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1 Introduction

The activation of organic compounds by metals, such as nickel,
iron, and copper, enables the development of new molecules,
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Daphnetin is a naturally occurring coumarin. Despite its numerous positive biological effects, progress in its
clinical trial use has been minimal due to its poor water solubility and limited oral bioavailability. This study
focuses on the development of a novel and highly stable daphnetin—nickel complex (Ni-DAPH). We present
a comprehensive investigation combining experimental and computational approaches to explore the
synthesis, characterization, properties, reactivity, and biological activity of the Ni-DAPH complex. The
computational studies, based on DFT, included geometry optimization HOMO and LUMO orbitals, UV-
visible spectra, infrared (IR) and nuclear magnetic resonance (NMR) spectra, molecular electrostatic
potential (MEP), non-covalent interaction (NCI) analysis, quantum theory of atoms in molecules (QTAIM),
nonlinear optical (NLO) properties, and antioxidant activity. The molecular electrostatic potential (MEP)
analysis identified nucleophilic and electrophilic sites within the complex, while the infrared spectra
pinpointed the carbonyl group of the benzopyrone ring as the primary site of complexation. NMR
spectroscopy revealed significant proton involvement in charge transfer between the ligand and the
nickel center. Natural bond orbital (NBO) analysis indicated nearly equivalent bond angles, suggesting
a symmetric geometry. QTAIM analysis confirmed the presence of ionic bonding with a partial covalent
character, enhancing the stability of the complex. The ordering of the nickel 3d orbitals is characteristic
of a distorted square-planar geometry. The hydrogen atom transfer (HAT) mechanism demonstrated that
the Ni—-DAPH complex exhibits significantly enhanced antioxidant activity in comparison to the free
daphnetin ligand. This result was confirmed by molecular docking with the cytochrome C peroxidase
(CCP) and ascorbate peroxidase (APX) HEME-enzymes, using the 2X08 and 1OAF receptor structures.
The in silico ADMET study reveals that DAPH complexation improves intestinal absorption and reduces
toxicity, enhancing the pharmacological potential of Ni-DAPH.

resulting in a wide range of applications in fields including
reagents for organic synthesis, catalysis, medicine, and
biology.*™*

In the past two decades, significant research has been
devoted to exploring the unique characteristics of organome-
tallic and coordination complexes (e.g., structural diversity,
ligand exchange capability, redox and catalytic properties) for
medicinal purposes.” Complexes formed between naturally
derived compounds, such as polyphenols, and metals are
particularly intriguing as they enhance the chemical properties
of these molecules, resulting in clusters with improved biolog-
ical properties.>”

“Laboratory of Industrial Analysis and Materials Engineering, University May 8 1945,
BP 401, Guelma 24000, Algeria. E-mail: nacef.mouna@univ-guelma.dz; nacef2010@
yahoo.fr

Laboratory of Technology and Solid Properties (LTPS), Faculty of Sciences and
Technology, Abdelhamid Ibn Badis University of Mostaganem, 27000 Mostaganem,
Algeria

30102 | RSC Adv, 2025, 15, 30102-30122

Among polyphenols, coumarins are phytochemicals that
exhibit diverse biological activities, indicating their ability to
interact with various cellular targets. Their structural and
physicochemical characteristics render them highly promising
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compounds in the field of medicinal chemistry and chemical
biology.® In recent years, both natural and synthetic coumarins
have shown considerable potential in the domain of cancer
treatment.® ™

In addition to their versatile structure for drug design,
coumarins serve an important function as fluorescent probes
for identifying metals, enzymes, and biomaterials.*>**

Daphnetin, or 7,8-dihydroxycoumarin (DAPH) a coumarin
found in various plants, including Daphne gnidium L., has been
noted to have multiple biological activities, such as anti-
inflammatory, antioxidant, antimicrobial, anti-cancer, anti-
hypoxic, neuroprotective, anti-proliferative, anti-diarrheal, and
antiparasitic effects.****

