 0.56
OXdl OXdZ
[COIIL]/[COIIIL]1+ [COIIIL]1+/[COIIIL1+]2+
E1/2 (V) AEp (mV) Ip,a/Ip,c E1/2 (V) AEP (mV) Ip,a/Ip,c
Col —0.06 65 0.94 1.11 120 0.38
Co2 —0.11 (=0.37) = = 0.72 (0.95) = =
TABLE 2 Crystal data and structure refinement parameters CVs and SWVs were analyzed to derive basic redox

for the complexes

Col Co2
Empirical formula C14H;5CoN;0,S C14H;5CoNgNaO,S
Formula weight 348.28 455.33
Crystal system Orthorhombic Orthorhombic
Space group Pna2, Pna2,
a (A) 7.4748 (11) 7.228 (3)
b (A) 21.993 (4) 16.742 (6)
c(A) 8.8571 (15) 14.949 (4)
vV (A% 1456.0 (4) 1809.0 (10)
zZ 4 4
Diffractometer BRUKER D8-QUEST
Temperature (K) 296
D, (g cm™) 1.589 1.672
u (mm™) 1.33 1.12
0 range (°) 2.9-26.4 3.1-26.5
Measured refls. 7,415 20,968
Independent refls. 2,706 3,518
Rint 0.088 0.095
S 1.25 1.08
R1/wR2 0.094/0.225 0.081/0.184
Apmax/ Apmin €A™ 0.66/—0.60 0.98/-0.69

TABLE 3 The TEAC coefficients and DPPH results as ICs,

Compound TEAC value DPPH ICs5, (M)
Col 0.50 + 0.08 259
Co2 1.66 + 0.15 111

parameters, including half-wave peak potentials (E;,,),
the ratio of anodic and cathodic peak currents (Ipa/Ic),
and peak potential separations (AE,) of the redox couples
of the complexes (see Table 1). Under the dynamic poten-
tiometric polarization of the working electrode both of
the complexes undergo two reductions and two oxida-
tions within the potential window of the DMSO/TBAP
electrolyte.

The CV and SWV diagrams of Col are shown in
Figure 4. It gives the [Co"L]/[Co™L]'"* process at
—0.06 V (Oxd1) and the [Co™L]**/[Co™L*]** process at
1.11 V (Oxd2). This figure also illustrates the [Co'L]/
[Co'L]'™ process at —1.14 V (Redl) and the [Co'L]'"/
[Co'L™"]*" process at —2.01 V (Red2) during the negative
potential scans. In addition to the main couples of Col,
small waves were observed during the reverse potential
scans due to the redox processes of some products formed
by sequential reactions. Observation of these small waves
illustrates the chemical instability of the electrogenerated
dianionic species. However, voltammetric measurements
with different vertex potentials indicated that Col is
chemically and electrochemically reversible when the CV
cycles were recorded between 0.50 and —1.50 V.

When Col was polymerized by azide ligands to form
Co2, the electrochemical responses were not significantly
influenced. The peak positions and behaviors of the com-
plex were slightly differentiated after the polymerization.
The peaks of Co2 shift to the negative side with respect
to those of Col. Moreover, the peaks of Co2 derivatives
from reversibility with respect to those of Col.

As shown in Figure 5, Co2 represents electron trans-
fer reactions at —0.11 and 0.95 V for the [Co'L]/
[Co™L]*™ and [Co™L]**/[Co™L*™J** processes and
—1.17 and —2.07 V for the [Co™L]/[Co'L]'~ and [Co'L]'~/
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TABLE 4 The experimental and theoretical FT-IR bands (cm™) for the complexes

Band
UCH)phenyt
UCH) methy1
UN=N)azide
u(C=N")
UN?=C)
UN*=C)
u(C-N)
y(C-0)

Col

Exp. Calcd
3,025-3,001 3,078-3,041
2,940-2,918 2,920-2,850
1,605 1,557

1,570 1,531

1,558 1,508

1,118 1,136

1,359 1,371

emeri W LEY-L7o02

Co2
Exp. Calcd

3,036-2,999 3,085-3,041

3,035-3,004 2,923-2,855
2040, 2014 2056, 2014

1,602 1,575

1,585 1,554

1,576 1,517

1,106 1,127

1,363 1,341

[Co'L™']*" processes, respectively. All of these redox pro-
cesses have similar behaviors to those of Col. However,
the Red1 process of Co2 is less reversible. Moreover, the
ligand-based oxidation process (Oxd2) splits into two
waves due to possible chemical degradation following the
first (Oxd1). This finding is evidence for the chemical
instability of monocationic species originating in Co2.
The redox response and peak assignment data of Col
and Co2 are in harmony with those of Schiff base com-
plexes bearing a symmetric N,O, donor set>®! and these
assignments are supported by the in situ SEC measure-
ments discussed below. For instance, Bottcher and

