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1. Introduction

Influence of pseudohalide anions on non-covalent
supramolecular synthons in Hg(i) complexes with
an 8-aminoquinoline ligand: DFT approach and
biological implications

*b Jessica Elizabeth Philip,©
f

*a Antonio Frontera,
® Sourav Roy® and Sahbi Ayachi

Dhrubajyoti Majumdar,
Bouzid Gassoumi,? Sergi Burguera,

In this work, we report the synthesis, structural characterization, DFT calculations, and antimicrobial/
anticancer properties of two identical X-ray structures of Hg() complexes (1 and 2). The complexes
crystallized in the monoclinic space group P2;/c. Hg(i) ions in two complexes exhibit four-coordinated
geometries. The complex crystal network flourishes with hydrogen bonds and =+ interactions. In the
crystal networks, supramolecular features have been explained by Hirshfeld surface and 2D fingerprint
plots. The HOMO-LUMO energy gap of Hg(i) complexes enables conducting behaviour. NLO examines
complex 2, which is a promising candidate for optoelectronic applications. The NLO findings are in
accordance with the calculated hyperpolarizability (8o) values. Further, X-ray structure reveals the
existence of spodium (SpB) and chalcogen bonds (ChB) in the crystal networks of the complexes.
QTAIM, NCI-RDG plots, NBO, and MEP studies successfully ensure the existence of these bonds. Also,
energy decomposition analysis (EDA) rationalizes the role of electrostatics in all cases. Here, it is
highlighted that dispersion plays a vital role in dimers showing LP---t interactions. However, in the case
of hydrogen-bonding, the orbital effects are equally significant. Meanwhile, the as-prepared compounds’
antimicrobial activities were investigated against Gram-positive and Gram-negative microbial strains.
These studies include S. aureus (ATCC 25923) and B. subtilis (ATCC 6633), E. coli (ATCC 25922) and S.
typhimurium (ATCC 14028), the fungus A. fumigatus, and the yeast C. albicans (ATCC 10231). The MIC
value compares the antimicrobial results. Additionally, cytotoxicity was assessed in DLA, HepG2, and
human H9c2 cancer cell lines, revealing that Hg(i) complexes exhibit low cytotoxicity in human H9c2
cells. The structure—activity relationship (SAR) rationalized the core biological findings.

advancements and exhibiting chemical, electrochemical, pho-
tophysical, photochemical, and catalytic properties.>> Conse-
quently, N,N-donor 8-aminoquinoline (8-aq) is a chelating

The coordination chemistry with the N-containing heterocycle
ligand began with Blau's research input after synthesizing
transition metal complexes in contact with N-donor 2,2'-bi-
pyridine.™” Various heterocyclic metal complexes have been
studied under this venture, demonstrating their structural
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ligand, exploring coordination number 4 complexes with Hg(u)
or other metal ions in synthetic coordination chemistry. The 8-
aq synthesized compounds are a well-researched hetero-
aromatic system due to their antiprotozoal and versatile
medicinal properties.*” Notably, in the 8-aq ligand, the struc-
tural integrity of the quinoline moiety (g) (Scheme S1)® attracts
synthetic researchers owing to its versatile coordination
behaviour and unique supramolecular properties, leading to
applications in catalysis, materials chemistry, lanthanide
sensing, organic synthesis, medicinal chemistry, and electro-
chemistry.®® In addition, the 8-aq was selected due to its
intriguing fluorescent and pharmaceutical (pH) properties.***
There are a few instances of Zn/Cd/Mn/Ni/Fe complexes with 8-
aq ligands in the Cambridge Structural Database (CSD).****
However, examples of Hg(u) complexes with 8-aq and pseudo-
halides SCN /SeCN~ are rare in the literature.>">

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Pseudohalides such as SCN /SeCN™ are highly demanding
ambidentate spacers in coordination chemistry for constructing
metal-complex crystal networks with different dimensions.**
To date, Hg(ir) complexes with these pseudohalides are scant in
the literature.>*>>"*> Meanwhile, in the 20th century, the field of
coordination chemistry shifted its focus to noncovalent inter-
actions (NCIs), including (H/halogen/m-interactions: -,
CH---w, CO---m, and ion---w), which are
researched.** Scientists have identified various NCI with d-
block elements in recent years, covering Regium (Group 11),
SpBs (spodium) (Group 12), and Osme bonds (Group 8).** The
SpB interaction occurs between a Group 12 metal and a LE¥'“H
(electron-rich), and the nature of these bonds is opposite to the
classical coordination bond.*® In this context, X. Zhang et al.
examine Bauza et al.'s work which demonstrated through CSD
and DFT calculations that a c-hole region exists in the MX,L,
complexes (M = Zn/Cd/Hg), facilitating noncovalent interac-
tions.*® Furthermore, in biological systems, few Hg(u)
complexes effectively donate SpBs, helping in the approach of
LM metals,® and also, the Hg:-*N bond is crucial for the
existence of supramolecular features in Hg(u) complexes, viz,
[Hg(HL)(SCN),].** Both interactions can reinforce each other in
metal complexes with a SpBs/Pnicogen/Tetrel bond, which is
crucial for designing metal complexes within the crystal engi-
neering community.**>” Group 12 metal Hg(un) complexes with
m-hole/c-hole donor character are limited in the literature.
Similarly, X. Zhang extended the work of Mahmoudi et al., who
recently synthesized and characterized m-hole SpBs in
complexes such as [Hg(L"I], and [Hg(HL")L,].** Therefore, the
coordination and structural chemistry of Hg(u) halides with 8-
aq containing various donor atoms and pseudohalides has
generated considerable research interest.'> Meanwhile, current
research has utilized comprehensive DFT tools (MEP, QTAIM,
NCI-RDG plot, NBO) to analyse these bonding features in Hg(u)
complexes.*®* In continuation of our long-term research
interests, the antimicrobial and cytotoxicity of Hg(n) complexes
with 8-aq against cancer cell lines (DLA, HepG2, and human
HO9c¢20) is another milestone in novel research, as it is, to date,
limited in the literature.*

Herein, we report the synthesis, characterization, and X-ray
structure of two isostructural Hg(u) complexes in contact with
8-aq and pseudohalides. The article explores noncovalent
interactions in the crystal network of Hg(un) complexes formed
by SCN"/SeCN™ spacers. The role of noncovalent interactions in
solid-state crystal assembly has been rationalized through
a panel of DFT studies (MEP surfaces, QTAIM, NCI-RDG plots,
NBO, and EDA). The antimicrobial and anticancer properties of
Hg(u) complexes were investigated, along with their structure-
activity relationships, thereby articulating the key findings of
the biological research.

now well

2. Experimental section
2.1. Materials

The current research used AR-grade chemicals and solvents
without additional purification. HgCl,, 8-aminoquinoline (8-
aq), NaSCN, and KSeCN (potassium selenocyanate) were
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purchased from Sigma Aldrich. Methanol (CH;OH) and di-
chloromethane (DCM) solvents were obtained from TCI,
America.

2.2. Physical measurements

The CHN was analysed using a PerkinElmer 2400 CHN
elemental instrument. The Xevo G2-XS QToF 4 K instrumental
model was used to measure HRMS. PerkinElmer and Bruker
RFS 27 modes were used for IR and Raman spectroscopy (400-
4500 cm™"). Bruker FT-NMR spectrometer analysed NMR in
DMSO-d; solvents. The Oxford XMX N model was used for EDX
analysis and various SEM images with a JEOL JSM-6390LV
model. Hitachi U-3501 model measures UV-visible spectra at
wavelengths 200-800 nm. The Thermo-Scientific NEXA model
analysed the XPS spectrum, including scans for N 1s, C 1s, Cl
2p, S 2p, and Hg 4f.

