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Abstract: The research demonstrates that thioether-based coordination complexes obtain their
physicochemical properties and biological activity from both the metal ion type and the ligand molecular
structure. The synthesized complexes showed tetrahedral coordination geometries, as evidenced by
spectroscopic, magnetic, and conductivity measurements, which demonstrated that sulfur atoms function as
the main donor sites. The behavior follows the soft donor—soft acceptor interaction framework, which allows
the creation of stable metal-sulfur chemical bonds.

The biological properties of metal coordination compounds produced better antibacterial effects than
the unbound ligands. The improved results stem from two factors: enhanced lipophilicity after chelation, which
enables better cell membrane penetration by bacteria, and decreased metal ion polarity due to electron
delocalization within the chelate ring structure. The complexes become more accessible to the cell through
these combined effects.

The Ni(ll) complex derived from ligand L1 exhibited the most effective antibacterial activity against
both bacterial species. The dé electronic configuration of Ni(Il) leads to enhanced activity because it produces
the best possible match between structural stability and electronic flexibility when the metal center binds to a
tetrahedral coordination site. The compound shows better biological performance because its LI structure
contains a short ethylene bond, which produces a compact molecular arrangement that improves metal-sulfur
bonding through its optimized metal-ligand electronic interactions.

The research shows that thioether metal complexes exhibit antibacterial properties because their
electronic structure interacts with their coordination and ligand structures in a combined manner, leading to
the development of biologically active metal-based compounds.
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Introduction

Thioether ligands have attracted substantial interest over the past several decades, and
coordination chemistry has increasingly focused on them due to their ability to form stable metal
complexes through highly adaptable binding modes. The soft donor sulfur atoms in thioether groups
readily bind to transition metals, forming complexes that exhibit unique electronic properties and
often display remarkable structural stability. The stability of these complexes is usually supported by
non-covalent interactions, such as hydrogen bonding, which affect their physicochemical properties
[1-4].

Bifunctional sulfur-donor ligands create excellent heterobimetallic structures and multinuclear
frameworks because they have adaptable coordination properties. Research indicates that S/P, S/S,
and S/N donor systems enable the formation of transition-metal complexes that exhibit diverse
structural patterns and chemical properties [5-11].

Giirol and his team developed a dithioglyoxime ligand that forms mono-, tri-, and pentanuclear
complexes with Co(II), Ni(Il), Pd(Il), Cu(Il), and Pt(Il) to demonstrate sulfur-based framework
structural flexibility [12, 13]. Salivon et al. The study showed that diallyl disulfide acts as a
tetradentate ligand, forming distorted tetrahedral complexes with Cu(I) via sulfur and olefinic binding
sites [14]. The research indicates that sulfur-rich coordination systems can adopt different structures.



Thioether-based ligands exhibit coordination behavior that produces intricate structures, while
their transition-metal binding properties result in improved antimicrobial and anticancer activities
[15—17]. The research expands on previous work on sulfur-containing ligands and their coordination
properties [15-18] by developing Co(Il), Ni(II), Cu(Il), and Cd(II) complexes from two newly
synthesized thioether ligands, L' and L2 The sulfur donor sites in these ligands create unique
electronic and steric effects, making them useful in medicinal chemistry because their structures can
be easily altered through chemical reactions. The research determined both structural elements and
physical properties of these complexes to understand their coordination patterns and electronic
properties.

The addition of alkyl spacers to thioether ligands provides researchers with an additional tool
to control structure, as these spacers allow them to adjust metal-ligand bonding strength and the
overall size of their molecules. The design of metal-based systems with biological value requires
understanding how their structural elements affect coordination behavior and functional performance.

The primary aim of this study is to synthesize two thioether ligands with different alkyl spacer
lengths and to investigate their coordination behavior toward selected transition metal ions. The
research explores how different ligand structures and metal ions affect the structural, electronic, and
physical characteristics of the resulting complexes. The study investigates how bacteria interact with
these complexes, aiming to determine the chemical bonds between their molecular structures and
their ability to fight bacteria. The research unites spectroscopic data with magnetic measurements and
conductivity tests to develop a unified system that explains how sulfur-donor metal systems connect
their coordination chemistry to their biological functions.