coworkers published electrochemical responses for
(a) 300 Scan Rases:
25mvy'
2009 —s0 mvs*
e 100 mV's
100{ — 250 mvs’
- 00 mVs'
i 0o ——1000 mvy'
e
-1004
-200
Red Il Red|
-300 T T T T T T T
25 20 15 -0 05 00 05 10 L5
E (V) vs. Ag/AgCl
(b) 80
604
404
= 20+
= L Oxd1 L
S 7 Rl Red ] ¥ OdIl 2
2204
40+
60+
80 T T T

25 20 -5 -0 05 00 05 1.0 15
E (V) vs. Ag/AgCl

FIGURE 4 CVand SWV of Col in a TBAP/DMSO electrolyte
system on a GCE working electrode at different scan rates

15 cobalt(IIT) derivatives of the N,O, ligands and
reported that all complexes illustrated [Co™L]/[Co"L]*~
peaks at around —1.00 V and [Co™L]/[Co™L]'* peaks at
around 0.20 V.l In another study, Chai and coworkers
reported[Co"L]/[Co'L]'~ peaks at —1.42 V and [Co'L]/
[Co™L]'* peaks at around —0.35 V.1

The experimental findings demonstrate yet again the
important relationship between electrochemical proper-
ties and metal type, as seen in nickel(II), manganese(III),
iron(III), oxovanadium(IV), and dioxouranium(VI) com-
plexes of N,O,-thiosemicarbazones.!*?~4¢!

Multi-electrons and metal-based electron transfer pro-
cesses for Col and Co2 at small potentials indicate a
functionality for possible electrochemical practices such
as energy application of supercapacitors due to the
increased Faradic capacitance.

3.4 | Spectroelectrochemical
measurements

In situ SEC responses of Col and Co2 were measured in
TBAP/DMSO electrolyte. Both complexes show very sim-
ilar spectral changes during the electron transfer reac-
tions, so the spectral changes for Col are shown in
Figure 6 as an example. Neutral Col gives clear bands at
298, 346, 394, 428, 468, and 562 nm. The bands at lower
energy (298 and 346 nm) are attributable to * — n* tran-
sitions associated with the phenyl ring, and the bands at
higher energy (394 and 428 nm) arise from © — =* transi-
tions within the imine chromophore. The bands at
486 and 562 nm correspond to an n — & transition and
ligand to metal charge transfer (LMCT), respectively.!
Under an applied potential of 0.50 V, the LMCT band at
562 nm increased in intensity, while ©# — = transition
bands associated with the phenyl ring of the ligand at
394 and 428 nm slightly decreased. Moreover, the band at
468 nm corresponding to the n — «° transition!® did not
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FIGURE 5 CVand SWV of Co2 in a TBAP/DMSO electrolyte

system on a GCE working electrode at different scan rates

change (Figure 6a). These spectral changes indicate a
metal-based oxidation process and support the [Co"L]/
[Co™L]** character of the Oxd1 process.>® During the
reduction reaction at —1.20 V (Red1), while the metal to
ligand charge transfer (MLCT) band at 562 nm and the
band at 468 nm decreased in intensity, the bands at
394 and 428 nm did not change (Figure 6b). These spec-
tral changes show the [Co"L]/[Co'L]'~ mechanism of the
Red1 process. In the other processes, all bands become
low intensity, which indicates the composition and
chemical instability of the species generated during the
ligand-based redox reactions.

3.5 | Theoretical calculations
3.51 | FT-IR

The experimental and calculated band frequencies and
the FT-IR spectra of the complexes are shown in Table 4
and Supporting Information Figures S3 and S4,
respectively.

The aromatic C-H vibrations were calculated to be in
the frequency ranges 3,078-3,041 (for Col) and
3,085-3,041 cm™* (for Co2), approximately 40-50 cm ™
higher than the experimental values. However, the sym-
metrical and asymmetrical vibration bands of aliphatic
C-H vibrations were found in a lower frequency range

300 400 500 600 700 800 900
Wavcelength (nm)

FIGURE 6 Insitu UV-Vis spectral changes of Col in
DMSO/TBAP electrolyte: (a) Eapp = 0.50 V and (b) Eypp = —1.20 V

than experimental values, probably due to the tendency
of the CH; protons to bridge in solid state (see Table 4).
The stretching modes for the C=N of the complexes were
calculated as 1,557, 1,531, and 1,508 cm™! for Col and
1,575, 1,554, and 1,517 cm™! for Co2, 27-59 cm ™! higher
ranges of frequency compared to the experimental bands.
The vibration peaks are in the order C=N', N* = C,
N* = C, as in the experimental spectra, and have high
density bands similar to those of Schiff bases.*”!