2.3. Synthesis of Hg(u) complexes

2.3.1. [Hg{(8-aq) (SCN)CI}] 1. Initially, in a mortar, 0.271 g
of HgCl, (1 mmol) and 0.144 g of 8-aq (1 mmol) were ground
with a pestle for about 5 minutes. Then, the overall white colour
solid mixture was poured into a solvent mixture of 20 mL
CH30H and DCM (1:1 molar ratio) after refluxing for 15
minutes at ambient temperature. Then, a few drops of a meth-
anol solution of NaSCN (0.081 g, 1 mmol) were added and mixed
after shaking in a mechanical shaker for three minutes. The
final solution was stirred using a magnetic stirrer for 1 hour.
The cooled, light-yellow solution was filtered and slowly evap-
orated for crystallization. After a few days, suitable single crys-
tals for SCXRD were collected and air-dried. Yield: 202.30 mg
(49.8%). Anal. calc. for C;,HgCIHgN,S: C, 27.40; H, 1.84; N, 9.59,
found: C, 27.37; H, 1.79; N, 9.62, HRMS for complex 1, (m/z, TOF
MS): found for 438.29 (calculated 439.8), for complex 1, »(N-H),
3481, ¥(C=C), 1617, »(phenyl ring), 1468, 1370, »(SCN), 2105,
FT-Raman (cm™') selected bands: »(C=C), 1615 s, »(phenyl
ring), 1392 s, »(Hg-N), 575 s, »(C-N-Hg), 992, 1250 m, »(SCN),
2120 s, "H NMR (DMSO-d,, 400 MHz): 6 (ppm): for complex 1,
8.73 (1H, br, s), 8.19 (1H, d, = 8.0 Hz), 7.46 (1H, m), 7.30 (1H, t,
J=8.0Hz),7.10 (1H, d, ] = 8.0 Hz), 6.91 (1H, d, ] = 7.2 Hz), 6.01
(2H, br, s), and "*C NMR (DMSO-ds, 400 MHz): 6 (ppm): 109.41-
127.47 (C Ar), 135.91-147.04 (C Ar), '*C DEPT NMR: 6 (ppm):
108.58-128.40 (C Ar), 136.33-147.73 ppm (C Ar), UV-ViS Amax
(DMF): 265 nm (¢ = 42.80 M ' em™ "), and 344 nm (¢ =
1544 M 'em™Y).

2.3.2. [Hg{(8-aq) (SeCN)CI}] 2. We used identical synthetic
methods to synthesize complex 2, using 0.271 g of HgCl, (1
mmol), 0.144 g of 8-aq (1 mmol), and a few drops of a methanol
solution of KSeCN (0.144 g, 1 mmol) instead of NaSCN. Yield:
241.14 mg (49.8%). Anal. calc. for C;oHgCIHgN;Se: C, 24.75; H,
1.66; N, 8.66, found: C, 131; H, 1.70; N, 8.70, HRMS for complex
2, (m/z, TOF MS): found for 485.19 (calculated 486.10), for
complex 2, »(N-H), 3220, »(C=C), 1615, y(phenyl ring), 1470,
1369, »(SeCN), 2127 s, FT-Raman (cm ') selected bands: »(C=
C), 1610 s, v(phenyl ring), 1383 s, »(Hg-N), 552 s, v(C-N-Hg),
1282 m, ¥(SeCN), 2136 s, *H NMR (DMSO-dg, 400 MHz): § (ppm):
for complex 2, 8.73 (1H, d,J = 4, 1.6 Hz), 8.19 (1H, dd, ] = 8.4, 2
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Hz), 7.47 (1H, dd, J = 8.4, 4.0 Hz), 7.31 (1H, t, ] = 7.6 Hz), 7.11
(1H, d,J = 8.4 Hz), 6.92 (1H, dd, ] = 7.6, 1.2 Hz), 6.05 (2H, br, s),
and “C NMR (DMSO-dg, 75.45 MHz): 6 (ppm):109.71-128.54 (C
Ar), 136.03-147.15 (C Ar), *C DEPT NMR: 6 (ppm): 110.76~
128.40 (C Ar), 137.22-147.32 ppm (C Ar), UV-Vis . (DMF):
273 nm (e = 56.40 M~ ' cm ™).

2.4. X-ray crystallography

Table S1 presents the crystallographic data and structure
refinement parameters. The crystallographic data were
collected at a temperature between 296.15 and 298(2) K. The
high-quality crystal growth was achieved by slowly evaporating
CH;0H + DCM solvent mixtures. The crystal data were collected
using a Bruker-AXS SMART APEX II diffractometer, employing
standard Mo Ko radiation (A = 0.71073 A). The crystal structures
were solved using different crystallographic software programs,
including the advanced SHELX,** SADABS," and SAINT.** The
crystal space group (SG), structure, and F> were accurately
determined using SHELXTL and least-squares methods. Full-
matrix least-squares methods and refinement using SHELXL-
2014,** and Olex-2 software*' ultimately solved the complex's
structure. The crystal structure was refined by applying aniso-
tropic shift parameters to all atoms, with the H atoms refined
iso-tropically.

2.5. Computational methods

The Hg(u) complex CIF file has been optimized using the DFT/
B3LYP-D3/LanL2DZ method**™*® implemented in the Gaussian
09 package.”” Relativistic contributions for the Hg(u) center were
treated using effective core potentials (LanL2DZ), which replace
the inner core electrons with an effective potential and thus
incorporate the dominant relativistic effects efficiently. Ener-
getic refinements at the PBEO-D4/def2-TZVP level further
ensured reliable electronic descriptions. Although spin-orbit
coupling was not explicitly included, this ECP-based framework
is well established for providing accurate structures and elec-
tronic properties of Hg(u) complexes. The FMO was conducted
to investigate the electronic properties and the donor (D)/
acceptor (A) characteristics of Hg(u) compounds.*® The Elec-
tron Localization Function (ELF) and Localized Orbital Locator
(LOL) are utilized to analyse the electronic distribution on the
surface of the materials.** Furthermore, the Turbomole
program 7.7 (ref. 50) at the PBEO-D4/def2-TZVP level of
theory®*~*** was used to perform the energetic calculations. This
functional has been selected since it provides good estimates of
both geometries and energies for Hg(u) compounds.>*”< The
geometries of the complexes studied herein were obtained from
X-ray coordinates. We then performed a geometry optimization
where only the hydrogen atom positions were optimized, while
the heavy atoms were kept fixed at their experimental positions.
This approach was chosen to analyse the intermolecular inter-
actions as they exist in the solid state, rather than optimizing
the entire structure to its lowest-energy gas-phase conforma-
tion. An iso-surface of 0.001 au was used for plotting the MEP
surface, which were represented using Gaussview 6.0 pro-
gram.** Using the VMD software,** QTAIM>*/NCI Plot*” analyses
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were computed. The Multiwfn program®® is recommended for
the QTAIM/NCI plot calculations. The NBO analysis was per-
formed using the NBO7 program.** Employing the Kitaura-
Morokuma scheme,* the EDA calculations were performed
using the Turbomole 7.7 program. Dimerization energies were
obtained directly from the EDA based on the defined monomer
fragments.

2.6. Biological studies

2.6.1. Disc diffusion method. The antibacterial potency of
the synthesized Hg(u) complexes was evaluated against Gram-
positive bacteria, including S. aureus (ATCC 25923) and B. sub-
tilis (ATCC 6633), as well as Gram-negative bacteria such as E.
coli (ATCC 25922) and S. typhimurium (ATCC 14028). Similarly,
the antifungal efficacy of C. albicans (ATCC 10231) and A.
fumigatus was considered in the current study. The analysis was
conducted using the disc diffusion method (DDM).**** Cepha-
lothin, chloramphenicol, and cycloheximide were used as
positive controls for Gram-positive and Gram-negative bacteria
and fungi. The detailed antimicrobial experimental protocol is
submitted in Section S1.

2.6.2. Minimum inhibitory concentration (MIC)-resazurin
based microtiter dilution assay (RMDA). The antimicrobial
efficacy of investigated mercury compounds was assessed using
the Resazurin Microdilution Assay (RMDA).®> All the experi-
ments were taken in triplicate, and the average MIC values for
each test compound were calculated.®® A detailed experi-
mental protocol is submitted in Section S2.