Experimental part

General Remarks. The research used analytical-grade reagents and solvents that did not
require additional purification before use. The synthetic procedures were carried out under controlled
laboratory conditions to ensure reproducibility and minimize potential sources of contamination. The
research team used standard experimental methods to study the synthesis and characterization
processes while maintaining identical reaction conditions and sample preparation steps. The research
used standard-calibrated equipment to perform spectroscopic and physicochemical tests, with new
sample preparations when needed, to obtain dependable measurement results.

Physical Measurements. The synthesized ligands, together with their metal complexes, were
evaluated for physicochemical properties using spectroscopic and analytical methods. Infrared
spectroscopy analysis helped scientists detect specific functional group vibrations, enabling them to
identify modifications that occurred when metals bound to the compound. The research team used
proton nuclear magnetic resonance spectroscopy to study ligand properties, while electronic
absorption spectra helped them examine both electronic transitions and coordination effects.
Elemental analyses were performed to verify the proposed stoichiometries of the compounds. The
researchers conducted molar conductivity tests in polar solvents to assess the electrolytic behavior of
the complexes, and magnetic susceptibility tests to study their electronic properties and molecular
structure. The research team conducted all measurements according to established procedures,
resulting in dependable, uniform experimental outcomes.

Synthesis of Ligands. The thioether ligands L' and L? were synthesized via a nucleophilic
substitution reaction between the corresponding dibromoalkane and 4-(tert-butyl)benzenethiol under
basic conditions (Scheme 1). The thiol group becomes a nucleophile upon deprotonation, enabling
successful sulfur—carbon bond formation. The reactions needed reflux conditions to achieve full
completion before scientists removed inorganic compounds, and then they allowed the target ligands
to crystallize under specific conditions.

Both ligands were obtained as stable solids with good yields and purified by standard washing
and drying procedures. The researchers verified their chemical compounds through melting-point
tests and spectroscopic studies, which demonstrated thioether formation patterns and the absence of
thiol proton signals. The researchers achieved L! and L? synthesis, producing two compounds with



identical structures but differing in alkyl spacer chain length. The researchers studied how different
alkyl spacer lengths affect coordination behavior and complex formation using these ligands.
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Standardized Procedure for the Synthesis of Coordination Complexes. The coordination
complexes were prepared using a standardized synthetic approach based on the reaction of the
preformed thioether ligands with the corresponding transition metal chlorides in ethanolic media. The
ligands were allowed to interact with the metal ions under reflux conditions, promoting efficient
coordination through sulfur donor atoms. During the reaction, the formation of solid products
indicated successful complexation.

The resulting complexes were isolated by filtration, thoroughly washed to remove unreacted
starting materials and residual salts, and then dried under reduced pressure. All complexes were
obtained as stable solids with distinct colors characteristic of the coordinated metal ions. This uniform
synthetic strategy ensured consistency across the series and enabled a reliable comparison of the
structural and physicochemical properties of the complexes derived from ligands L' and L2.

Results and discussion

Synthesis of Ligands and Complexes. The thioether ligands L! and L? showed no physical
changes, but their spectroscopic data indicated that the sulfur atoms formed bonds to carbon atoms.
The absence of thiol-related signals and the presence of characteristic thioether vibrations confirm
complete conversion of the starting materials. The following transition metal ions underwent
successful coordination under identical reaction conditions, yielding complexes with defined
structures and distinct physical properties.

Elemental analysis results are in good agreement with the proposed stoichiometries, supporting
the formulation of the complexes as neutral ligand systems associated with ionic chloride species.
The synthetic results demonstrate the same patterns for all metal ions because the ligands possess
sufficient flexibility and donor strength, enabling them to form stable tetrahedral coordination
complexes (Fig. 1). Scientists can study the properties of L!- and L?-based complexes by leveraging
their identical structural features, including coordination patterns and biological effects.