Despite the wide array of beneficial biological effects asso-
ciated with daphnetin, there has been limited advancement in
its translation to clinical trials. The utilization of daphnetin as
a fully-fledged therapeutic agent is hindered by its poor water
solubility and low oral bioavailability.* Conversely, it has been
noted that the addition of a metal ion to coumarin derivatives
may enhance the activity of these complexes in comparison to
coumarin-based ligands. Balewski and colleagues provided
a comprehensive overview of the latest developments in
coumarin-metal complexes, highlighting their roles as anti-
cancer, antimicrobial, antifungal, and antioxidant agents, in
addition to their functions as enzyme mimics and inhibitors.*®

In the context of this investigation, we aim to enhance the
characteristics of daphnetin by introducing a novel approach
involving its complexation with a transition metal, specifically
nickel. This proposed method not only seeks to augment the
inherent properties of daphnetin but also contributes to the
advancement of strategies aimed at optimizing its therapeutic
potential. Through the intricate interplay between daphnetin
and nickel, we endeavor to unlock new avenues for improving
its efficacy, bioavailability, and overall suitability for pharma-
ceutical applications.

The synthesized organometallic complex Ni-DAPH was
identified experimentally using UV-visible infrared and NMR
spectroscopies. The geometry of the formed complex, as well as
its stability and reactivity were investigated through density
functional theory (DFT) calculations using the Gaussian 09
software.

The molecular structure, frontier molecular orbital energies,
atomic charges, and molecular, electrostatic potential (MEP) of
the title complex were studied. Spectral analyses comprising
UV-vis, Infrared and NMR spectra were performed. The complex
was subjected to analyses using NBO, NCI, QTAIM and NLO to
investigate its symmetry, non-covalent interactions, binding
and optical characteristics.

Furthermore, we have also investigated the antioxidant
activity of both free ligand (daphnetin) and Ni-DAPH complex
using the HAT mechanism. Antioxidant activity is a critical
property, as compounds with strong antioxidant potential can
neutralize reactive oxygen species (ROS) and mitigate oxidative
stress, which serves as a crucial element in the advancement of
various diseases, including cancer. To confirm this activity,
a detailed molecular docking investigation was performed.
Finally, ADMET property analysis is an essential step in the early

© 2025 The Author(s). Published by the Royal Society of Chemistry
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evaluation of a compound's pharmacological potential. In this
study, it was used to predict the bioavailability, toxicity, and
distribution profiles of the DAPH molecule and its nickel-based
complex (Ni-DAPH). These approaches allow for rapid estima-
tion of a compound's compatibility with oral administration, as
well as its behavior in the body.

2 Experimental
2.1 Chemicals and solvents

All solvents and reagents used in this study were of high quality
and were used as received without any further purification. The
ligand (daphnetin) (Fig. 1) and nickel(n) acetate tetrahydrate
(Ni(OAc),-4H,0) were acquired from Sigma-Aldrich with
a purity exceeding 97%.

2.2 Instrumental analysis

2.2.1 Electronic spectra. The electronic absorption spectra
of methanolic solutions containing the ligand and the complex
were obtained utilizing UV Probe PC software, covering the
wavelength range of 1100-190 nm. This analysis was conducted
with a PerkinElmer Lambda 25 UV/Vis double beam spectro-
photometer, which was fitted with a quartz cell having a path
length of 1 cm.

2.2.2 Infrared spectra. The infrared spectra of both the free
ligand and the complex were obtained as KBr discs utilizing an
Agilent FT-IR spectrometer. The measurements were performed
over a range of 4000 to 400 cm ', comprising 74 scans at

a resolution of 4 cm ™.