The C-N stretching bands were calculated to be
1136 cm™* for Col and 1127 cm™ for Co2, approximately
20 cm™! higher than the experimental values. The calcu-
lations gave frequencies of 1,371 and 1,341 cm™}, close to
experimental values for the C-O stretching vibrations in
Col and Co2, respectively. The C=C vibrations were cal-
culated as 1,591 and 1,589 cm™" for Col and Co2, respec-
tively, but could not be distinguished in the experimental
spectra since they are in the region of the C=N bands.
For the sharp N=N bands of the azide ligands in complex
Co2 was found 2056 and 2014 cm™ of the values quite
close to those obtained on the ATR device.

The differences observed between experimental and
theoretical data may be due to the various intermolecular
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FIGURE 7 Optimized structures of Col

and Co2 complexes

interactions in the solid phase that are not included in
the calculations for the single molecule in the gas phase.

3.5.2 | Charge distribution analysis

The optimized structures of the two complex structures
are shown in Figure 7. The calculated Mulliken atomic
charges of the atoms forming the two complex structures
are given in Supporting Information Table S3. It can be
seen that the calculated charge on the metal ion is signifi-
cantly lower than the formal charges, 2+ and 3+, because
there is a significant charge transition from O and N
atoms to the cobalt center. The central metal ions in both
complex structures have mostly 3d, 4s, and 4p orbital
arrangement. The arrangement of this ion in the Col
complex is [core]4S®® 3d*3! 4p®!* and its arrangement
in Co2 is [core]4S%% 3d7%® 4p®>7 4d°°* 5p°°!. The occu-
pancies of d orbitals are 3d,>*'** 3d,%°%% 3q,,%°%

3dx2y2(0.74435) dz2(0.04646) fOI' Col complex and 3dxyl.42825
1.97252 1.95905 2 2(0.74435 2(1.36607 0.00336
3d,, 3d 3d,2, % ) 3d,% ) 4d

4dxzo.00228 4dy20.00258 4dx2y2(0.00324) 4d22(0.00417) fOI' Co2

complex. Both oxygen and nitrogen atoms of the ligands
contribute to complex formation with 2s and 2p orbitals.
In addition, net charges on the active centers of the metal
complexes were calculated and it was observed that there
was charge transfer from the ligands of both complexes

N2 [ eN
“"c;a N1 :
6 'ge,m st ©

v v

to the central metal ions. When Supporting Information
Table S3 is analyzed, L — M charge transfers for the Col
and Co2 complexes can be calculated as 1.725 and 1.399
for the gas phase and 1.621 and 1.458 for the chloroform,
respectively. It was observed that charge transfer
decreased in Col in chloroform and increased in Co2.

3.5.3 | Electronic properties

The frontier orbitals (HOMO: Highest Occupied Molecu-
lar Orbital and LUMO: Lowest Unoccupied Molecular
Orbital) are also known as electron donor and acceptor
groups. They can be used to determine intermolecular
charge transfers, and many molecular properties such as
ionization potential, electron affinity, chemical reactivity,
kinetic stability, electronegativity, and electrophilicity
index can be calculated by considering the energy
levels.[*®*1 The distributions and energy levels of the
frontier molecular orbitals (a and () of the complexes
Col and Co2 are shown in Figure S1. The calculated
energy between the tHOMO and the aLUMO is 3.12 eV
and between the pHOMO and the BLUMO is 3.08 eV for
Col while the calculated energy gap between the HOMO
and LUMO of the Co2 complex is 2.96 eV.

Experimental and calculated UV-Vis spectra of the
cobalt complex are given in Figure 8. Free Schiff bases

Absorbance

1,0
08
€06+
£
204+
=
<
0.2
FIGURE 8 Experimental and 0.0
calculated UV-Vis spectra belonging to 200 300 400
(a) Col and (b) Co2 complexes in the
chloroform phase (@)

500 600 700 800 200 300
Wavelength (nm)

400 500 600 700 800
Wavelength (nm)

