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Abstract: The present work describes the synthesis of a new copper (II) complex with
bidentate ligands based on oxindole (indolin-2-one) derivatives, namely: 1H,1'H,1"H-[2,3":2/,3"-
terbenzo[b]pyrrol]-2” (3" H)-one (L1) and [sodium diethyldithiocarbamate (DTC)] (L2) as a second
bidentate ligand. The ligand L1 was prepared by the cyclization reaction of oxindole (2-indolone)
with phosphorus oxychloride. A mixed-ligand was synthesized using L1 and L2 ligands with copper
(Cu (II)) via a simple reflux process. The synthesized mixed Cu (II) complex [CszHysCulN;O4S;
and [Cu(L1)2(L2)]2H,0] exhibited superior solubility in organic solvents like dichloromethane,
chloroform, ethanol, methanol, DMF and DMSO. The optical characterizations revealed that the
synthesized Cu (II) complex displayed a broad band (ZEg—>2T2g) with the absorption at ~420 nm,
suggesting a distorted octahedral geometry due to the strong Jahn-Teller distortion of the Cu?* ion.
The elemental analysis confirmed the existence of Cu, C, S, N, and other elements in the synthesized
mixed Cu (II) complex. The physicochemical studies of the organic ligand and Cu(Il) complex were
investigated by TG analysis, NMR, FTIR, SEM, EDX, electronic spectra and cyclic voltammetry
measurements. The detection of chloride ions with the prepared mixed Cu(Il) complex was studied
by cyclic voltammetry measurements at different scan rates.

Keywords: bidentate ligand; oxindole; sodium diethyldithiocarbamate; spectroscopic studies;
chloride ion detection

1. Introduction

Various symmetrical and unsymmetrical multidentate organic ligands have played a crucial
part in designing metal complexes via coordination with different metal ions [1]. The versatile
design of various metal complexes has been observed due to their diverse oxidation states and
coordination properties [2,3]. The metal complexes have been widely used as drugs and diagnostic
agents because they have shown easy interactions with different biomolecules and hence contributed
to the development of new therapeutic or diagnostic agents [4,5]. In various biological systems,
copper shows many spectral and chemical properties due to the presence of different organic
ligands in the coordination sphere [6]. The novel oxindole derivatives have been extensively
explored and investigated for various biological applications [7,8]. The cyclization reaction of various
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oxindole-derivatives is applied to the construction of C-C bonds [9-12]. The functionalization of
various C-H bonds of oxindole-derivatives has been reported as oxidative coupling of C-H bonds, Heck
reaction, etc. for economical and elegant applications [13-16]. Various transition metal complexes have
been explored in several applications as optoelectronics [17,18], semiconductors [19], biochemistry [20]
and sensors for polymer membranes [21-23]. However, the nitrogen-containing macrocycles exhibit
high affinity towards metal ions for coordination [24].

In this study, the synthesis and various spectroscopic studies were performed for a novel mixed
Cu (II) complex: the as-synthesized organic ligand named 1H,1'H,1”H-[2,3":2/ ,3"-terbenzo[b]pyrrol]-
2""(3"H)-one (L1) and the well-known diethyldithiocarbamate (DTC) ligand (L2) mixed with copper
(I) chloride dihydrate (2:1:1 ratio) in methanol solvent to produce the target Cu (II) complex.
The electrochemical investigation of the novel Cu (II) complex was studied by cyclic voltammetry
(CV) in a three-electrode system by using tetrabutylammonium hexafluorophosphate (TBAPF) as
a supporting electrolyte. The prepared Cu (II) complex was utilized as electrode materials for the
electrochemical detection of chloride ions (C17) using NaCl (10 uL, 0.1 M) in a standard buffer solution
(pH = 7) with different scan rates.