2.6.3. Cytotoxicity and MTT assay. Hg(u) complexes in vitro
cytotoxicity was examined on HepG-2 and H9c2 cell lines. H9c2
cells (embryonic BD1X rat heart tissue) were provided by the
National Centre for Cell Sciences (NCCS), Pune, India, and
cultured in Dulbecco's modified Eagle's medium (DMEM) with
10% FBS, penicillin (100 U mL™"), and streptomycin (100 mg
mL ") at 37 °C under a 5% CO, atmosphere. Cells were sub-
cultured to 80% confluence before experiments. Similarly, the
HepG2 human hepatocellular carcinoma cell line was also ob-
tained from previous sources, NCCS and maintained in Eagle's
minimum essential medium with 10% FBS, penicillin (100 U
mL "), and streptomycin (100 mg mL™ ') under a 5% CO,
environment at 37 °C, with subculturing to 80% confluence
before use.®**® The MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) was sourced from Sigma, St
Louis, MO, USA (Section S3 for experimental details). The
percentage (%) cell viability of control cells was kept at 100%.
The retained cells in percent were determined based on the
given formula:

% Cell viability — (100 — bsorbance of treated) )
absorbance of control

2.6.4. Trypan blue exclusion assay. The cell viability was
examined using the Trypan blue exclusion method (TBEM)*
with a standard experimental protocol after dissolving multiple
concentrations of Hg(i1) compounds in DMSO. The complexes
were kept at 37 °C for 3 hours. Furthermore, after incubation,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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0.1 mL of 1% Trypan blue was added and incubated for 3
minutes before being loaded onto a hemacytometer. Regarding
the reference experiments, we observed two distinct outcomes:
dead cells took up the blue dye, whereas live cells remained
unstained. Stained (that means dead) and unstained (which
means life) cells were counted in a stepwise manner, and the %
cytotoxicity was calculated based on the given formula.*”

number of dead cells
number of live cells + number of dead cells

% Cytotoxicity = (

x 100

3. Results and discussion

Two water-insoluble iso-structural Hg(u) complexes were
synthesized using 8-aq chelating ligand and pseudohalides via
a self-assembly in situ technique (Scheme 1). Different analytical
methods are employed to characterize the complexes, including
SEM-EDX and X-ray photoelectron spectroscopy (XPS). The
Hg(u) complexes with 8-aq and pseudohalide coordination
chemistry are scarce in the literature,»'*>"** especially for
noncovalent interactions (NCI), which encompass SpBs/c/T
holes within the crystal networks. Notably, DFT methods,
including MEP, QTAIM, NCI-RDG plots, NBO, and EDA, are
widely used to investigate the nature of NCI in Hg(u) complexes.
Similarly, the combined antimicrobial and antiproliferative
activities against cancer cell lines (DLA, HepG2, and human
H9c2) is scarce for Hg(u) complexes. The distinctive supramo-
lecular characteristics of crystal assemblies, SpB/c/m-hole bond
concepts, and their significance in biology underscore the
originality of metal complexes research.

4. Characterization

Hg(u) complexes are well characterized structurally using
a variety of analytical methods.

4.1. HRMS

Hg(u) complexes' structural integrity was confirmed by HRMS
characterization (Fig. S1 and S2). The complex molecular ion
peaks were observed at 439.84 m/z (calculated 438.29, 1) and

X
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486.10 m/z (calculated 485.19, 2), confirming the Hg(u)
complexes’ stoichiometry in the presence of pseudohalides.

4.2. IR and Raman spectroscopy

The Hg(un) complexes were primarily characterized using IR and
Raman spectroscopic studies (Fig. S3a-c, S4a, b, Ssaand b). In 1
& 2, these stretching band-shifted values are identified at 3481,
1617, 1468, and 1370 em ™! (1) and 3220, 1615, 1470, and
1369 cm ! (2), respectively. These IR shifting values confirm
that the 8-aq structural framework is present in the complexes,
and the 8-aq N,N-donor centres are coordinated to the Hg(u)
centre. The most significant identification of the complexes is
the presence of SCN™ (1) and SeCN™ (2). To prepare the
complexes, we used NaSCN and KSeCN salts. Therefore, IR
spectroscopy of standard NaSCN and KSeCN salts (Fig. S3a-c)
was compared with those of the Hg(u) complexes. The shifting
peaks of the complexes at 2105 and 2127 cm ™' confirm the
presence of the spacer SCN~ and SeCN  ion in the
complexes.”**® Furthermore, Raman sharp peak values at 2120
and 2136 cm™ ' ensure the presence of these spacers in 1 and 2.
In this context, the studied molecular structure of two Hg(u)
complexes corresponds to a true minimum, as evidenced by our
vibrational frequency calculations, which yield no imaginary
frequencies. We have submitted the figure in the SI (Fig. S5c).

4.3. UV-Vis spectrum

The UV-Vis spectra of Hg(u) complexes were analysed using
DMF (Fig. S6a-a1/S6b-b1). The UV broad peaks are observed at
265 and 344 nm (1) and 273 nm (2). The results indicate that the
8-aq interacts with Hg(u) through N-donor atoms, which can be
ascribed to a transition involving the T — =* aromatic benzene
ring.®**® The Hg(u) possesses a 5d'° filled electronic arrange-
ment, and the HOMO-LUMO orbitals of the complexes are
spread out across the QM (quinoline moiety). The properties of
the HOMO-LUMO orbitals of the individual quinoline (g) unit
remain consistent under the given conditions. The complexes
electronic transition is like other d'® metal complexes.”
Fig. S6al-b1 show the additional lower dilution (0.001 M) UV-
Vis spectrum.

X

oChL+KX (X= CN7/5¢CN)

NZ in MeOH +DCM

{ 1:1Molar ratio)
NH,

8-Aq

Scheme 1 Synthetic outline for Hg(i) complexes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4.4. NMR analysis

NMR Fig. S7a-c are applicable for 8-aq, and complex 1 and 2.
The 8-aq NMR studies show significant shifts in the NMR peaks
for the Hg(u) complexes. For 1, the Ar CH proton shifts in nature
to 6 6.91-7.46 and 6 8.19 ppm. In contrast, for 2, the Ar CH shifts
are observed at 6 6.92-7.47 and 6 8.19 ppm.®*”® 'H NMR peak
values confirm that Hg(u) complexes contain an aromatic ring
coordinated to 8-aq N,N-donor centres. In addition, a high
0 6.01-6.05 ppm value of the NH, proton is seen in both
complexes due to the reduction of the electron density during
Hg(n) metal coordination with NH,. The shifting of "*C NMR
peak values further substantiates the existence of both
complexes’ aromatic carbon structural frames (peak shifts at 6:
109.41-127.47 and 135.91-147.04 ppm (1), 109.71-128.54 and
136.03-147.15 ppm (2) (Fig. S8a and b)). We also assess the
aromatic carbon structural integrity of the complexes using *C
~ DEPT NMR (Fig. S9a and b). In both complexes, we observed
similar DEPT NMR peak values covering 108.58-128.40, 136.33—
147.73 ppm for 1, and 110.76-128.40, 137.22-147.32 ppm
for 2.7

4.5. EDX-SEM

The SEM is commonly used as a sophisticated technique to
analyse the structural morphology and size of Hg(u)
complexes.” On the other hand, EDX analysis involves using X-
rays to map the elemental composition of newly synthesized
Hg(u) compounds. The complexes' EDX mapping (Fig. S10)
shows their elemental and metal composition, as well as the
electron image. EDX mapping concluded that 1 is composed of
carbon (C), nitrogen (N), sulphur (S), and mercury (Hg). The
EDX suggests the % weight information of the complex (Table
S4). EDX mapping confirms the interaction between Hg(u) ions
and the 8-aq in the presence of SCN™ ions. SEM micrographs
(Fig. S11a-e) confirm that the 1 surface structure resembled an
organized ice type. For 1, SEM micrographs divulge the ice-type
morphology. The literature study investigated significant vari-
ations in particle size and shape compared to other quinoline-
based metal complexes.”

©

moxo

Q =

(* 1

Js

N3

(1)

336 | RSC Adv, 2026, 16, 332-352

View Article Online

Paper

4.6. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is becoming more
significant for mapping the elemental composition and eluci-
dating the formation of Hg(u) complexes in the presence of 8-aq
and SCN™ (Fig. S12a-e). XPS studies enhance the interactions
between the 8-aq and Hg(u) metal during complex formation.
The XPS scan of the binding energy (BE) spectrum provides
evidence of N, C, Cl, S, and Hg(u) in 1. Notably, in 1, bonding
features involving Hg-N, Hg-S, and Hg-Cl are observed.
Therefore, the XPS scan image of 1 revealed BE corresponding
to the N 1s, C 1s, Cl 2p, S 2p, and Hg 4f peaks: 398.5, 284.7,
198.3, 163.4, 101.2, and 105.1 eV, respectively. Hence, the Hg 4f
scan reveals that Hg is in the (u) state, and no elemental Hg is
present in 1, as confirmed by the absence of Hg 4f, which has
a binding energy of 99.8 eV.” The XPS scan image in 1 also
ensures that Hg(u) is the central metal ion. The 284.7 eV C 1s
XPS peak in 1 is assigned to the C atoms present in the C-C
bond framework.””* Similarly, the N 1s and Cl 2p XPS spec-
trum's peaks, at 398.5 and 198.3 eV for 1 eV, are associated with
the N for SCN™** and Hg-Cl bond formation in the complex.”
Notably, the Hg-SCN bonding section is present in 1, as
confirmed by the S 2p XPS scan at 163.4 eV.”* Finally, in 1, the
most significant bonding features are Hg-SCN (S-bonded), Hg-
N (8-aq), and Hg-Cl, as determined by XPS scanning.