®)
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and their complexes exhibit the bands attributed to the
n-7* transitions belonging to the imine C N and aro-
matic C=C in the region of 200-300 nm.!*”! In accor-
dance with literature data, three major peaks were
observed in both experimental and calculated spectra.
The first major absorption peaks recorded at 241 nm for
Col and 242 nm for Co2 resulted from the & — =* transi-
tions of the double bonds in the benzene, carbonyl, and
imine groups of the complex structures, which were cal-
culated at 221 and 213 nm. The second major peak
observed at 297 and 357 nm for the two complex struc-
tures originates from the n — =* transitions of the lone
pair orbital electrons on the N atom in the imine group,
which were calculated at 323 and 309 nm. These n — n*
transitions showed hypochromic shifts in the electronic
absorption spectra of the complexes. These low-energy
region shifts indicate that the ligand is in coordination
with the metal ion.*® In general, wavelengths of com-
pounds containing cobalt for n — =* transitions increased
compared to ligands, whereas peaks for the n-n* transi-
tion shifted to smaller wavelengths. A third set of major
peaks were observed in the complexes at 495 nm for Col
and 509 nm for Co2. These two peaks were calculated at
435 nm for Col and 476 nm for Co2. The major contribu-
tions for these transitions are showed in Supporting
Information Tables S4 and S5. As seen from these tables,
the contributions of the Co(II)/Co(III) atoms play an
important role in the cHOMO-2(56%), aHOMO-11(52%),
aLUMO+1(62%), pHOMO-3(52%), pPHOMO-5(46%), and
BLUMO+1(118%) molecular orbitals in the Col complex
and the LUMO+1(52%), LUMO+2(61%), HOMO-9(34%),
HOMO-10(48%), HOMO-13(53%) molecular orbitals in
the Co2 complex. This means these orbitals are more
intense than those of other atoms of the ligand moiety
and may be assigned mainly to LMCT, MLCT or d-d
transitions.>!! The other orbitals, where ligand atoms are
more intense, may be assigned mainly to ligand to ligand
charge transfer.

3.6 | Antioxidant assay

TEAC and free radical scavenging activities (ICsy) for
Col and Co2 are given in Table 3.

When the TEAC values of the cobalt complexes ae
compared with the value for vitamin C (1.02 + 0.01), the
order Co2 > vitamin C > Col was obtained and complex
Co2 was seen to have an antioxidant capacity comparable
to vitamin C. According to the DPPH test results, the
complexes Col (ICsy, 259 pM) and Co2 (ICs5y 111 pM)
exhibited scavenging activities lower than that of vitamin
C (ICSO 9 uM). This may be due to the nature of the metal
ion,'®? the redox potential,’*® the absence of phenolic

OH groups, and the steric hindrance between the
complexes and the DPPH radical.l*"

The polymeric cobalt(IIT) complex (Co2) with azide
groups performed better than the monomeric cobalt(II)
complex (Col) in terms of both antioxidant capacity and
radical scavenging activity. The results indicate that
electron-rich nitrogen atoms on azide groups in the struc-
ture of Co2 may have a positive effect on the total antiox-
idant capacity.***®! Since the potent antioxidant
(essentially reducing) compound will have less positive
oxidation and higher reducing potential,*>>78! the
TEAC and ICs, values are compatible with the
voltametric ones.

4 | CONCLUSION

The cobalt(I) and cobalt(III) complexes with S-
methylthiosemicarbazone with an asymmetrical N,O,
donor set were examined by experimental and theoretical
methods. The square planar complex Col is the first
structure obtained starting from acetylacetone. In the
novel complex Co2, cobalt(IIT) has an octahedral envi-
ronment with two azide ions as co-ligands in axial posi-
tions. The Co2 crystal has a 1D coordination polymer
bridged with Na(I) as well as a 3D supramolecular struc-
ture created by C-H----x interactions.

Electrochemical and SEC measurements showed that
both complexes had metal-based oxidation and reduction
processes in addition to ligand-based redox. The metal-
based redox processes were electrochemically and chemi-
cally reversible, but the ligand-based redox processes cau-
sed the formation of some chemical species, probably
arising from degradation of the organic moiety. These
multi-electron metal-based redox activities showed that
the complexes could be suitable materials for some prac-
tical applications of electrochemistry. Moreover, the com-
patibility of the redox values of the complexes with the
antioxidant test results revealed that electrochemical
methods could be developed to use in determining the
antioxidant capacities of this class of compounds.

The theoretical calculations also supported the redox
properties of the cobalt complexes in addition to the
structural analysis data. The energy levels of the frontier
orbitals are compatible with the redox potentials and the
antioxidant test results. The fact that the HOMO energy
of Co2 (111 eV) is higher than that of Col (85 eV) is the
reason why Co2 is a better reducing agent. So, the
negative charge density from the azide ions was verified
by the FMO calculations. The results suggest that elabo-
rate theoretical calculations can be used to determine
antioxidant capacities like in the spectroscopic and elec-
trochemical methods.
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