2. Materials and Methods

2.1. Materials and Methods

All reagents and chemicals were of analytical grade and used as received unless otherwise
noted. The obtained metal complex was purified by recrystallization in hexane. The sodium
diethyldithiocarbamate (L2) and Cu (II) chloride dihydrate were obtained from Sigma-Aldrich,
St. Louis, Missouri, United States.

2.2. Characterizations

The optical properties of the synthesized complex were studied by ultraviolet-visible (UV-Vis)
spectroscopy (V-670, JASCO spectrophotometer, Japan) at room temperature. To identify the various
phases of solid material, X-ray powder diffraction (XRD, Rigaku, Cu K, A = 1.54178 A, Tokyo, Japan)
was applied in the Bragg angle range of ~10° and ~80°. The nature of the various chemical bonds
and functional groups were investigated by Fourier transform infrared (FTIR, Nicolet, IR300 Thermo
Fisher Scientific, Waltham, MA, USA) spectra and elemental analysis (EA Thermal analyzer, Thermo
Fisher Scientific, Waltham, MA, USA). Field emission scanning electron microscopy (FESEM, Hitachi
4800, Tokyo, Japan) was used for morphology, and energy-dispersive X-ray (EDX) spectroscopy
coupled with FESEM was applied to determine the elemental analysis. Cyclic voltammetry (CV) was
used to find out the oxidation states and redox behavior of the Cu (II) complex by using WPG
100 Potentiostat/Galvanostat (WonATech, Seoul, Korea). In the three-electrode system, the CV
experiments were executed in 0.1 M tetrabutyl ammonium hexafluorophosphate (TBAPFs) as
supporting electrolytes an acetonitrile solution with ferrocene as an internal reference. The metal
complex deposited on glassy carbon (GCE) was used as a working electrode, and a saturated calomel
reference electrode (SCE) and a platinum wire as a counter electrode at ~100 mV /s scan rate during
the experiment.

2.3. Synthesis of Ligand

The heterocyclic organic ligand (L1) was synthesized by a single-step cyclization condensation
reaction from oxindole in the presence of POCl; at reflux temperature [25]. The Cu (II) complex
(Scheme 1) was synthesized using CuCl,-2H,0O as the precursor and sodium diethyldithiocarbamate
as a secondary ligand (L2). The structures of both the ligands and their Cu (II) complex (Figure 1) were
characterized by the various spectroscopic studies.
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Scheme 1. Synthesis of mixed-ligand Cu (II) complex of oxindole-based organic ligand (L1) and
dithiocarbamate (L2).

2.3.1. Synthesis of Organic Ligand (1H,1'H,1”H-[2,3":2/,3”-terbenzo[b]pyrrol]-2”(3”H)-one) (L1)

The oxindole (1.0 g, 7.5 mmol) and POCI; (10 mL) were added into a round bottom flask and
then refluxed for 8 h under an inert atmosphere. After completion, the reaction was cooled to room
temperature and poured into ice water followed by dropwise addition of KOH solution (aq.) to adjust
the pH of the reaction mixture. The brown precipitate obtained was filtered, dried and purified by
silica gel column (hexane:dichloromethane, 1:1) chromatography to get L1 (30% yield). Scheme 2
shows the electron delocalization behavior via keto-enol equilibrium in the ligand (L1) '"H NMR (400
MHz, DMSO, ppm): 6 8.75 (s, 1H), 8.42 (s, 1H), 8.22 (d, 2H), 8.10 (d, 2H), 8.00 (s, 1H), 7.80 (1H), 7.76
(dd, 2H), 7.63 (m, 2H), 7.44 (m, 1H), 7.00 (m, 1H), 6.85 (m, 2H), 6.61 (1H); IR (KBr, cm~!): 3421, 3244,
3057, 2920, 2853, 1629, 1469, 1422, 1373, 1328, 1275, 1248, 1078, 1011, 917, 837, 774, 748, 730. Elemental
analysis for Cp4H;7N30O is calculated as: 79.31% (carbon), 4.72% (hydrogen), 11.56% (nitrogen), 4.40%
(oxygen); Found: 79.68% (carbon), 4.86% (hydrogen), 11.23% (nitrogen), 4.23% (oxygen).