2.3 Synthesis of Ni-DAPH complex

An amount of 9 mg of nickel() acetate tetrahydrate (Ni(OAc),-
-4H,0) was accurately weighed and dissolved in a solvent
mixture consisting of 5 mL of methanol and 2 mL of distilled
water, under continuous stirring to ensure complete dissolu-
tion. In a separate beaker, 12.2 mg of the ligand 7,8-di-
hydroxycoumarin (commonly known as daphnetin) was
dissolved in 5 mL of methanol at room temperature. The ligand
solution was then added dropwise to the metal salt solution
under magnetic stirring to promote homogeneous mixing and
allow coordination between the Ni** ions and the phenolic
groups of the ligand.

The resulting mixture was subjected to reflux at a controlled
temperature of 40 °C for 20-30 minutes, a mild condition that
facilitates complexation while preventing degradation of the
ligand or solvent evaporation. During the reflux, the formation
of a green precipitate was observed, indicating the successful
coordination of Ni** with the daphnetin ligand. Upon cooling to
room temperature, the reaction mixture was centrifuged at

HO 0 [¢]

HO

Fig. 1 Chemical structure of daphnetin.
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Fig. 2 Suggested structure of Ni-DAPH complex.

4000 rpm for 10 minutes to separate the solid product from the
reaction medium. The supernatant was carefully decanted, and
the residue was washed with small portions of cold methanol to
remove unreacted species and byproducts.*

The resulting solid, corresponding to the Ni-DAPH complex,
was collected and dried. The final product was obtained as
a dark green powder, suggesting the presence of a chelated Ni(u)
center (Fig. 2 ).

3 Computational procedure

All quantum chemical calculations in this study were conducted
utilizing the Gaussian 09 software.?” The ligand optimization
was carried out using the B3LYP/6-311++G (d, p) hybrid func-
tional. For the calculations of the Ni-DAPH complex, the B3LYP
hybrid functional was combined with the LANL2DZ (Los Alamos
National Laboratory 2 double-£) basis** which is a set of func-
tions used in quantum chemistry calculations to represent the
electron orbitals of atoms in a molecule. It is particularly
designed for heavy/transition elements, incorporating a larger
basis set for the innermost electrons (core) and a smaller set for
the outer electrons (valence). This allows for a more efficient
description of electron distribution in heavy atoms, balancing
computational accuracy and efficiency.

After optimizing the geometries of the DAPH ligand and the
Ni-DAPH complex, the study of their antioxidant activity was
carried out. Molecular electrostatic potential (MEP) was used to
identify the locations of electrophilic and nucleophilic sites
using the same parameters. The distribution of electron
densities was also determined. The frontier orbitals HOMO and
LUMO were identified, and their energies were calculated.
Atomic charge calculations were performed, as they play
a crucial role in the application of quantum calculations to
molecular systems, influencing properties such as dipole
moment, polarizability, and electronic structure.*

30104 | RSC Adv, 2025, 15, 30102-30122
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4 Results and discussion
4.1 Characterization of the complex

The synthesized nickel-daphnetin complex was obtained as
a crystalline solid with a melting point of 298 °C, indicating
good thermal stability and suggesting a pure product. The sharp
melting point reflects the defined crystalline nature of the
complex.

The composition of the  proposed
[Ni(Daphnetin),] complex (C36H,4NiO;¢) was calculated as: C,
56.06%; H, 3.14%; O, 33.20%; and Ni, 7.61%. This calculation
supports the expected molecular formula of the complex
[Ni(CoHgO4)4]-

4.1.1 UV-vis absorption

4.1.1.1 Ligand. 205 nm ('L,) a m-w* transition with some
intramolecular charge-transfer character due to the electronic
effects of the hydroxyl substituents, 265 nm (262.%) (a 7-m*
transition or K band), 330 nm (325.>*) nm (to a w—7* transition
or B band of a substituted aromatic derivative) (Fig. S1).

4.1.1.2 Complex NI-DAPH. 450 nm with higher absorbance
in the daphnetin-Nickel complex is likely due to a ligand-to-
metal charge transfer (LMCT) transition where electron
density shifts from the daphnetin ligand to the nickel center,
resulting in a more intense band or m=-m* transitions within the
ligand moiety, possibly perturbed by coordination with nickel)
750 nm d-d transitions within the Ni(u) center (Fig. S2).