Table 1 presents the physical and analytical characteristics of the synthesized ligands and their
metal complexes.
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Fig. 1. The hypothesized structure of (a) [M(L!)2]Cl2] and (b) [M(L?)2]Cl2] complexes.
M=Co(II), Ni(II), Cu(II), and Cd(II)

Table 1. The physical and analytical characteristics of the synthesized ligands and their metal

complexes
Seq. | Compound | Color | Molecula | Meltin | Yiel Elemental Analysis — found Molar
r Weight | g Point | d % (calculated) (%) Conductivit
O C H S M y
(A, cm?-
ohm™ mol™)
L! C»H30S: Pale 385.60 102- 96 73.69 | 8.43 17.88 | ---- ---
yello 105 (73.67 | (8.70 | (17.81
w ) ) )
L? C3H32S2 White | 372.63 106- 88 74.14 | 8.66 17.21 -—-- ---
108 (74.11 | (8.65 | (17.23
) ) )
1 [Co(L")2]Cl | gray 782.89 1254 89 6744 | 7.66 | 8.50 16.35 167
2 (67.49 | (7.69 | (7.96) | (16.41
) ) )
2 [Ni(L'),]Cl, | yello 846.79 180¢ 93 62.35 | 7.09 | 847 15.12 154
w (62.39 | (7.03 | (7.36) | (15.08
) ) )
3 [Cu(LY);]Cl | Pale 851.65 1924 90 61.99 | 7.05 8.47 15.03 138
2 green (6193 | (7.09 | (8.61) | (15.09
) ) )
4 [CA(L"),]C1 | White | 900.51 1204 95 58.63 | 6.66 | 8.43 14.21 120
2 (58.67 | (6.61 | (8.09) | (14.25
) )
5 [Co(L?),]C1 | Pale 875.08 1874 86 63.08 | 7.31 8.41 14.63 121
2 violet (63.14 | (7.37 | (7.98) | (14.69
) ) )
6 [Ni(L?),]CI? | yello 874.84 1904 88 63.09 | 7.32 | 9.06 14.63 130
w (63.15 | (7.29 | (8.54) | (14.56
) ) )
7 [Cu(L?),]Cl | Black | 879.70 185¢ 91 62.75 | 7.28 |9.08 14.55 123
2 (62.8) | (7.33 | (8.56) | (14.59
) )
8 [CA(L*),]Cl | White | 928.56 1744 94 5945 | 6.89 |9.06 13.78 180
2 (59.49 | (6.96 | (8.46) | (13.67
) ) )

d= decomposition temperature

"H-NMR Spectral Analysis. The '"H-NMR spectra of ligands L' and L? contain direct evidence
that confirms their proposed molecular structures. The observed proton signals match the predicted
chemical environments of the aromatic rings, alkyl spacers, and tert-butyl substituents, indicating that
thioether formation was successful. The absence of thiol proton signals in the spectrum confirms that
the starting thiol compounds have fully transformed into their coordinated forms, which matches the
observed complexation patterns.



Differences between the spectra of L' and L? mainly reflect variations in the alkyl spacer length,
which influence the chemical shift positions of the methylene protons without altering the overall
spectral pattern. The research results show that the two ligands share similar structures, yet they
exhibit sufficient differences to enable researchers to study how spacer length affects their
coordination behavior and physical characteristics [19, 20].
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Fig. 2. 'THNMR for a(L"); b(L?)

Conductivity Measurements. Molar conductivity measurements provide useful insight into
the ionic nature of the synthesized metal complexes in polar solution. The conductivity measurements
show that the complexes function as electrolytes, confirming that chloride ions exist as free ions rather
than being coordinated to the complexes. The research results match the proposed complex structures,
indicating that chloride ions remain beyond the main coordination sphere.

The observed behavior supports the conclusion that neutral thioether ligands serve as the main
coordination sites because metal-sulfur bonds determine the structure of the inner coordination



sphere. The conductivity results therefore agree well with elemental analysis and spectroscopic data,
collectively supporting the structural models proposed for the complexes. Results from multiple
independent analytical methods are identical, enhancing the reliability of the complete structural
identification.