2.3.2. Synthesis of Metal Complex

To a stirred methanolic (50 mL, Sigma-Aldrich chemical) solution of ligand, L1 (762 mg, 2.1 mmol),
the CuCl,-2H,0 (170 mg, 1.0 mmol) was added with continuous stirring for 30 min. Then sodium
diethyldithiocarbamate (172 mg, 1.0 mmol) was added and the reaction continued for 4 h under an
inert atmosphere. The precipitation of the metal complex was obtained after an addition of hexane
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(55% yield). The product was filtered, washed with hexane and dried in a vacuum. 'H NMR (400 MHz,
DMSO, ppm): 6 11.81 (s, 2H), 8.64 (d, 2H), 8.20 (d, 4H), 7.91 (d, 4H), 7.82 (4H), 7.64 (2H), 7.35 (4H), 7.30
(4H), 6.86 (2H), 5.76 (s, 2H), 3.85 (s, 2H), 3.71 (q, 4H), 3.32 (H,0), 2.49 (DMSO), 1.22 (t, 6H); IR (KBr,
cm™1): 3420, 3259, 3060, 2977, 1698, 1636, 1560, 1458, 1382, 1346, 1279, 1190, 1152, 1118, 1070, 1011, 850,
886, 748; Elemental analysis calculated as: 65.38% (carbon), 4.87% (hydrogen), 10.07% (nitrogen), 6.59%
(Sulphur), 6.57% (oxygen), 6.53% (Cu); Found: 66.27% (carbon), 4.18% (hydrogen), 9.70% (nitrogen),
4.18% (Sulphur), 6.17% (oxygen), 3.6% (Cu).
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Figure 1. IHNMR spectra of the (a) ligand, L1 and (b) mixed ligand Cu (II) complex.
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Scheme 2. Electron delocalization behavior via keto-enol equilibrium in the synthesized organic ligand (L1).

2.4. Detection of Chloride Ions

An indium tin oxide (ITO) substrate was cleaned and washed with acetone, ethanol and
isopropanol followed by drying in an oven. The electrode surface was modified by spin-coating with
Cu (II) solution (0.1 M) at 1000 rpm for 30 s and then dried in a vacuum. The as-prepared electrode was
applied for electrochemical measurements (cyclic voltammetry) for chloride ion detection by using
NacCl (0.1 M) solution in the standard buffer solution (pH = 7) in a three-electrode system.

3. Results and Discussion
3.1. Spectroscopic Studies of Ligand (L1) Cu (II) Complex

3.1.1. Nuclear Magnetic Resonance Spectroscopy

'H NMR spectrum (Figure 1a) of the synthesized organic ligand, L1, was observed in deuterated
chloroform solvent and showed two singlet peaks at 8.4 ppm and 8.6 ppm, assigned to H-N-C=0
cyclic ring. The singlet peak at 5.23 ppm is assigned to the C-H of dichloromethane which was
used during the purification of L1. Additionally, the peaks of the aromatic protons of the ligand
(L1) were observed in the range 6.67-8.42 ppm, while the doublet peaks appeared at 7.62-8.32 ppm
corresponding to various benzene C-H protons. Moreover, the origin of the chemical shift at 8.5 ppm
might be associated with the aromatic C-H in position 3 of the indole nucleus. The synthesized organic
ligand, L1, exhibits delocalization of electrons through -NH and C=O groups to form tautomeric
structures, as shown in Scheme 2. The signal in the range of 0.95-1.2 ppm has been observed for
the methyl group of the coordinated diethyldithiocarbamate ligand (L2). The proton NMR spectra
(Figure 1b) of mixed-ligand Cu (II) complex was observed in the deuterated dimethyl sulfoxide solvent
with TMS as internal reference. The —-CH, protons of the diethyldithiocarbamate moiety is assigned at
the 3.7 ppm (quadruplet) of the Cu (II) complex [26]. The O=C-NH proton has been assigned the strong
signal at 3.36 ppm while attachment of third benzopyrrole moiety was observed due to the presence of
a singlet peak at 4.34 ppm, hence a decrease in the chemical shift in the metal complex as compared to
the organic ligand. The chemical shift values of other aromatic protons were observed in the region of
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7.32-8.23 ppm for the metal complex alongside the peak at 8.72 and 11.65 ppm corresponding to the
—-NH proton of the cyclic benzopyrrole moiety [27].

