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1.0 INTRODUCTION

The study of coordination compounds produced by the interaction of metal ions and ligands is a foundational pillar of inorganic
chemistry [1-4]. A central metal ion typically binds to surrounding molecules or ligand ions via coordinate covalent bonds to
form a coordination complex [5-6]. The physical and chemical characteristics of these complexes are directly influenced by the
type of metal center [7], the specific donor atoms in the ligand [8], and the resulting coordination geometry [9]. In this study,
nickel(Il) and zinc(ll) were selected to provide a comparative analysis between an open-shell d® and a closed-shell d'° system.
This choice allows comparison between an open-shell d® Ni(ll) system and a closed-shell d'° Zn(ll) system, particularly in terms
of metal-ligand electronic interactions and charge delocalization behavior.

Among the diverse range of investigated ligands, thiourea and its derivatives have garnered significant attention due
to their strong donor capacity [10], coordination adaptability [11], and ease of structural modification [12]. According to
Pearson's Hard and Soft Acids and Bases (HSAB) principle, thiourea can form stable complexes with both hard and soft metal
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ions because its skeleton contains both sulfur (a soft donor atom) and nitrogen (a hard donor atom) [13]. For this project,
phenylthiourea (PTU) and N-(1-naphthyl)-N'-phenylthiourea (NPTU) were chosen as ligands due to their extended aromatic
systems and dual donor sites (S and N), which actively promote coordination with transition metals. These ligands can function
as bidentate chelating agents through both thione (S-donor) and N-donor coordination, creating stable chelate rings that
influence electron density distribution. Interestingly, these same ligands can also act as monodentate agents by coordinating
through either the sulfur or nitrogen atom alone. The exact mode of coordination depends heavily on the specific metal ion
chosen for complexation.

Although thiourea-derived metal complexes have been extensively reported, several key research gaps remain. First,
the synthesis of thiourea-based nickel(ll) and zinc(ll) complexes—especially those utilizing asymmetrically substituted thiourea
ligands—often suffers from low or inconsistent yields, high sensitivity to reaction conditions, and reproducibility issues [12,14-
16]. Previous studies have demonstrated that changes in solvent polarity, metal salt precursors, reaction temperature, and
ligand-to-metal ratios greatly impact complex formation and stability [17-18]. However, these synthetic constraints are
frequently overlooked in current literature, making meaningful comparisons difficult because many reported thiourea
compounds lack standardized, reliable preparation procedures. Given their versatility, optimizing the synthesis of these
thiourea-based metal complexes is essential, as they serve as a solid foundation for future applications in chemical and material
sciences.

Therefore, this work aims to investigate the coordination behavior of Zn(ll) and Ni(ll) ions toward thiourea-based
ligands through the correlation of experimental characterization data and computational results. PTU and NPTU were
synthesized and coordinated with Zn(Ill) and Ni(ll) ions to form their corresponding metal complexes. Experimental
characterization was performed using Fourier Transform Infrared (FTIR) spectroscopy, proton nuclear magnetic resonance ('H
NMR) spectroscopy, and UV-visible spectroscopy to evaluate ligand formation, coordination behavior, and changes in
electronic transitions upon complexation. In addition, density-functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations were carried out to optimize molecular geometries and investigate the vibrational and electronic properties of the
compounds. The combined experimental and computational approach was employed to provide further insight into the
coordination characteristics and electronic behavior of the resulting metal complexes.

2.0 EXPERIMENTAL

2.1 Materials

All chemicals and reagents were used as received from commercial suppliers. 1-naphthyl isothiocyanate (95%), triethylamine
(99.5%), ammonium thiocyanate (97.5%), aniline (99%), ethanol (95%), hydrochloric acid (1M, 97%), and ethyl acetate (99.8%)
were purchased from Sigma-Aldrich. Nickel(ll) acetate tetrahydrate [Ni(OAc)2.4H20] (98%) was supplied by QReC. Zinc
chloride (ZnClz, 98%), n-hexane (98.5%), and dichloromethane (99.8%) were obtained from Supelco.