5. Crystal structure description

Pseudohalide-linked Hg(n) complexes are isostructural and
crystallize in a monoclinic space group P2;/c. In both
complexes, the two nitrogen atoms of the aminopyridine ligand
behave as donor atoms to bind with the Hg(u) atom, forming
a Hg(u)-ligand complex. Each complex's Hg(1) centre is tetra-
coordinated, forming distorted tetrahedral geometry. Two
nitrogen atoms, [pyridine nitrogen, N(2) and amine nitrogen,
N(1)], one chlorine atom, Cl(1), and one sulphur/selenium
atom, S(1)/Se(1), are attached with the central Hg(1) to fulfil
its coordination geometry (Fig. 1). The bond angles around
Hg(1) range from 73.7(3) ° [complex 1], 73.3(3) © [complex 2], to

()

Fig. 1 Perspective view of complexes 1 (left) and 2 (right) with selective atom numbering scheme, (ORTEP ellipsoid probability 50%).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2

N3

(b)

(a) Perspective view of hydrogen bonding interaction with selective atom numbering scheme. Symmetry operation:a =x,1/2 —y, 1/2 + z,

b=xy 1l+z c=x1/2 -y, —-1/2 + z (b) perspective view of Hg---S and S---N contacts observed in 1.

131.48(19) © [complex 1], 131.7(2) °© [complex 2], indicating that
the geometry is significantly distorted. Complete crystallo-
graphic parameters are gathered in Table S1.

5.1. Supramolecular interactions

The isostructural Hg(u1) complexes exhibit both strong and weak
hydrogen bonds in their crystal packing. The hydrogen atom,

© 2026 The Author(s). Published by the Royal Society of Chemistry

H1A, attached to N1, forms a symmetry-related (x, y, 1 + 2)
hydrogen bond with the thiocyanate nitrogen, N3 in 1, and the
SeCN nitrogen, N3 in 2. The other amine hydrogen, H1B,
attached to N1, forms a symmetry-related (x, 1/2 — y, 1/2 + 2)
hydrogen bond with the chlorine atom, Cl1, in both complexes.
Additionally, another hydrogen atom, H8, attached to a carbon
atom, C8, forms a symmetry-related (x, 1/2 — y, 1/2 + z) hydrogen

RSC Adv, 2026, 16, 332-352 | 337
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(b)

(a and b) Perspective view of pi---pi interactions in complex 1 with selective atom numbering scheme.

Fig. 4

bond with the chlorine atom, Cl1, in both complexes. These
interactions lead to the formation of 1-D chains in both
complexes, as shown in Fig. 2a. The hydrogen bonding
parameters for both complexes are summarised in Table S3.
Furthermore, a comparable pattern of 7---7v interactions is
observed in both Hg(u) complexes. In each case, the quinolone
ring engages in m---7 stacking with the quinolone ring of
a neighbouring molecule. Additionally, the pyridine ring [N(2)-
C(8)-C(7)-C(6)-C(5)-C(9)] in both complexes exhibits -7
interactions with a symmetry-related phenyl ring [C(1)-C(2)-
C(3)-C(4)-C(5)-C(6)] defined by the (2 — x, 1 — y, 1 — 2)
symmetry operation, as illustrated in Fig. 3a and b. The same

338 | RSC Adv, 2026, 16, 332-352

(@ and b) Perspective view of pi---pi interactions in complex 2 with selective atom numbering scheme.

pyridine ring also participates in symmetry-related (2 — x, 1 —y,
1 — z) 7---7 interactions with the pyridine ring of an adjacent
molecule in both complexes (Fig. 4a and b). The geometric
parameters associated with these interactions are summarized
in Table 1. Besides hydrogen bonds, both complexes also
contain other contacts, such as Hg S [3.836(3) A] (spodium
bond/SpB) and N---S [3.795(3) A] (chalcogen bond/ChB) in 1
(Fig. 2b); Hg---Se [3.919(4) A] (spodium bond) and N---Se
[3.838(1) A] (chalcogen bond) in 2 (similar Fig. 2b, where Se in
place of S). Nonetheless, these interactions are still significant
in establishing the packing structure of both complexes. It is
noteworthy that pseudohalides based on Hg(u) complexes, SpB

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table1l Geometric features (distances in A and angles in °) of the 7t---7
interactions obtained in complexes 1 & 2

Cg--Cg (ring) Cg--Cg(A) Cg-1(A) Cg-J(A) Symmetry
Complex 1

Cg(2)--Cg(2)*  3.569(5) 3.396(4) 3.397(4) 2-x1-y1—z
Cg(2)--Cg(3)* 3.743(6) 3.383(4) 3.453(4) 2-x1-y1-z
Complex 2

Cg(2)--Cg(2)* 3.602(8) 3.409(4) 3.409(4) 2-x,1-y,1—z
Cg(2)--Cg(3)*  3.722(9) 3.404(4) 3.450(5) 2-x1-y1—2

% Cg(2) = centre of gravity of the ring [N(2)-C(8)-C(7)-C(6)-C(5)-C(9)],
Cg(3) = centre of gravity of the ring [C(1)-C(2)-C(3)-C(4)-C(5)-C(6)]
for complex 1 and Cg(2) = centre of gravity of the ring [N(2)-C
C(7)-C(6)-C(5)-C(9)], Cg(3) = centre of gravity of the ring [C(1)-C
C(3)-C(4)-C(5)-C(9)] for complex 2.

concepts, are rare in the literature. However, in other classes of
Hg(u) complexes, the existence of such bonding is common.
Therefore, we compare the synthesized Hg---X (X = S/Se) SpB
distances with those of other Hg(un) complexes. Mahmoudi
et al.* in [Hg(HL)(SCN),] complex explore two Hg---N spodium
bonding nature with a distance 2.574(3) A. Singh et al.”** showed
unconventional Hg---Cl spodium bond in complex like [(CsH3-
N(NH,),Cj,Hg)], with a distance 2.9203(17) A. Mahmoudi
et al.”> further reported Hg---I category spodium bond in
[Hg(L'/L?)], coordination polymers, with a distance of
2.6217(5)-2.6430(6) A. Alizadeh and his research group explore
the existence of Hg---Cl type spodium bond in the [Hg,(HL)Cl,],
CP and the SpB distance value within the range 2.377(6)-
2.378(6) A. Sheikh et al.”>* successfully showed the Hg--I form
a spodium bond in an Hg(u) complex, [C;3H;,N,03I,Hg]. Such
distance falls within the range of 3.407 A. Based on CSD search,
Gomila et al.*® explore the Hg---S type spodium bonding nature
for Hg(n) 1,1-dithiolate compounds with 3.35 A. Hazra et al.*
established a Hg---Cl spodium bond in Hg(u) complexes with
distances of 2.293(3) to 3.097(3) A. On the other hand, our
synthesized Hg(u) complexes exhibit novel N---X (X = S/Se)
ChBs. To date, no such bonding feature has been reported in
the literature. We have compared these bond distances with
those reported in the literature for Hg(i) complexes, where the
chalcogen bonding features differ. Notably, Asaduzzaman
et al”> showed the Hg---Se chalcogen bond distance in
[Tm®**HgSePh] is 2.3784 A. Kushwaha et al.* explore the O---S
chalcogen bonding in the 1D-phenylmercury(ir) CP. Here, the
distances of chalcogen bonds are found to be around 2.928(5) A.
Tehrani and his dedicated research team’¥ synthesized three
Hg(u) CPs containing bis(4-pyridyl) disulfide with S---X type
chalcogen bond. Lobana et al”® reported Hg:--S chalcogen
bond in the complex of HgBr,(dppeS,) with a bond distance
value 2.552(2)-2.678(2) A. Therefore, the synthesized Hg(u)
complexes of SpB/ChB exhibit bond distances comparable to
those reported in the literature, confirming the novel bonding
features.