3.1.2. Fourier Transforms Infrared Spectroscopy

The FTIR spectra in Figure 2a of the organic ligand (L1) showed a strong stretching band of
the secondary amine N-H group in the 3421-3249 cm~! region for both the ligand and the metal
complex. The disappearance of the 3495 cm~! peak of the ligand confirms the attachment of the metal
with the N-H via coordination bond as the electron delocalization takes place in keto-enol forms
of the synthesized organic ligand, L1. The neutral ligand indicates that the proton is bonded to the
nitrogen atom instead of the oxygen and exhibits tautomeric structures (Scheme 2) which evidenced
that the ketone form is more stable than the hydroxyl form. The peaks in the 3057-2905 cm !
region were assigned to the C-H stretching bands present in the synthesized oxindole-based ligand.
The slightly lower shifting of the C=0O stretching band of the ligand from 1640 cm ™! to 1638 cm ™!
in the metal complex might be due to the coordination bonding (ligand to metal bond) of the O
atom to the Cu ion [28]. The characteristic C=S peak of the dithiocarbamate ligand appeared in the
region of 1328 cm !, which shifted to the lower frequency of 1319 cm~! on complexation with metal,
indicating the S coordination attachment of the ligand. After complex formation with metal, the C=N
stretching peak (Table 1) also decreased to a low frequency from 1569 cm ! to 1556 cm ™!, suggesting N
coordination towards the metal ion. The denticity of various ligands can ascertain the unsymmetrical
monodentate or bidentate coordination via IR spectroscopy [29]. The single peak in the frequency
region of 1020-950 cm~! implies the bidentate attachment of the dithiocarbamate moiety with the
metal ion. Additionally, the presence of a thioureide (N-CSS) peak around 1520 cm ™! in the metal
complex indicates the presence of adjacent C-S and N-C bonds of the thiocarbamate ligand with a
supporting C-S peak in the 1012 cm ! region [30].
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Figure 2. (a) FTIR spectra of organic ligand (L1) and Cu (II) complex and (b) powder XRD plot of
mixed ligand Cu (II) complex.

Table 1. Characteristic IR bands (cm™!) of the organic ligand (L1) and its Cu (II) complex with KBr
pellets as reference.

Compounds v(N-H) v(C-H) v(C=0) v(C=N) v(C=S) v(C-0) v(C=0)

Ligand(L1) 3459 2865-2964 1640 1569 1328 1170 1275
[Cu(L1),(L2)] 3249 2850-2982 1638 1556 1319 1172 1266

3.1.3. Powder X-Ray Diffraction Analysis

XRD spectral study of the Cu (II) complex is shown in Figure 2b. The XRD pattern of the metal
complex shows a small peak at 10.13° and a broad peak at 24.02°, indicating that the metal complex
has a low crystalline nature and is expected to have a solid amorphous state.
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3.2. Electronic Properties of Cu (II) Complex