2.2 Synthesis of ligand and its metal complex

Synthesis of Anilinium Chloride

The synthesis of anilinium chloride began with the distillation of crude aniline (40 mL, 0.44 mol) in a 250 mL round-bottom flask.
The crude aniline was mixed with distilled water (240 mL) and a 10% NaOH solution (15 mL, 1.5 g). The aniline distillate was
collected in a receiver kept in an ice bath (0-5 °C) until the distillation was complete. The collected distillate was transferred
into a separatory funnel and allowed to stand for 5 minutes. The aniline layer was then separated and dried over anhydrous
potassium carbonate (2 g, 0.014 mol). A portion of this distilled aniline (20 mL, 0.22 mol) was transferred to a beaker and
diluted with ethanol (60 mL). The mixture was stirred in an ice bath (0-5 °C) for 5 minutes, followed by the dropwise addition
of 37% HCI (45 mL). The mixture was stirred in the ice bath for an additional 15 minutes. After complete precipitation of anilinium
chloride, the product was filtered using a Buchner funnel and air-dried for 30-60 minutes. Finally, the anilinium chloride was
transferred into a vial and weighed.

Synthesis phenylthiourea (PTU)

The ligand phenylthiourea (PTU) was synthesized by dissolving ammonium thiocyanate (0.76 g, 0.01 mol) in 15 mL of distilled
water in a round-bottom flask. Anilinium chloride (1.5 g, 0.01 mol) was subsequently added to the solution, and the resulting
mixture was heated under reflux at 180°C for 1.5 h. The progress of the reaction was monitored by thin-layer chromatography
(TLC) using a 1:1 (v/v) mixture of ethyl acetate and n-hexane as the mobile phase. Upon completion, the mixture was cooled
to room temperature and then kept in an ice bath for 15 min to induce precipitation. The resulting precipitate was collected via
filtration using a Blchner funnel, air-dried, and further dried in a desiccator to yield the pure ligand.
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Synthesis of Diacetatobis(phenylthiourea) nickel(ll) (Ni-PTU)

The nickel complex was prepared by dissolving the PTU ligand (1.0 mmol) in 20 mL of hot ethanol. Separately, Ni(OAc)2 . 4H20
(0.5 mmol) was dissolved in 15 mL of ethanol. The metal salt solution was added dropwise to the ligand solution under
continuous stirring at 60°C. The reaction mixture was stirred for an additional 2 h and then allowed to cool to room temperature.
The resulting precipitate was filtered, washed sequentially with chilled ethanol and diethyl ether, and finally dried at 40°C.

Synthesis of N-(1-naphthyl)-N'-phenylithiourea (NPTU)

The ligand N-(1-naphthyl)-N'-phenylthiourea (NPTU) was synthesized by dissolving 1-naphthyl isothiocyanate (0.185 g, 1.0
mmol) in 10 mL of dichloromethane (DCM) in a 50 mL round-bottom flask, which was then cooled in an ice bath to 0°C. In a
separate vessel, aniline (0.10 mL, 1.1 mmol) and triethylamine (0.17 mL) were dissolved in 2 mL of DCM. This solution was
added dropwise to the chilled isothiocyanate solution at 0°C. The reaction mixture was stirred at 0°C for 30—60 min, allowed to
warm to room temperature, and stirred for another 30-60 min. Reaction completion and product formation were confirmed via
TLC analysis.

Synthesis of Dichloridobis-(N-(1-naphtyl)-N’-phenylthiourea) Zinc(ll) (Zn-NPTU)

The zinc complex was synthesized via a one-pot method continuing directly from the freshly prepared NPTU ligand solution.
Following TLC confirmation of ligand formation, 15 mL of ethanol was added to the reaction mixture. Separately, ZnCl2 (0.124
g, 0.50 mmol) was dissolved in 5 mL of ethanol and introduced into the reaction flask. The mixture was stirred and heated
within a temperature range of 40°C to 50°C for 2 h, during which a green solution was observed. The mixture was allowed to
stand at room temperature to precipitate the complex. The product was then isolated by filtration using a Blichner funnel,
washed with 10 mL of ethanol followed by distilled water, and dried.