4.1.2 Vibrational spectra analysis. The IR spectrum
(Fig. S3A) indicates the presence of functional groups consistent
with a coumarin structure (Table 1).2¢ Specifically, A wide band
is detected between 3100-3600 cm ', pertaining to an O-H
group involved in hydrogen bonding, either intramolecular
(within the daphnetin molecule) or intermolecular (with other
daphnetin or solvent molecules). The carbonyl band at
1650 cm™ ' arises from the conjugation of the carbonyl group
featuring double bonds within the aromatic ring. The infrared

elemental

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Vibrational frequencies (cm™1) and tentative band assignments for DAPH and Ni—DAPH complex

Wavenumber U (cm ™)

Ligand Complex

Assignment Observation

3100-3600 3100-3680

3080 2930

1650 1620

1440-1600 1450-1600

1030-1390 1030-1350

840 840

Table 2 'H NMR data of DAPH and Ni-DAPH complex

Spectral data (6 (ppm)/J coupling constant)

Ligand
Position DAPH Ni-DAPH complex
(14H) 6.25 (d, ] = 9.4) 6.70 (d, ] = 9.4)
(15H) 7.98 (d, ] = 9.4) 7.95 (d, ] = 9.4)
(17H) 7.03 (d, ] = 8.5) 8.41 (d, J = 8.5)
(16H) 6.98 (d, ] = 8.5) 7.32(d, ] = 8.5)

spectrum of the Ni-DAPH complex (Fig. S3B) exhibits a broad
band spanning from 3100 to 3600 cm™ ", indicating the possible
coordination of water molecules to the Ni*" ion® (Table 1).
Furthermore, the IR spectral data indicate a shift in the C=0
band for the Ni-DAPH complex towards lower wavenumbers
(1620 cm ') compared to the free ligand. This shift suggests
that the DAPH ligand is coordinated to the transition metal
through the oxygen of the carbonyl group. This result is
consistent as indicated by Dehari et al. (2012).**

In addition, the intensity of the peak corresponding to the
carbonyl has decreased because of electron density redistribu-
tion and reduced dipole moment change upon coordination.

4.1.3 NMR analysis. The "H-NMR spectrum of daphnetin in
CD3O0D (Fig. S4), shows four doublets for the aromatic protons
attributed as follows: H14, 6.25 (d,J = 9.4); H15, 7.98 (d, ] = 9.4);
H16, 6.98 (d, J = 8.5) and H17, 7.03 (d, J = 8.5) (Table 2).
Regarding the Ni-DAPH complex (Fig. S5), downfield shifts
were observed for all the protons compared to the free ligand.
The electron density around the coumarin changes upon coor-
dination to the nickel center. Nickel, being a transition metal,
can withdraw electron density from the ligand through o-
donation and m-backbonding. This electron withdrawal causes
deshielding of the protons in the ligand, leading to a downfield
shift. In addition, nickel can generate an anisotropic magnetic

© 2025 The Author(s). Published by the Royal Society of Chemistry

O-H The presence of hydroxyl group is
indicated by a broad band
indicative of hydrogen bonding.
With a sharp bans at 3450 for free
ligand disappearing for the complex
Stretching band for aromatic C-H
bonds

Carbonyl band, resulting from
conjugation with the ring double
bonds, characteristic of coumarins
(shifted at a lower wavenumber in
the complex)

Aromatic double bonds, observed as
multiple bands

Ester function bands, observed as
multiple bands

Out-of-plane deformation of the
benzene ring

environment upon coordination; hence, the ligand protons in
proximity to this anisotropic field experience altered local
magnetic fields, which can cause a downfield shift in the NMR
signals.

4.2 Ligand structure optimization

The first step involved the optimization of the geometry for the
ligand (7, 8-dihydroxycoumarin) under the aforementioned
conditions. The resulting most stable geometry of the molecule
is depicted in Fig. 3.