Electronic spectra (Figure 3a) of the ligand (L1) showed two absorption peaks in chloroform.
The broad peak around 220-246 might be assigned to the m-7t* transition with a sharp peak at 302 nm to
the n-7t* electronic transitions. For the metal complex, three distinct absorption peaks were obtained in
the chloroform solution. The high-intensity peak at 246 nm and a sharp peak at 300 nm corresponded
to 7-r* transitions and n-7* transition peaks of the organic ligand, which show a slight decrease in
wavelength after metal complex formation. Additionally, the peak at 350 nm has been observed for the
ligand to metal charge transfer (LMCT) transitions while the broad peak at 420 nm might be assigned
to charge transfer transition (zEg—>2ng) due to the Jahn-Teller distortion of the geometry of the Cu
(II) complex [31]. The obtained metal complex has shown strong solution stability in DMSO and
DMEF under the UV-Vis bands for a week. The electronic spectrum of the complex has shown a sharp
peak at 217 nm and charge transfer (CT) peak at 293 nm in methanol. The intensity of the CT peak
increased upon irradiation by UV light at 25 °C without any other changes in the visible spectra of
the Cu (II) complex [32]. The effects of various alcoholic solvents (Figure 3b) on the electronic spectra
of the synthesized Cu (II) complex were also studied at the room temperature. Upon increasing the
alkyl chain of the corresponding alcohols (ethanol to butanol), the slight blue shift in the peaks (211
and 207, respectively) and red shift in the peaks (295 and 298, respectively) were observed. However,
the electronic spectra in isopropanol solution shows a peak at 209 nm and a distinct sharp peak at
297 nm [33].

(@ — Ligand (L1)
=1.04 Copper complex
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iso-propanol

Ethanol
n-Butanol
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T L) T T
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Figure 3. (a) Electronic spectra of the organic ligand, L1 and Cu (II) complex in chloroform solvent,
(b) UV-visible spectra of Cu (II) complex in various alcoholic solvents.

3.3. Thermal Properties of the Cu (1I) Complex

The thermogravimetric analysis (Figure 4a) of Cu (II) complex (empirical formula-CszH4aCuN7O4S,)
reveals the decomposition of water molecules around 115 °C. The Cu (II) complex showed its first
decomposition (Scheme 3) around the temperature range of 100-160 °C with 11.12% weight loss which
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might be due to the loss of water molecules with the diethyl amine fraction of diethyldithiocarbamate
ligand, L2. But the second decomposition of 8.88% weight loss in the temperature range of 160234 °C
occurred owing to the loss of the carbon disulfide (CS;) moiety of the remaining L2 ligand. The third
decomposition of 14.61% weight loss was obtained in the temperature range of 240-392 °C, which
corresponds to the partial loss of the CgHsN moiety of the organic ligand, L1. Finally, the fourth
decomposition takes place around the temperature range of 395465 °C due to the loss of the remaining
organic ligand and metal oxide formation with carbon as residue [34]. The observed decompositions
conform with the calculated values of Cu (II) complex and its mass percentage-derivative (Figure 4b)
during thermal analysis under an inert atmosphere.

2H,0
2H,0

MW-108,
Weight loss-11.12%

Cs,
B —

MW-76,
Weight loss=8.86%

MW=863

CgHsN
B —
MW-115,
Weight loss=14.48%

MW-115,
Weight loss=17.11%

Scheme 3. Possible fragmentation pattern of the Cu (II) complex.
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Figure 4. (a) Thermogravimetric analysis of Cu (II) complex with the scan rate of 10 °C/min under
nitrogen, (b) percent derivative curve of the Cu (II) complex.

3.4. Scanning Electron Microscopic Analysis

The SEM analysis was used to get the powder images of the Cu (II) complex as shown in Figure 5.
The synthesized Cu (II) complex exhibits flower-like structures as observed in the SEM image of
Figure 5a. The high-resolution image (Figure 5b) evidenced that the metal complex contains various
types of nanoparticles with a micron diameter size. However, small-size nanoparticles are grouped to
agglomerates and form large particles as shown in the high-resolution SEM image.