2.4 Characterization

Proton Nuclear Magnetic Resonance Spectroscopy ("H NMR)

NMR spectroscopy was employed to elucidate the molecular structure by analyzing the number and chemical environments of
proton atoms within the compounds. The spectra were recorded using a Bruker Model Avance Il 400 MHz NMR
spectrophotometer operating at a radiofrequency of 400 MHz. Deuterated chloroform (CDCI;) was used as the solvent for the
ligand and Zn(Il) complex, whereas dimethyl sulfoxide (DMSO-d,) was used for the Ni(ll) complex. The chemical shifts (5) were
recorded in parts per million (ppm) and used for structural characterization of the synthesized compounds.

Fourier Transform Infrared Spectroscopy (FTIR)

Attenuated Total Reflectance—Fourier Transform Infrared (ATR-FTIR) spectroscopy was employed to identify the organic
functional groups present in the ligand and metal complexes. The FTIR spectra was recorded using a PerkinElmer Series 1600
FTIR spectrometer equipped with an ATR accessory. In this technique, the infrared beam was directed onto the ATR crystal at
an angle greater than the critical angle, resulting in multiple internal reflections at the crystal interface. The absorption spectra
of the compounds were recorded over the range of 4000—400 cm™ for functional group characterization.

Ultraviolet-Visible Spectroscopy (UV-Vis)

Ultraviolet-visible (UV-Vis) spectroscopy was performed to analyze the electronic absorption characteristics of the ligand and
metal complexes. The spectra were recorded using a Shimadzu Corporation UV-1800 spectrophotometer. The ligand solution
was prepared in dichloromethane (DCM) at a concentration of 1 x 1072 M, whereas the metal complexes were prepared in
chloroform at a concentration of 1 x 10~° M. The electronic absorption spectra of the compounds were recorded over the
wavelength range of 200-800 nm.

2.3 Computational method

The geometrical and electronic properties of the zinc(ll) and nickel(ll) complexes were investigated using density-
functional theory (DFT) calculations performed with the Gaussian 16 software package [19]. The B3LYP functional was
employed due to its reliability in describing transition-metal systems [20—23]. The 6-31G basis set was used for H, C, N, and S
atoms, whereas the LANL2DZ basis set together with the corresponding effective core potential (ECP) was employed for the
Ni(ll) and Zn(Il) atoms. The use of a mixed basis set is a common practice for transition-metal complexes, where the 6-31G
basis set is employed for the ligand atoms and LANL2DZ is used for the Ni(ll) and Zn(Il) atoms. The molecular structures were
fully optimized in the gas phase to obtain the minimum-energy geometries, from which structural parameters were obtained.
Gas-phase calculations were adopted to obtain optimized geometries and electronic structures for qualitative interpretation of
the experimental spectroscopic data and consistent comparison of the investigated compounds.
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Time-dependent density-functional theory (TD-DFT) calculations were subsequently performed at the same level of
theory as the geometry optimization to investigate the electronic transitions of the metal complexes. Seven excited states were
calculated to simulate the UV-Vis absorption spectra, analyze the frontier molecular orbitals (FMO), and investigate the nature
of the electronic transitions. Vibrational frequency calculations were carried out on the optimized geometries using the same
level of theory. The calculated FTIR spectra was used to evaluate the vibrational properties of the synthesized compounds and
to examine changes in vibrational frequencies following complex formation.

3.0 RESULTS AND DISCUSSION

Phenylthiourea (PTU) and N-(1-naphthyl)-N'-phenylthiourea (NPTU) were successfully synthesized as white and whitish-brown
powders with yields of 2.43% and 99.0%, respectively (see Figure S1 in Supporting Information). Meanwhile, the corresponding
metal complexes, Diacetatobis(phenylthiourea)nickel(ll) (Ni-PTU) and Dichlorodobis(N-(1-naphthyl)-N'-phenylthiourea)zinc(Il)
(Zn-NPTU), were obtained as green and white solids with yields of 89.01% and 22.35%, respectively (see Figure S2).