Determination of Magnetic Properties. Magnetic moment values (peff) obtained from
measurements for the Co(Il) complexes were 5.17 B.M. for [Co(L')2]Cl2 and 5.45 B.M. for
[Co(L?)2]Cl, values consistent with high-spin tetrahedral configurations [23]. For the Ni(II)
complexes, the u_eff values were 4.63 B.M. for [Ni(L')2]Cl2 and 4.10 B.M. for [Ni(L?)2]Clz, which
are within the expected range for high-spin tetrahedral Ni(Il) species [23]. The Cu(II) complexes
exhibited magnetic moments of 1.75 B.M. for [Cu(L')2]Clz and 1.26 B.M. for [Cu(L?)2]Cl>. The d-
orbital set contains one unpaired electron, leading to a distorted tetrahedral molecular structure. [23].
As expected for a d'° system, all Cd(IT) complexes were diamagnetic [23].

Magnetic susceptibility measurements offer important insight into the electronic configuration
and coordination geometry of the synthesized metal complexes. The magnetic properties of Co(Il),
Ni(Il), and Cu(Il) complexes show evidence of unpaired electrons, confirming their high-spin
electronic configurations in tetrahedral coordination environments. In contrast, the Cd(II) complexes
exhibit diamagnetic behavior, as expected for a closed-shell electronic configuration.

The magnetic properties match all the structural findings that scientists obtained through
spectroscopic and conductivity tests. The magnetic data match the electronic spectral features,
supporting the assignment of tetrahedral structures and demonstrating that metal-sulfur bonding
determines the electronic properties of these complexes. The magnetic results serve as an independent
verification system, which confirms the proposed coordination models through their reliable data.

Electronic Absorption Spectral Analysis. The ultraviolet—visible absorption spectra of the
uncoordinated ligands L' and L? revealed two sharply defined absorption bands, assigned to n—m*
and n—7* transitions, corresponding to the aromatic structure and thioether functional groups.
Specifically, L' showed bands at 33781 cm™ (n—n*) and 31548 cm™ (n—n*), while L? exhibited
bands at 34897 cm™! (m—n*) and 32489 cm ™! (n—n*) [24].

Upon complexation, these ligand-centered bands experienced slight shifts, accompanied by the
appearance of charge-transfer (C.T) bands: 28056 cm™ for [Co(L')2]Cl2 and 28902 cm™ for
[Co(L?)2]Cl, suggesting ligand-to-metal electron donation through the sulfur atoms [24].

In the Co(Il) complexes, weak-intensity d—d bands were observed at 14579 cm™ for
[Co(L")2]Cl2 and 14634 cm™" for [Co(L?)2]Clz, The 4A2g(F)—4T2g(P) electronic transition occurs in
complexes that have a tetrahedral ligand field environment according to their characteristic spectral
features. Supported by their magnetic moments [25]. The Ni(II) complexes exhibited bands at 14679
cm™ for [Ni(L")2]Cl2 and 14289 cm™ for [Ni(L?)2]Cl2, assigned to 3Ti(F)—>T:(P) transitions [26].
The Cu(Il) complexes displayed broad d—d transitions at 13879 cm™ for [Cu(L")2]Cl2and 14834 cm™
for [Cu(L*):2]Clz, consistent with distorted tetrahedral geometry [27]. As expected for a dio
configuration, the Cd(II) complexes showed no d—d transitions and remained diamagnetic [28, 29].

Notably, the variation in charge-transfer band positions between L!- and L*-based complexes
reflects subtle differences in ligand field strength induced by the methylene chain length, which can
modulate the electronic environment around the central metal ion [24—-31] (Table 2).

The electronic absorption spectra of the synthesized complexes provide evidence of metal—
ligand bonding interactions that determine the coordination structure of the complexes. The free
thioether ligands exhibit ligand-centered transitions that undergo small but regular shifts upon binding
to metal centers, because metal coordination alters their electronic structure. The presence of sulfur
donor atoms in coordination results in partial electron transfer to the metal center, which produces
this specific behavior.

The appearance of charge-transfer bands in metal complexes demonstrates that electronic
interactions exist between ligands and metal centers, indicating that coordination forms more than
just structural bonds because it also creates electronic bonds. The d—d transitions of Co(II), Ni(Il),
and Cu(Il) complexes show characteristic signals, although their intensities remain low, which



supports their tetrahedral coordination structures. The agreement between spectroscopic observations
and the corresponding magnetic susceptibility data strengthens this interpretation.