4.3 Structure of Ni-DAPH complex

To identify the most stable structure of the synthesized Ni-
DAPH complex, we explored various configurations, consid-
ering all possible arrangements that could participate to the

Fig. 3 Daphnetin (DAPH) optimized structure by DFT B3LYP/6-
311++G (d, p), using methanol as solvent, £ = —647.38 au
(—406237.42 kcal mol ™).

RSC Adv, 2025, 15, 30102-30122 | 30105
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4
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d)E=-918520,07 kcal/mol

Fig.4 Designed configurations and their energy minima for Ni-DAPH complex geometrically optimized by DFT/LANL2 DZ in gas phase: (a) four
molecules of ligand bound to Ni through carbonyl groups (b) two molecules of ligands bound to Ni through OH group and 2 ligands through
carbonyl group (c) four molecules of ligand bound to Ni through hydroxyl groups (d) two molecules of ligands bound to Ni through 4 hydroxyls (2

from each ligand).

formation of the complex. When closely examining the chem-
ical structure of the ligand, we can gain valuable insights into its
functional groups, bonding capabilities, and potential interac-
tion sites with the metal center. Specifically, we can identify
three charge-donor sites in the ligand: one carbonyl group and
two hydroxyl groups. Taking into account that the most stable
nickel complexes with L-type ligands tend to exhibit
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tetradentate coordination, we proposed and evaluated four
possible configurations for the complex (Fig. 4). The geometry
of these complexes was optimized by DFT-LANL2DZ in the gas
phase first, and with the same parameters as above. The energy
minima for these complexes have been compared. It is clear
from the results presented in Fig. 4, that complex 1 involving
the tetracarbonyl-Ni coordination is the most stable with an
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Fig. 5 UV-vis spectra of DAPH (A) and Ni—-DAPH complex (B) simulated by TD-DFT/B3LYP.
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energy minimum of —1731031.78 kcal mol ', followed by
complex 2 and 3 with slight energy differences. Hence, the most
probable structure of the Ni-DHC complex is that involving a 4 :
1 stoichiometry. The least stable configuration is that of
complex 4 (stoichiometry 2:1), with an energy of
—918520.0663 kcal mol ', a value almost equal to half that of
complex 1, found to be the most stable.

The findings indicate that the geometry of the complex is
tetradentate square planar, characterized by four dative bonds
involving Ni-C=O0. This conclusion is corroborated by the
vibrational frequency analysis, which reveals a decrease in the

View Article Online

RSC Advances
ligand to 1619 cm ' in the complex. This shift indicates the
coordination of the carbonyl group to the nickel center, resulting
in a weakening of the carbonyl bond due to electron donation
into the metal's orbitals. Such a shift is a characteristic signature
of metal-ligand interaction and provides strong evidence for the
involvement of the carbonyl group in complexation.

4.4 Theoretical spectral analysis

4.4.1 TD-DFT UV-vis absorption spectra. The electronic
absorption spectrum of daphnetin was determined through TD-
DFT calculations (Time Dependent-DFT) method using B3LYP/

wavenumber of the carbonyl band from 1625 cm ™" in the free ) ) )
(6-311G)++(d, p) as basis, The UV-vis spectrum (Fig. 5A) of the
dx2-y? dx2-y? dx2-y? dx2-y?
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Fig.6 TD-DFT/B3LYP/LANL2DZ calculated electronic absorption transitions (1200-400 nm) and selected FMO orbitals of Ni-DAPH complex.
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ligand displayed two bands, the first one at A max = 314.53 nm
that is equivalent to a m— 7* transition or K band and the
second one, at 343.95 nm, corresponds to a - 7* transition or
B band of a substituted aromatic derivative.