In this context, we correlate Hirsfeld surface (HS) contacts in
Hg(u) complexes (Experimental details in Section $4).°%7
Fig. S13 and S14 shows the graphs (d. and shape index) and 2D

© 2026 The Author(s). Published by the Royal Society of Chemistry
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fingerprint plots. In 1, the dyorm and shape index revealed the
presence of five red spots, which signify H-bonding interactions
contributing to the stability of the crystal lattice. For 1, the
principal interactions identified are H---H, Cl---H, S---H, H---C,
and N---H, accounting for 24.3%, 18.1%, 11.1%, 10.8%, and
9.9%, of the total surface area, respectively. Similarly, for 2, the
dnorm and shape index reveal that the complex is also stabilized
by five strong hydrogen bonding interactions, represented by
red colors. The main contacts in this system include H---H, Cl---
H, Se---H, N---H and Se---C, which cover 24.2%, 18.0%, 11.2%,
10.0% and 5% of all HS surface area. Furthermore, both Hg(u)
complexes exhibit interactions with low contributions that
enhance some atomic arrangement, thereby facilitating stable
crystal packing. Specifically, 1 features interaction such as C---
C,Cl---C, C---S, S---Hg, while 2 includes Cl---C, Cl---Hg, Se---Hg,
and N---N interactions. Notably, these interactions account for
less than 7% of the total interactions in 1 and 2% in 2 for all HS.
Furthermore, based on the shape index iso-surface, we observe
adjacent red and blue triangular patches, as highlighted by the
circles and arrows. This pattern serves as an indicator, a signa-
ture of w-7 stacking interactions between aromatic moieties.
These are also highlighted by QTAIM and the experimental
findings. A correlation between HS and 2D fingerprint plots
confirms that our complexes are well stabilized, aligning with
experimental results. This finding enhances the potential for
selection of these newly discovered materials for targeted
applications. Fig. S14a shows the HS histogram illustrating the
overall percentage contributions.

6. DFT investigations

6.1. Optimized structures

We have extracted complex CIF files from X-ray diffraction
analyses and, after inputting these files into Gauss View.
Fig. S15 represents the optimized structure of the Hg(u)
complexes. In Table S2, we have shown a correlation between
experimental and DFT-computed bond distances (A) and angles
(°) for the Hg(u)-8-aq complexes. The Cartesian coordinates
(vibrational frequencies) for both optimized Hg(u) complex
structures have been provided in Tables S5 and S6.

6.2. FMO and DOS

The FMO (HOMO-LUMO) orbitals primarily investigates the
electronic and optical characteristics of the synthesized Hg(u)
complexes.”®”” Accordingly, the donor (D) and acceptor (A)
groups in the compound consider the electronic charge transfer
(ECT) mechanism at the surface.”” Additionally, the HOMO-
LUMO (H-L) energy difference, commonly referred to as the
band gap energy, enables conductive behaviour and various
target applications.”**”” Fig. 5a illustrates the HOMO and
LUMO orbitals for complexes. In 1, the HOMO orbital is
predominately localized around the S-CN group. Furthermore,
these electrons cross the forbidden band of 4.01 eV, with
significant localization around the aromatic ring and CIl-C
(carbon) groups while showing minimal localization around the
carbon (C) and amine (NH,) groups. This finding suggests that
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a significant charge transfer (CT) is involved on the surface of
complex materials, enhancing the conductivity of the
compound. For 2, the HOMO-LUMO orbital results are like
those of 1. However, the substation of sulfur (S) with selenium
(Se) improves the chemical, reactivity, and optical properties of
the Hg(i1) compound, resulting in a decrease in the gap energy
to 3.76 eV. The reduced HOMO-LUMO gaps obtained for 1 and
2 indicate that the electronic transitions require comparatively
lower excitation energy, a feature commonly associated with
semiconducting materials. The frontier orbital distribution
reveals a pronounced charge-transfer pathway, where electron
density flows from the quinoline donor units toward the
pseudohalide acceptor groups. This charge redistribution
generates partially delocalized states, which in turn can facili-
tate electron mobility within the extended solid-state frame-

View Article Online

Paper

stabilization of these charge-separated configurations through
favorable donor-acceptor interactions, suggesting that the
complexes possess intrinsic electronic flexibility. Collectively,
these electronic attributes establish a direct link between the
quantum chemical descriptors and potential device perfor-
mance, thereby reinforcing the argument that these complexes
are promising candidates for electronic transport in nano-
electronic applications. Further, 2 is characterized by high
electrical transport activity and stability. This finding indicates
that 2 exhibits better conductivity than 1 and is particularly well-
suited for applications in new electronic modules. The ioniza-
tion potentials are 6.68 eV and 6.52 eV for 1 and 2, respectively.
The electron affinities are 2.67 eV and 2.75 eV for 1 and 2,
respectively. The above findings reveal the kinetic and chemical
stability of our complexes. The density of states (DOS) illus-

work. Moreover, the MEP and NBO results underline the trated in Fig. 5b further supports the conclusions of the FMO,
..J
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Fig. 5 (a) FMO iso-surface, (iso-value = 0.01), and (b) density of state (DOS) for Hg(i) complexes.
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affirming that both complexes are strong contenders for
potential new nano-electronic devices.

6.3. ELF and LOL iso-surfaces

To consider and predict the localization and delocalization of
electron density of Hg(u) complexes, we employed the electron
localization function (ELF) and localized orbital locator
(LOL).”®" These computational tools elucidate the CTM (charge
transfer mechanism) occurring on the surfaces of the
compounds. These tools’ colour scales (blue and red) range
from 0 to 1 for ELF and from 0 to 0.8 for LOL.** An ELF value
greater than 0.5 indicates the existence of bonding and
nonbonding electrons, while an ELF value less than 0.5 specifies
delocalized electrons. LOL, analysis is particularly effective for
assessing the delocalization of electrons. Fig. 6 shows 2D-ELF
and 2D-LOL plots. The 2D-ELF and 2D-LOL iso-surfaces are
generated in the (XY) plane (see optimized Fig. S15). In 1, a dark
red colour surrounding H20, H6, and C11-C19 groups indicates
the localization of high-bonding electrons in these areas. The
ELF value is obtained as high as 1. A blue colour around C8 and
Hg1 signifies the presence of delocalized electrons at these
sites. This observation suggests potential charge transfer on the
surface of 1, which enhances the atomic and bonding

B0
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Fig. 6 2D-ELF and 2D-LOL iso-surfaces of studied Hg(i) compounds.
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organization and the stability of the complex. For 2, a red colour
around H22 and C8-C12 confirmed the presence of excess lone
pairs in these regions, while a blue colour around C6, C13, Hg1,
and Se2 indicates the presence of delocalized electrons. These
results suggest significant charge transfer on the surface of 2,
which is further supported by FMO analyses, thereby enhancing
the stability of this complex. The 2D-ELF and 2D-LOL maps
demonstrated significant charge transfer occurring at the
surfaces of both materials, indicating the stability of the groups
composing our complexes and enhancing the organization of
the crystal lattice.