3.1 The optimized structure of ligands and its metal complex

Figure 1 presents the optimized geometries of the studied ligands and their corresponding metal complexes (PTU and Ni-PTU;
NPTU and Zn—-NPTU), together with their calculated dipole moments. Geometry optimizations were performed for the possible
spin states of each system, and the lowest-energy configuration was selected for subsequent analyses. As summarized in
Table S1 (Supporting Information), all optimized ground-state structures correspond to the singlet spin state. The optimized
geometries are also consistent with the coordination geometries reported for structurally related thiourea metal complexes, in
which Ni(ll) preferentially adopts a square-planar geometry [24], whereas Zn(ll) typically forms tetrahedral complexes [25,26].
Moreover, in general, the dipole moments increased slightly upon complex formation, indicating changes in molecular polarity
and electron distribution following coordination with the metal ions. Among the optimized structures, the Zn(NPTU), complex
exhibited the highest dipole moment (8.185 D), suggesting a comparatively greater degree of charge separation and molecular
asymmetry relative to the free ligands and the other optimized complexes.

(a) PTU,5.49D

9

e
fff’ﬁ,{;ﬁ

(c) NPTU,5.97D (d) Zn-NPTU, 8.18 D

Figure 1 : The optimized structure of ligand and its metal complexes: (a) PTU, (b) Ni-PTU, (c), NPTU, and (d) Zn-NPTU,
as well as their dipole moment values

3.2 Infrared Spectroscopy: ATR-FTIR Spectrum and TD-DFT results

The calculated FTIR spectra showed reasonable agreement with the experimental vibrational frequencies, as summarized in
Table 1. This agreement indicates that the DFT calculations adequately reproduced the major vibrational features of the
synthesized compounds. The experimental C=S stretching vibrations of PTU and NPTU were observed at 1229.00 and 1241.40
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cm™, respectively, while the corresponding calculated frequencies were 1134.62 and 1231.13 cm™". Upon coordination, the
C=S stretching frequencies shifted to 1261.56 cm™ for Ni-PTU and 1195.05 cm™ for Zn—NPTU, with calculated values of
1242.62 and 1198.69 cm™, respectively. The deviations between the experimental and calculated frequencies were generally
below 10%, demonstrating reasonable agreement between theory and experiment.

Table 1 : Experimental and computational results of ATR-FTIR for ligand and complexes (in cm™). The detailed FTIR spectra
can be seen in Figure S3

No. Compound Mode N—-H Cc=S c=C
1. PTU Experimental 3419.90 1229.00 1607.57
Computational 3563.15 1134.62 1667.25

%Deviation 4.02 8.31 3.58
2. NPTU Experimental 3201.36 1241.40 1597.67
Computational 3242.84 1631.13 1198.67

%Deviation 1.28 2.38 3.32
3. Ni-PTU Experimental 3420.58 1261.56 1607.63
Computational 3234.21 1242.62 1647.23

%Deviation 5.76 1.52 2.59
4. Zn-NPTU Experimental 3145.06 1195.05 1645.94
Computational 331245 1198.69 1634.00

%Deviation 5.05 0.30 0.73

The vibrational analysis revealed different coordination behavior for the Ni(ll) and Zn(ll) complexes, particularly through
changes in the C=S stretching frequencies [27,28] The N-H stretching frequencies of PTU and NPTU also differed slightly,
which may be attributed to differences in hydrogen-bonding interactions and the greater 1-conjugation introduced by the
naphthyl substituent in NPTU. For the PTU ligand and its Ni(ll) complex, the C=S stretching vibration shifted from 1229.00 cm™
to 1261.56 cm™ after coordination, corresponding to a blue shift. This shift may be associated with disruption of intermolecular
hydrogen-bonding interactions in the free ligand together with redistribution of electron density upon coordination to the Ni(ll)
center, resulting in an increase in the C=S stretching frequency. In contrast, the NPTU ligand and its Zn(ll) complex exhibited
a red shift in the C=S stretching vibration, where the absorption band decreased from 1241.40 cm™ to 1195.05 cm™ upon
complexation. This decrease is consistent with sulfur coordination to the Zn(Il) center, which may reduce the double-bond
character of the C=S bond through electron density donation from sulfur to the metal ion. A corresponding red shift was also
observed for the N—H stretching vibration, indicating changes in the local electronic and hydrogen-bonding environment after
coordination. Overall, the observed vibrational shifts, together with the reasonable agreement between the experimental and
calculated spectra, support the proposed coordination of the thiourea ligands to the metal ions [27].