The spectral patterns between complexes made from L' and L? ligands differ because of their
different backbone flexibility rather than their donor types. The L1 compound contains a shorter alkyl
spacer, which produces a smaller coordination sphere that should improve metal-ligand orbital
overlap and affect the electronic properties of the metal center. The electronic differences between
these compounds create a logical framework that explains why their physical and chemical
characteristics and biological activities differ.

Table 2. UV spectra and magnetic moments of synthesised compounds

Absorption oo Band maxima | p.g
No. | Compound bands Transition % em-! (B.M.)
) 33781 (n-m*) 38490 --
L C22H30S2 31548 (- %)
) 34897 (n-1*) 37692 --
L C23H32S2 32489 (- %)
14579 *A2g(F) —»*T1(P) 37693 5.17
1
36902 T Tt 35791 4.63
Ll 41457 n n*—>
2 | INI@RICR 699 STi(F) — *Ti(p)
35890 C.T
3 [Cu(L"2]Cl> | 13879 T, > ’E 36578 1.75
4 [CALY]CL | - 37456 Dia
) 14634 *Asg(F) —*T1(P) 37612 545
5 [Co(L?)2]Cl2 28902 CT
37341 T RN 35845 4.10
P 41908 n nE—>
6 | INILRICL | reg STi(F) — *Ti(p)
36812 C.T
7 [Cu(L*):]Cl> | 14834 T, —JE 35612 1.26
8 [CA(L*:]Cl2 | --- 32768 Dia

Infrared Spectral Analysis (Fig. 3). The infrared spectral data confirm the proposed
coordination mode used to synthesize the metal complexes. The free ligand spectra show no sign of
the v(S—H) stretching band because their thiol groups exist in a non-protonated state before they form
complexes. This observation suggests that sulfur atoms are readily available for metal binding, which
is consistent with the formation of stable thioether—metal interactions (Table 3).

Upon complexation, the v(C-S) stretching vibrations exhibit systematic shifts compared with
those of the uncoordinated ligands. The observed changes in bond strength and electron density
distribution patterns occur because sulfur atoms take part in coordination bonds. The appearance of
new absorption bands in the low-frequency region, arising from v(M-S) vibrations, indicates that
metal atoms form direct bonds with sulfur atoms. The spectral features show identical patterns in all
complexes, demonstrating that sulfur atoms in the complexes donate electrons to the metals through
similar bonding mechanisms.

The measured infrared spectral patterns match the data from magnetic susceptibility and
conductivity tests and from electronic spectral tests. The independent analytical methods that
converged on the same conclusion proved that the proposed bidentate coordination pattern exists and
confirmed the tetrahedral molecular structure. The FT-IR data serve as vital evidence of the structural
arrangement of complexes and confirm results from other physical assessment methods.



Table 3. FT-IR Spectroscopic Characterization of the Prepared Ligands and Their Corresponding
Metal Complexes

No. Compound v(C-H) v(C-S) v(M-S)

L! C22H30S2 2958 552 --

L2 C23H32S2 2959 544 --
1 [Co(LN2]Cla 2959 630 465
2 [Ni(LH2]ClL 2960 633 459
3 [Cu(L2]Cl2 2956 629 455
4 [CA(L"):2]Cl2 2961 666 469
5 [Co(L*):2]Cl2 2959 636 450
6 [Ni(L?)2]CI? 2960 635 459
7 [Cu(L*):]Cl2 2958 623 475
8 [CA(L*)2]Cl2 2959 594 467
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Fig. 3. IR-Spectra of (a) L, (b) L2, (c) [Ni(L")2]Cl2, (d) [Ni(L?)2]Cl

The physicochemical characterization data show that the synthesized metal complexes have
structural features that match one another. The spectroscopic data, along with magnetic measurements
and conductivity results, are identical, confirming that thioether ligands in their neutral state bind to
sulfur atoms to form tetrahedral metal complexes with chloride ions positioned outside the main
coordination shell. The series contains similar structures, which enable researchers to study their
operational characteristics, as the main differences stem from metal ions and flexible ligands rather
than new coordination patterns. The integrated structural analysis allows researchers to determine
why different compounds exhibit different antibacterial properties, which will help them evaluate
structure-activity relationships in the following section.