6.4. NLO activities

To examine the Hg(un) complexes (1 and 2) NLO activities, the
fundamental principles of NLO are discussed in Section S5.
Herein, the discussion focuses solely on the key mathematical
data of the NLO, as presented in Table 2 and its accompanying
textual explanation, which convey the results more straightfor-
wardly. The core findings of the NLO analysis demonstrate that
mercury complexes exhibit superior performance in terms of
dipole moment, polarizability, and first hyperpolarizability,
with 2 emerging as the better candidates. The compounds 1
(6.654 D) and 2 (7.042 D) have larger dipole moments in

268

0160

Q.080

Q.000

/(XY)
13 84 10,38 6892 1446 0.00 692
Lenglh umnil: Bohr

O B00

000

2D-LOL/(XY)

14.29

T4 157 000

157 T 1072
Length umit: Bohy

RSC Adv, 2026, 16, 332-352 | 341


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09546h

Open Access Article. Published on 05 January 2026. Downloaded on 6/17/2026 6:36:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

comparison to the reference molecule, urea. This finding
explores greater charge separation and enhances intra-
molecular charge transfer (ICT). This higher polarity is critical
for improved NLO efficiency. Similarly, the isotropic polariz-
abilities of 1 (26.339 x 107" esu) and 2 (27.800 x 10~>" esu) are
more than five times greater than urea's (5.047 x 10>* esu),
indicating a substantially greater ease of electron cloud distor-
tion in Hg(u1) complexes. The lower anisotropic polarizability of
2 (10.294 x 107 %* esu) compared to 1 (12.534 x 10 ** esu)
suggests a more uniform distribution of polarizability,
enhancing its optical stability. In terms of first hyper-
polarizability, 1 (3.395 x 1072 esu) and 2 (4.472 x 107*° esu)
outperform urea (0.3728 x 10*° esu) by approximately 9 and 12
times, respectively, making them highly promising for second-
order NLO applications. The ratio of vector hyperpolarizability
to total hyperpolarizability (|8y°|/8) and the orientation angle
(6) between the hyperpolarizability vector and dipole moment
offer key insights into molecular charge transfer pathways for
Hg(u) complexes.” For 2, the |87°|/8, ratio (0.638) and smaller ¢
(50.08°) compared to 1 (|6y°|/8o = 0.332, § = 70.63°) highlight
a more efficient alignment of its hyperpolarizability vector with
its dipole moment. This improved alignment enhances the ICT
mechanism, critical for achieving superior NLO responses. The
unusual NLO properties of the compounds arise from their

Table 2 NLO calculated parameters for Hg(i) complexes

Complexes 1 2

Electric dipole moment

Mx —5.931 —5.418
Ly —2.929 —2.443
s 0.718 ~3.775
tieo (Debye) 6.654 7.042
Dipole polarizability, alpha («, x10~>* esu)
Qo 26.339 27.800
Qaniso 12.534 10.294
Oxx 32.490 26.523
ayy —2.202 ~0.838
Ayy 24.711 26.219
gy 2.229 5.267
gy 3.475 —0.845
0z 21.817 30.660
First dipole hyperpolarizability, beta (8, x 10~ *%esu)
Brxx ~1.589 ~1.781
Bxxy 2.238 —0.098
Byxy —0.165 —0.248
Byyy —0.959 —1.430
Bxxz —0.624 1.996
Byxz 0.163 —0.461
Byyz 1.094 ~0.409
Bxz —0.250 —0.296
Bryz —0.085 —1.295
Brzr 1.189 —4.729
Bo 3.395 4.472

il e B ) 1.128 2.855
‘5\7(.(. ‘ <18V(L — Z_ [l — .X‘,y, Z]

i M
167ect| 0.332 0.638
Bo »
Vi
or) (COS 0 - 65 ) 70.63 50.08
0
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extended m-conjugation and increased intramolecular charge
transfer (ICT), which enhances electronic polarizability and
nonlinear responses. These results position 1 and 2, especially
2, as up-and-coming candidates for advanced photonic and
optoelectronic applications, such as second-harmonic genera-
tion (SHG), frequency doubling, and electro-optic modulation.
The compounds NLO superior properties pave the way for next-
generation materials with enhanced performance in integrated
optical devices. Future work should focus on experimental
validation and exploration of higher-order NLO properties to
fully realize their potential in fundamental research and tech-
nological applications.

7. X-ray crystallography and DFT

In complexes, Hg(u) is coordinated to 8-aq in a bidentate N,N
chelating fashion, with the coordination sphere completed by
chloride and either thiocyanate or selenocyanate as anionic
ligands. In the solid state (Fig. 7a and b), these compounds
exhibit an intricate network of noncovalent interactions,
including Hg---Cl, Hg---S, and Hg---Se contacts, which have
been analysed in detail. Within the trimeric assemblies depic-
ted in Fig. 7a and b, the N-atom of the thiocyanate in 1 or
selenocyanate in 2 interacts with the Hg atom at distances of
3.602 A in 1 and 3.577 A in 2, both shorter than the sum of
Batsanov's van der Waals radii (3.65 A). Additionally, the Hg
atom is proximate to the S or Se atom of an adjacent molecule
(3.836 and 3.919 A, respectively), also shorter than the corre-
sponding 2R,qw values (3.88 A for Hg + S and 3.98 A for Hg + Se).
Furthermore, an additional Hg---Cl contact is established at
3.836 Ain1and 3.860 A in 2, also shorter than the ZR,qw (3.88 A
for Hg + Cl). All these interactions are recognized as spodium
bonds (SpBs), a term that describes noncovalent interactions
where a group of 12 elements acts as an electron acceptor (A).
The accompanying DFT study provides a detailed energetic
analysis of these contacts and characterizes them using
advanced computational tools, including QTAIM, NCI plot, and
MEP surface analyses.

7.1. Non-covalent interactions

As the initial step in the theoretical investigation, Molecular
Electrostatic Potential (MEP) surface analysis was conducted for
both complexes to identify the most nucleophilic (Nu) and
electrophilic (E) regions of the molecules (Fig. 8a and b). This
analysis provides a detailed visual representation of charge
distribution across the molecular surfaces, highlighting areas
susceptible to electron donation or acceptance. The finding
reveals that in both Hg(un) complexes, the maximum MEP is
located at the H-atoms of the amino group (+57.1 and
+56.5 kcal mol ™ for 1 and 2, respectively), while the minimum
is at the N-atom of the pseudohalide (—45.2 kcal mol " for 1 and
-43.3 keal mol™* for 2). Additionally, the chloride ligands
exhibit significantly negative MEP values (—42.7 kecal mol " in
both complexes). The —42.7 number is in located in the very top
of Fig. 6b. These large MEP values at the NH, group and the
anionic co-ligands (SCN /SeCN™) align with the observed

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra09546h

Open Access Article. Published on 05 January 2026. Downloaded on 6/17/2026 6:36:01 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

a: x,1/2-y,1/2+z

Fig. 7 Partial views of the solid-state X-ray structures of 1 (a) and 2 (b) showing trimeric assemblies (distances in A).

formation of strong NH---Cl and NH:--N interactions in the
solid state, though such interactions are not the focus of this
study. The MEP values over the m-systems of the aromatic rings
range from +16.3 to +19.5 kcal mol ', reflecting the m-acidity of
the rings, which arises due to the coordination of the 8-aq
ligand to Hg(u). The MEP at the Hg atom is also positive
(+17.6 kcal mol " in 1 and +15.7 keal mol " in 2), supporting the
formation of spodium bonds (SpBs). Notably, the MEP around
the chalcogen atoms (S or Se) is significantly anisotropic, di-
splaying a negative belt with a minimum of —25.7 kcal mol " in
1 and -24.9 kcal mol™" in 2. In contrast, the chalcogen atoms
also exhibit a o-hole directly opposite the C-Ch bond, with
values of +1.3 keal mol ™ in 1 and +8.8 kecal mol™ in 2, which
may correlate with the formation of weak chalcogen bonds
(reflected by the red dashed lines in Fig. 8a and b). Interestingly,
the N-atom of the pseudohalide is positioned opposite the C-Ch
bond at distances longer than the sum of van der Waals radii
(ZRyaw: 3.40 A for N + S and 3.50 A for N + Se). These special
contacts, characterized by weak noncovalent interactions, are
further elaborated in subsequent sections.

—25.7

(@)

-6 F

7.2. QTAIM/NCI plot

We analysed two dimers for each compound, extracted from the
trimeric assemblies shown in Fig. 7a and b. Dimers in which
two symmetrically equivalent Hg---N contacts are established
are denoted as dimers “A”. Their combined QTAIM/NCI plot
analyses are presented in Fig. 9a and b. The analysis's primary
findings are that the spodium bonds (SpBs) are characterized by
bond critical points (BCPs, represented as small red spheres)
and bond paths (orange lines) linking the Hg atom to the N
atoms of the pseudohalides, confirming the existence of these
interactions. Additionally, the SpBs are associated with green
reduced density gradient (RDG) iso-surfaces that align with the
locations of the BCPs. The QTAIM/NCI plot analysis also shows
that the N-atom of the pseudohalide interacts with a C-atom of
the aromatic system via a BCP and bond path, indicating the
formation of additional LP---7 interactions that further stabi-
lize the self-assembled dimer. Notably, an intriguing feature of
these centrosymmetric dimers is the connection of CN (cyano
groups) in the SCN™/SeCN ™ (pseudohalides) through a BCP and
bond path, indicating an antiparallel 7---7 interaction. The
dimers' interaction energies (IEs) are similar, at
—21.2 keal mol ™ for 1 and -20.4 kcal mol " for 2.