3.3 'H NMR Spectroscopy analysis

The major signals observed in the '"H NMR spectra correspond to the NH protons of the thiourea moiety and the aromatic
protons of the phenyl and naphthyl rings (Figure S4). The chemical shifts are summarized in Table 2. The '"H NMR spectrum
of PTU, recorded in CDCls;, displayed NH proton signals at & 7.904 ppm (NHa) and & 7.884 ppm (NHb), while the aromatic
protons appeared as multiplets in the range of & 7.431-7.356 ppm. Similarly, the spectrum of NPTU showed NH proton signals
at 6 7.531 ppm (NHa) and & 7.512 ppm (NHb), with aromatic proton resonances observed between 6 7.413-7.335 ppm. The
downfield positions of the NH signals are attributed to the deshielding effect of the adjacent nitrogen atom within the thiourea
moiety.

Upon complexation, further downfield shifts of the NH proton signals were observed, indicating a reduction in electron
density around the NH protons following coordination to the metal centers. Although coordination is proposed to occur primarily
through the sulfur atom, the observed NH chemical shifts suggest that metal coordination influences the electronic environment
of the entire thiourea moiety, consistent with previous studies on thiourea-based metal complexes [29]. In Ni-PTU, the NH
proton signal shifted to & 9.802 ppm, while the aromatic proton resonances appeared in the range of & 7.405-7.284 ppm.
Similarly, in Zn—-NPTU, the NH proton resonance shifted downfield to & 8.028 ppm, and the aromatic proton signals were
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observed between & 7.587-7.475 ppm. These spectral changes are consistent with coordination of the ligands to the respective
metal ions and with the redistribution of electron density upon complex formation.

Table 2 : Experimental data of NMR for ligand and complexes in & (ppm)

No. Compound NH@) NH) H-Ar

1. PTU 7.904 7.884 7.431-7.356
2 NPTU 7.531 7.512 7.413-7.335
3. Ni-PTU 9.802 - 7.405-7.284
4 Zn-NPTU 8.028 8.008 7.587-7.475

3.4 UV-Visible Spectroscopy and TD-DFT Results

The UV-Vis absorption spectra of the synthesized ligands and their corresponding metal complexes were recorded in the
wavelength range of 230-400 nm to evaluate their electronic transition behavior and metal-ligand interactions. The
experimental and theoretical absorption data, including the maximum absorption wavelengths and oscillator strengths, are
summarized in Table 3 (The detailed UV-Vis absorption spectra can be seen in Figure S5). Theoretical calculations were
performed using TD-DFT to support the interpretation of the experimental spectra. For PTU, an absorption band was observed
at 269 nm and assigned to a ligand-centered T—T1* transition. This assignment is consistent with previous studies on thiourea
derivatives and related transition-metal complexes, where the high-energy absorption bands are attributed to T—1* excitation
within the conjugated ligand framework [29-31]. Upon coordination with Ni(ll), the absorption maximum of Ni—PTU shifted
slightly to 267.5 nm, indicating that metal coordination modifies the electronic environment of the ligand. Similarly, NPTU
exhibited an absorption band at 272.5 nm, which was also assigned to a ligand-centered TT—1* transition. Compared with PTU,
the slightly longer absorption wavelength of NPTU is consistent with the larger -conjugated naphthyl system, which lowers
the energy required for the T—1* transition. Similar observations have been reported for aromatic thiourea derivatives
containing extended conjugated systems [31].

Table 3 : Experimental and computational data of UV-Vis for ligand and complexes

Abs/Oscillator

No. Compound Mode Amax (nm) Strength
1. PTU Experimental 269.00 1.325
Computational 232.92 0.1354

2. NPTU Experimental 272.50 1.788
Computational 324.99 0.1841

3. Ni-PTU Experimental 267.50 1.123
Computational 349.48 0.1062

4. Zn-NPTU Experimental 263.50 1.246
Computational 307.02 0.246

Additional absorption bands observed after complexation are consistent with charge-transfer transitions commonly
reported for related thiourea metal complexes, providing further evidence of metal-ligand coordination [29]. The oscillator
strength (f), which reflects the probability of electronic transitions, was generally higher for the free ligands than for the
corresponding metal complexes. This observation suggests that metal coordination influences the electron distribution within
the thiourea framework, thereby affecting the probability of the electronic transitions. Although slight discrepancies were
observed between the experimental and calculated absorption wavelengths, these differences are expected because the
calculations were performed in the gas phase, whereas the experimental spectra were recorded in solution. Solvent effects
and thermal broadening may therefore contribute to the observed differences. Nevertheless, the overall agreement between
the experimental UV-Vis spectra and the TD-DFT calculations supports the proposed electronic structures of the synthesized
compounds and provides complementary evidence for metal-ligand coordination.
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3.5 Correlation of experimental and computational studies