Antimicrobial Activity. The researchers tested the antimicrobial properties of their synthesized
compounds against Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative),
as these bacteria are standard organisms for testing broad-spectrum antibacterial compounds. The
agar well diffusion test at 10 pg/mL concentration showed that all complexes displayed antibacterial
properties, but complex (2) generated the largest inhibition zones, which measured 18 mm for S.
aureus and 17 mm for E. coli. The free ligands showed limited antibacterial activity, as indicated by
zone sizes of 11-16 mm, but metal coordination with transition metals improved their antibacterial

performance by helping them enter bacterial membranes and making them more lipophilic (Fig. 4,
Table 4).

Table 4. Assessment of the Antibacterial Activity of the Ligands and Their Corresponding Metal
Complexes



No. | Symbol Compounds Staphylococcus | E. coli (mm)
aureus (mm)

L' L1 C22H30S2 0 0
1 Col [Co(L")2]Cl2 16 14
2 Nil [Ni(LH2]Cl 18 17
L? L2 C23H32S2 0 0
5 Co2 [Co(L?)2]Cl2 16 11
6 Ni2 [Ni(L?)2]Cl2 16 11

CIP ciproflo 24 15

E.coli

20

15

10

0

Cont L1 L2 Col Nil Co2 Ni2
Staphylococcus Ureus

30

20

‘ EEN

0

Cont L1 L2 Col Nil Co2 Ni2

Fig. 4. Antibacterial activity of compound against (a) Staphylococcus aureus (b) E. coli

Antibacterial tests of the synthesized ligands and their metal complexes show that transition-
metal ions enhance the biological activity of these compounds. The free thioether ligands exhibit no
antibacterial activity, whereas their metal complexes exhibit significant activity against Gram-
positive and Gram-negative bacterial strains. The observation supports current scientific knowledge,
which shows that metal coordination leads to major alterations in the interactions of organic
compounds with biological systems.

The increased antibacterial activity of the complexes may be attributed to chelation effects,
which reduce the overall polarity of the metal ion by partially sharing its charge with the sulfur donor
atoms. The process makes the complexes more lipophilic, enabling them to pass through bacterial
cell membranes and interact more effectively with cellular targets. The metal center in the compound
could block vital enzymatic processes and cellular functions, thereby helping to stop bacterial cell
multiplication.

The Ni(II) complex derived from ligand L' showed the strongest antibacterial activity among
all tested compounds. The observed behavior results from the simultaneous effects that metal ions
and ligands produce in the system. The electronic properties of Ni(Il), along with its small
coordination space from the short ligand chain, enable better metal-ligand bonding and better cell
penetration. The research shows that antibacterial activity results from the combined effects of



coordination geometry, electronic configuration, and ligand framework structure, rather than from a
single structural element.

The current research failed to identify which molecular targets or cellular pathways were
involved, so the proposed explanations require additional experimental verification.
Research shows that sulfur-donor metal complexes behave similarly to other substances because their
biological effects stem from changes in their physical and chemical properties instead of depending
on a specific essential component.

Conclusion

The research demonstrates that thioether ligands serve as an efficient system for transition-
metal ion coordination, producing structurally identical complexes as evidenced by spectroscopic,
magnetic, and conductivity testing. The research data show that sulfur atoms serve as the primary
donor sites, forming enduring metal—sulfur bonds due to their tetrahedral molecular structure. The
biological tests show that metal coordination makes the compounds more effective against bacteria
than the unbound ligands are, demonstrating that chelation affects the biological properties of these
molecules. The different activity levels among complexes demonstrate that metal ion types, together
with ligand structures, determine how these complexes function. The Ni(Il) complex shows that
biological function requires two essential factors: electronic flexibility and coordination site stability.
The research results help scientists better understand how thioether-based metal complexes relate
their structures to their properties while demonstrating their value for bioinorganic chemistry
applications.
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