(b)

—-43.3

16.3

18.8

keal/mol Tl 57

Fig. 8 MEP surfaces of 1 (a) and 2 (b) (energies at selected points in kcal mol™).
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Fig. 9 QTAIM (BCPs in red and bond paths as orange lines) and NCI
Plot (RDG = 0.5 au) analyses of centrosymmetric dimers A of 1 (a) and 2
(b). Only intermolecular interactions are represented. The NBOs
involved in the LP — =* and LP — 6s are indicated along with the
second order perturbation energies (the symmetry operation to
generate the dimer is —x, -y, —2).

7.3. NBO analysis

We further conducted an NBO analysis to survey the role of
orbital donor-acceptor effects in these interactions (Fig. 10a
and b, bottom). Given the relatively long distances in these
contacts, significant orbital overlap is not expected, and the
observed effects are small. In Hg(u) compounds, N-atom elec-
tron donation via lone pair (LP) of the pseudohalides (SCN~/
SeCN") to the w* antibonding orbital of the aromatic ring was
identified, confirming the LP---r interaction. However, the
associated orbital stabilization energies are minor
(<1 kcal mol™"). In 1, where the Hg---N distance is shorter,
additional electron donation from the LP of the pseudohalide
N-atom to an empty 6s atomic orbital of Hg was observed, with
an associated stabilization energy of 0.53 kcal mol '. This
finding further supports the spodium bond nature of this
contact. The same analysis for centrosymmetric dimers B was
performed and is represented in Fig. 10a and b. A more complex
distribution of BCPs and bond paths is observed in these
dimers. Expressly, the QTAIM analysis supports proof of
combined Hg---Ch and Hg---Cl spodium bonds (SpBs), featured
by corresponding BCPs, bond paths, and green reduced density
gradient (RDG) iso-surfaces, which confirm their attractive
nature. Moreover, the NH---Cl and CH---Cl H-bonds are formed,
providing additional connections between the two monomers.
Notably, the combined QTAIM/NCI plot evaluation indicates
the presence of chalcogen (Ch)---N chalcogen bonds in each of
the two compounds. These interactions are also featured by
BCPs, bond paths, and green RDG iso-surfaces, even though the
distances involved are approximately 0.4 A longer than the sum
of the van der Waals radii (2R,qw). The dimerization energies
for these dimers are similar those observed for centrosymmetric
dimers A (~20 kcal mol™") in both cases. Based on the NBO
analysis, shown in the lower part of Fig. 10a and b, further
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Fig. 10 QTAIM (BCPs in red and bond paths as orange lines) and NCI
Plot (RDG = 0.5 au) analyses of centrosymmetric dimers B of 1 (a) and 2
(b). Only intermolecular interactions are represented. The NBOs
involved in the LP — =* and LP — 6s are indicated along with the
second order perturbation energies.
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Fig. 11 EDA of centrosymmetric dimers A and B in 1 and 2 (energies
in kcal mol™).

supports the existence of the Ch---N chalcogen bonds, as it
reveals electron donation from the m-orbital of the CN group to
the antibonding ¢*(Ch-C) orbital, which is characteristic of o-
hole interactions. The analysis further reveals that the electron
donation from Cl or Se to the Hg 6s or antibonding Hg-Se
orbital in 1 and 2 confirms the presence of spodium bonds.

7.4. Energy decomposition analysis (EDA)

We also performed EDA to investigate the relative contributions
of electrostatic (E.j), orbital (E,), correlation (E..), and
dispersion (Eg;sp) interactions in the formation of the dimers.
The results in Fig. 11 indicate that the electrostatic term (E,;) is
the most significant attractive component in all cases. In
centrosymmetric dimers A, the second-largest contribution
comes from dispersion (Eqjsp). Besides, the orbital interaction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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term (E,;,) dominates for centrosymmetric dimers B, which is
likely due to the interactions in the two types of dimers. In
centrosymmetric dimers A, the formation of LP---7 interac-
tions, which are strongly influenced by dispersion forces,
enhances the contribution of the dispersion term. Furthermore,
for centrosymmetric dimers B, H-bonds significantly increase
the contribution of the orbital term. The term’ orbital interac-
tions' stabilizes H-bonds after accounting for the dominant
electrostatic contributions. These findings highlight the varying
interactions between the two types of dimers.

8. Biological implications

8.1. Antimicrobial activity

Table 3 explores the antibacterial and antifungal activities of
Hg(u) salts and their associated compounds. The antimicrobial
activity, measured by the inhibition zone diameter, is illustrated
in Fig. 12. The inhibition zone diameters against Gram-positive
bacteria (S. aureus and B. subtilis) are as follows: for Staphylo-
coccus aureus, 24 + 0.1, 22 +0.2,10 + 0.1, and 8 + 0.3 mm for 1,
2, HgCl,, and 8-aq, respectively, and Bacillus subtilis, 18 + 0.3,
25 £ 0.4, 11 + 0.1, and 10 + 0.2 mm for 1, 2, HgCl,, and 8-aq,
respectively. The finding reveals that 1 and 2 exhibit moderates
to high activity against the selected Gram-positive microbes,
with 2 showing higher activity against Bacillus subtilis. At the
same time, both 1 and 2 demonstrate similar activity against
Staphylococcus aureus. However, against E. coli, only complexes
1 and 2 show activity, with inhibition zone diameters of 15 £ 0.2
and 16 + 0.1 mm, respectively. The antifungal efficacy against
Candida albicans and Aspergillus fumigatus is shown: 25 £ 0.1, 17
+ 0.2, 15 £+ 0.1, and 13 + 0.3 mm for 1, 2, HgCl,, and 8-aq,
respectively, against Candida albicans, and 13 + 0.1, 15 + 0.4, 10
+ 0.1, and 10 £ 0.3 mm for 1, 2, HgCl,, and 8-aq, respectively,
against Aspergillus fumigatus. These results indicate that 1
exhibit moderate to high antifungal activity against Candida
albicans, while the other compounds show low to medium
activity. However, all compounds display very low activity
against Aspergillus fumigatus. None of the synthesized Hg(u)
compounds demonstrates activity more significant than the
selected standard drug, though the complexes show relatively
higher activity against the tested microorganisms. Hg(u)
complexes demonstrating significant bacterial inhibition were

Table 3 Antimicrobial findings of the synthesised compounds
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evaluated for their minimum inhibitory concentration (MIC).
MIC values were determined for the selected bacterial strains
using the resazurin reduction assay in 96-well microtiter plates.
Only the compounds with potent antibacterial activity against
multiple bacterial strains were chosen for MIC analysis (Table
4). The results were then compared to those of the standard
drug.

8.2. Structure-activity relationship

The antibacterial and fungal efficacy was correlated with
structure-activity relationship (SAR) based on the complexes
synthetic Scheme 1. The 8-aq and HgCl, show little to no activity
against the microbes chosen, but their Hg(i1) complexes, being
more active upon bidentate 8-aq ligand chelation, are con-
cerned with Tweedy's chelation theory.*>*® Chelation lowers the
polarity of the Hg(u) atom by partially sharing its positive charge
with 8-aq. The complex's e-delocalization through ligands
enhances lipophilicity, aiding penetration through microbial
membrane lipid layers. Table 3 shows that metal complexes
exhibit low antimicrobial activity. Notably, reduced inhibitory
performance may stem from L-L (low-lipophilicity), which
hinders metal complexes' ability to penetrate L-M (lipid-
membranes). Again, Hg(u) metal ions in complexes with
spacers SCN /SeCN~ were more effective in destabilizing
membranes than the free 8-aq, disrupting cell integrity and
eradicating the microorganism. 1 and 2 showed moderate to
high 1Z (inhibition zones), indicating bactericidal activity
against Gram-positive bacteria (Staphylococcus aureus and
Bacillus subtilis). Similarly, the finding displayed moderate to
strong IZD (inhibition zone diameters) and demonstrated
antifungal activity against Candida albicans and Aspergillus

fumigatus.