3.5. Electrochemical Analysis of Cu (1I) Complex

To explore the electrochemical properties (Figure 6) of the Cu (II) complex, cyclic voltammetry was
employed in a three-electrode system. The cyclic voltammograms of Cu (II) complex were recorded at a
glassy carbon electrode in CH3CN containing 0.1 M TBAPF; as a supporting electrolyte in the potential
range from —1.6 V to +1.6 V with a scan rate of 100 mV s~ 1. The Cu (II) complex shows three reduction
peaks with Epa values of +0.412, —0.96, and —1.36 V vs. SCE. Hence, the irreversible reduction process
of the Cu (II) complex leads to the deposition of Cu (0) on the electrode surface [35]. The peak potential
(+0.412 V) might be attributed to the reduction of Fc* /Fc, whereas the peak potential (—1.00 V) can
be assigned to the reduction of Cu*/Cu. Additionally, the third reduction potential (—1.36 V) might
be ascribed to the Cu(ll)/Cu(I) reduction process. During the reverse scan, three oxidation peaks of
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—0.64, +0.38, +0.47 V vs. Ag/AgCl were observed. The first peak (Epc —0.64 V) is associated with
the oxidation peak of Cu (I)/Cu (II) while the second peak (+0.38 V) is associated with the ligand L1.
In addition, the third peak is assigned to the reference redox couple of Fc/Fc* [36].

Figure 5. SEM images: (a) low resolution, and (b) high resolution of the mixed ligand Cu (II) complex.
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Figure 6. Cyclic voltammograms of the Cu (I) complex in CH3CN (0.1 mol L~ TBAPFg), glassy

carbon working electrode, Ag/AgCl reference electrode and platinum wire electrode with scan rate
100 mV s~ 1.

3.6. Electrochemical Chloride Ion Detection by the Cu (II) Complex

For extensive electrochemical application, the prepared mixed Cu (II) complex was used for the
detection of chloride ions by adding a fixed amount of NaCl in a standard buffer solution (pH = 7)
via cyclic voltammetry (CV). The electrochemical properties of Cu (II) complex were investigated by
using the three-electrode system in the potential range from +0.80 V to —0.80 V in a standard buffer
(pH = 7) at various scan rates. The CV plots (Figure 7) of Cu (II) complex have shown two peaks in the
standard buffer (pH =7) electrolyte. The cathodic peak was obtained in the forward scan and anodic
peak during the reverse scan of CV measurements.
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Figure 7. (a) Cyclic voltammograms of Cu (II) complex in NaCl (0.1M) and phosphate buffer (pH = 7)
solution at different scan rate and (b) variation of cathodic and anodic current with respect to scan rate.

The cathodic and anodic currents increased with the increase in scan rate from 50 mVs~! to
150 mV/s. Furthermore, the cathodic potential (Ep) is shifted towards more negative potentials,
and the anodic potential (Epa) moved to more positive potentials with increasing scan rates towards
the detection of chloride ions [37]. The plot of anodic and cathodic peaks versus scan rates
(Figure 7b) has shown a linear dependence relation and hence suggests a quasi-reversible nature
and diffusion-controlled transfer of electrons during the electrochemical reaction. The electrochemical
system shows excellent retention coefficients (r?) of 0.99246 and 098866, respectively, which again
deduces the good detection of chloride ions in neutral buffer electrolytes [38,39].

4. Conclusions

The present work reports the synthesis of a novel Cu (II) complex by the reaction of bidentate
ligands newly-synthesized oxindole-derivative and dithiocarbamate with hydrated transition metal
chloride, CuCl,-2H;0 salts. The Cu (II) complex has shown a distorted octahedral geometry due to
the presence of strong Jahn-Teller Distortion resulting in the three electronic transitions. The powder
morphology of the Cu (II) complex using SEM analysis showed that the particles were agglomerated
and matched elemental compositions. The obtained Cu (II) complex has shown irreversible redox
properties with two reduction peaks and good stability in DMSO and DMF solution phases. The mixed
Cu (II) complex exhibits the high cathodic and anodic current in chloride containing a neutral buffer,
indicating the excellent ability of the complex for the detection of chloride ions.
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