The experimental spectroscopic results and the DFT calculations consistently support the proposed coordination structures of
the synthesized metal complexes. The FTIR spectra showed coordination-induced shifts in the v(C=S) and v(C—N) vibrational
bands, while the '"H NMR spectra exhibited downfield shifts of the NH proton signals following complexation. These
observations are in good agreement with the DFT-optimized geometries, which showed elongation of the C=S bond upon
coordination together with the formation of metal—sulfur bonds. In contrast, the relatively long M---N distances obtained from
the optimized structures suggest that sulfur is the primary coordination site in both complexes. Furthermore, the TD-DFT
calculations reproduced the overall trend of the experimental UV-Vis spectra, providing additional support for the proposed
electronic structures despite the small differences in the calculated and experimental absorption wavelengths.

Comparison of the two metal complexes revealed distinct coordination behavior that is consistently reflected in both
the experimental and computational results. The Ni—-PTU complex exhibited larger shifts in the FTIR and 'H NMR spectra than
the Zn—-NPTU complex, indicating a greater perturbation of the ligand electronic environment following coordination. This
observation is consistent with the shorter calculated Ni—S bond length (2.328 A) compared with the Zn—S bond length (2.441
A), see Table S2, suggesting stronger metal—sulfur interactions in the Ni(ll) complex. In contrast, the comparatively smaller
spectroscopic changes observed for the Zn(ll) complex are consistent with the longer Zn—S bond length obtained from the
optimized geometry.

Overall, the combined experimental and computational results consistently support coordination through the
thiocarbonyl sulfur atom for both complexes. The integrated spectroscopic and DFT analyses indicate that the proposed
square-planar geometry for the Ni—-PTU complex and tetrahedral geometry for the Zn—NPTU complex provide the best
description of the synthesized compounds. The reasonable agreement between the experimental observations and the
computational results demonstrates that the DFT and TD-DFT calculations employed in this study provide a reliable qualitative
description of the structural and electronic properties of these thiourea-based metal complexes.

4.0 CONCLUSION

The synthesis of thiourea-based ligands, namely phenylthiourea (PTU) and N-(1-naphthyl)-N'-phenylthiourea (NPTU), together
with their corresponding Zn(ll) and Ni(ll) complexes, was successfully carried out. The formation of the metal complexes was
supported by observable physical changes, including differences in color and product vyield, particularly for
Diacetatobis(phenylthiourea)nickel(ll), Ni-PTU, which was obtained as a green powder with a yield of 89.01%. Spectroscopic
characterization using FTIR, '"H NMR, and UV-Vis spectroscopy provided evidence for metal-ligand coordination. The FTIR
spectra showed shifts in the v(C=S) stretching vibrations after complex formation, suggesting the involvement of the thiourea
sulfur atom in coordination. Changes in the "H NMR chemical shifts of the NH protons further indicated alterations in the
electronic environment upon coordination, while the UV-Vis spectra demonstrated changes in the electronic absorption
behavior of the ligands after interaction with the metal ions.The DFT and TD-DFT calculations were generally consistent with
experimental observations. Geometry optimization provided stable molecular structures and theoretical vibrational frequencies
that followed trends similar to those observed experimentally. The calculated geometries also supported the formation of metal—
ligand interactions involving the thiourea donor atoms. Overall, the combined experimental and computational results suggest
that both Ni(ll) and Zn(ll) complexes coordinate predominantly through the sulfur atom of the thiourea ligands. The
spectroscopic and computational data further indicate that the Ni(ll) complex exhibits relatively stronger metal-ligand
interaction compared to the Zn(ll) complex, which may be associated with differences in their electronic configurations.
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