8.3. Cytotoxicity analysis

The in vitro cytotoxicity of Hg(u) compounds was assessed
against DLA cells (Dalton's Lymphoma Ascites) using the TBA
(Trypan blue assay) (Fig. 13a) and against HepG2 (human
hepatocellular carcinoma) and non-carcinogenic H9c2
(Embryonic BD1X Rat Heart Tissue) cell lines (Fig. 13b). Tables
5 and 6 shows the percentage of cell viability for the tested
compounds. Experiments on H9c2 cell lines using the MTT

Bacteria strains and inhibition zone diameter (mm)

Gram-positive bacteria

Gram-negative bacteria

Yeast and fungi

S. aureus B. subtilis E. coli

S. typhimurium C. albicans

Sample code (ATCC 5923) (ATCC 6635) (ATCC 25922) (ATCC 14028) (ATCC 10231) A. fumigatus
1 24 4+ 0.1 18 £ 0.3 15 £ 0.2 — 25 4 0.1 13 £ 0.1

2 22 + 0.2 25 + 0.4 16 + 0.1 114+ 0.3 17 + 0.2 15 + 0.4
HgCl, 10 £ 0.1 11 £ 0.1 — 8+0.1 15 £ 0.1 10 £ 0.1
8-aq 8+ 0.3 10 £ 0.2 — — 13 £ 0.3 10 + 0.3
Control 354 0.2 354 0.3 36 4 0.2 384 0.3 354 0.2 37 £0.1
DMSO 0 0 0 0 0 0
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Fig. 12 Hg(i) complexes antimicrobial efficacy against different strains.

Table 4 Selected compounds MIC values

MIC values (ug mL ™)

Gram positive

Compounds S. aureus B. subtilis
1 72.1 62.7

2 42.5 50.4
Control >7 >7

DMSO — —

assay reflect a concentration-dependent decrease in cell viability
at1, 5,10, and 25 pg mL~" of the Hg(u) compounds. 1 exhibited
low cytotoxicity, with values of 29.44 + 1.0, 24.42 + 1.4, 13.24 +
1.4, and 1.52 + 1.4 pg mL™" for HepG2 cells, and 40.91 + 1.5,
29.12 + 1.0, 14.52 £+ 1.6, and 6.49 £ 2.0 pug mL ™! for H9¢c2 cells.
Other compounds showed limited potential to inhibit malig-
nant cell growth at higher concentrations, as reflected the
results in the MTT assay. Based on the Trypan blue exclusion
assay, all compounds demonstrated weak cytotoxic effects on
DLA cell lines. Overall, the tested concentrations (200, 150, 100,
50, 25, and 12.5 pg mL ") exhibited relatively low cytotoxicity
compared to the control. At 200 pg mL ", the percentage of cell
viability was 11.50 4 1.4% for 1, 10.59 + 2.6% for 2, 7.67 + 1%
for HgCl,, and 7.67 £ 1% for 8-aq, which was statistically
significant compared to the control. At lower concentrations, 1
showed cell viability percentages of 24.1 4 0.7%, 35.68 + 1.3%,
51.38 + 1.7%, 82.20 £ 2.1%, and 95.36 + 1.6% for 150, 100, 50,
25, and 12.5 pg mL ™', respectively. For 2, the corresponding
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Table 5 Percentage (%) cell viability by MTT assay
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HepG2 HO9c2
Compounds
(ng mL™h) 1 5 10 25 1 5 10 25
8-aq 47.34 £ 1.2 28.01 £ 1.1 24.36 = 2.0 17.04 £ 1.0 70.27 £ 1.1 64.17 £ 2.1 56.07 £ 2.1 4241 +1.3
HgCl, 50.42 £ 1.3 47.07 £ 1.4 3293 £1.1 20.43 £ 0.4 64.80 = 1.2 59.07 £ 1.0 46.27 £ 1.2 31.18 £ 1.1
2 36.31 1.4 22.69 £ 1.3 17.37 £1.2 11.78 £ 1.2 44.04 = 1.4 35.76 £ 1.3 26.45 £ 1.0 18.87 £ 1.4
1 29.44 + 1.0 2442 £ 1.4 13.24 £ 1.4 152+ 14 40.91 £ 1.5 29.12 + 1.0 14.52 £ 1.6 6.49 £ 2.0

Table 6 Percentage (%) cell viability synthesised compounds by Try-
pan Blue assay

% Cell viability

Compounds

(ng mL™Y) 1 2 HgCl, 8-aq

200 11.50 £ 1.4  10.59 &+ 2.6 7.67 £1 3.7+0
150 24.1 £ 0.7 29.5+ 14 1741 £ 1.2 7.88 £ 1.5
100 35.68 £ 1.3 43.47 £ 1.1 29.36 £ 1.4 13.6 £ 1.2
50 51.38 £ 1.7 65.34 £ 0.4 34.1 £ 0.5 21.2 £ 1.6
25 82.20 £+ 2.1 87.59 £ 1.2 46.48 £1.3 30.1 +1.1
12.5 95.36 £ 1.6 97.51 £ 1.5 57.34 £ 1.6 375+ 1.4

percentages were 29.5 + 1.4%, 43.47 £ 1.1%, 65.34 + 0.4%,
87.59 £ 1.2%, and 97.51 £ 1.5%, respectively.

8.4. Cytotoxicity: a logistic reason

The cytotoxicity findings indicate that the isostructural features
of the two Hg(u) complexes decrease cell viability as the
concentration of the compound increases. Generally, higher
concentrations can damage cell membranes, allowing trypan
blue to stain dead cells. Low concentrations are less toxic,
suggesting they may be safer for therapeutic use with minimal
impact on healthy cells. Increased toxicity at specific concen-
trations is due to interactions with protein biomolecules.
Functional groups with lone electron pairs and pseudohalides
(SCN"/SeCN ") can play a crucial role in hydrogen bonding with
DNA, affecting the overall cytotoxic efficacy.** Moreover, simple
structural modifications based on the linker anions SCN™ and
SeCN™ to the metal complexes can influence their DNA-binding
capabilities or their ability to form inter-strand crosslinks in
double-stranded DNA, ultimately affecting their cytotoxicity.
These factors account for the cytotoxicity differences found
between the two Hg(ir) complexes.

9. Conclusion

We synthesized and X-ray characterized two isostructural Hg(u)
complexes using the 8-aq and pseudohalides SCN™ (1) and SeCN™
(2)- The complexes crystallized in the monoclinic space group P2,/
¢, featuring a tetra-coordinated Hg(u) centre. The crystal networks
exhibit both strong and weak hydrogen bonds, as well as w7
interactions, as supported by Hirshfeld surface and 2D fingerprint
plot analysis. In 1 and2, the Hirshfeld surface reveals strong H---H
interactions, with percentages of 24.3% and 24.2%, respectively.
Also, Cl---H (18.1%) and Se---H (11.2%) interactions affected the

© 2026 The Author(s). Published by the Royal Society of Chemistry

complex's crystal assembly. FMO studies suggest that Hg(u)
complexes are reactive and promising conducting behaviour,
based on the HOMO-LUMO energy band gap (4.01 eV for 1 and
3.76 eV for 2). The NLO parameters, hyperpolarizability (8,) values
of 3.395 x 1072° for 1 and 4.472 x 10~ esu for 2, indicate that the
second complex is more suitable than the first for use in opto-
electronic applications. NLO ensures that complex 2 is utilized in
optoelectronic applications. The complex's X-ray structure reveals
the existence of noncovalent interactions (NCI), spodium (SpB),
and chalcogen bonds (ChB) in the crystal assembly, supported by
QTAIM, NCI-RDG plots, NBO, and MEP surface analyses. EDA
explores the role of electrostatics, highlighting dispersions in
complex dimers with LP---7 interactions and orbital effects in
hydrogen-bonded dimers. The antimicrobial activities were tested
against Gram-positive bacteria (S. aureus and B. subtilis), Gram-
negative bacteria (E. coli and S. typhimurium), the fungus A. fumi-
gatus, and the yeast C. albicans. The findings are rationalized based
on MIC and the structure-activity relationship. Notably, the
complexes show moderate to high activity against Gram-positive
bacteria, with 2 being more effective against B. subtilis. The
research elucidates the dose-dependent cytotoxicity of Hg(n)
complexes on DLA, HepG2, and H9c2 cancer cell lines, indicating
that the complexes are less toxic to H9¢c2 cells. It is noteworthy that
the author group explored pseudohalide-based Hg(m) 8-aq
complexes for the first time, combining spodium and chalcogen
bonding concepts with biological efficacy. The insights presented
in this article will greatly inspire and motivate future researchers in
the fields of crystal engineering, DFT, and biological studies.
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