The UV-Vis absorption spectrum (Fig. 5B) of the Ni-DAPH
complex exhibits distinct peaks characteristic of its electronic
transitions. Table S1 provides valuable insights into the elec-
tronic transitions. Here, the metal's dx>—y” orbital serves as the
LUMO (Fig. 6). The analysis focuses on six primary electronic
states characterized by their excitation energies: 1.0764 eV,
1.5767 eV, 1.5851 eV, 1.8006 eV, 2.5231 eV, and 2.5576 eV. The
contribution values quantify the relative changes in electron
density within the orbitals involved in these transitions. For the
first state, a high positive contribution of 104.5% signifies
a substantial increase in electron density in the orbital during
excitation. In contrast, a negative contribution of —10.3%
reflects a loss of electron density from the corresponding
orbital. The initial transitions, corresponding to wavelengths; A
= 1151.44 nm and A = 786.35 nm in the near-infrared region,
exhibit low oscillator strengths (f = 0.0003 and f = 0.0001
respectively), indicative of weakly allowed or forbidden transi-
tions. Despite their low intensity, the dominant contributions
from higher-energy orbitals, such as H-10 — L (63.5%),
sustain the transitions, albeit weakly. Lower-energy transitions
(longer wavelengths) typically correspond to d-d transitions
within the nickel d orbitals. Conversely, higher-energy states
(2.5231 eV and 2.5576 eV) display stronger oscillator strengths (f
= 0.0057 and f = 0.0010), suggesting more allowed transitions
with significant orbital overlap. These states involve prominent
contributions such as H — L (96.3%) and H-1 — L (69.0%),
indicative of substantial electronic excitations. The corre-
sponding shorter wavelengths (A = 491.40 nm and A = 484.77
nm) and higher excitation energies point to stronger absorp-
tions, likely attributed to ligand-to-metal charge transfer
(LMCT) and w— 7* transitions.

1000

900-

800
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—— Gas phase

—— Water
Methanol

700

600

500
400

300

200

Epsilon (L".mol™".cm™)

100 A

0

-100 : — ———

I T
200 400 600 800 1000
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Fig.7 Solvatochromic effect for Ni-DAPH complex simulated by TD-
DFT/B3LYP.
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4.4.2 Solvatochromic effect. The solvent can affect the
wavelength of light absorbed by a compound because it inter-
acts with the electronic structure of the compound, often
influencing its excited states. This phenomenon, where the
absorption maximum shifts depending on the solvent, is known
as the solvatochromic effect.

Polar solvents like DMSO (dimethyl sulfoxide) and water are
highly polar, compared to methanol.

When a solvent is polar, it can stabilize the excited state of
the molecule more than the ground state due to dipole-dipole
interactions. In most cases, the excited state of a molecule has
more charge separation (i.e., is more polar) than its ground
state. Consequently, polar solvents have the ability to stabilize
the excited state, lowering its energy and hence causing
a bathochromic shift (Fig. 7).

4.4.3 Infrared spectra. The vibrational frequencies of
DAPH and Ni-DAPH complex were calculated with the Gaussian
09 program using the DFT method with B3LYP/(6-311G)++(d, p)/
LANL2DZ basis sets. In the Table 3, we represented a tentative
assignment of the main functional groups in the ligand and the
complex. It can be seen a strong agreement between the
experimental and computational results concerning the vibra-
tional frequencies. In addition, when comparing the wave-
numbers of the complex and those of the ligand, we can see
some shifts especially a downshift for the C=0 group indi-
cating that this functional group was indeed the most favorable
binding site between the ligand and the metal. It can therefore
be suggested that the coordination between DAPH and Nickel
took place via the oxygen of the carbonyl of the benzopyrone
ring (Fig. S6).

4.4.4 Proton NMR spectra. "H NMR is a powerful technique
for studying coordination complexes, offering insights into
coordination sites (through chemical shifts), changes in ligand
symmetry, possible chelation and hydrogen bonding effects.
Coordination to nickel may induce conformational changes in
daphnetin structure. If the geometry changes, the spatial
arrangement of electron density around certain atoms (such as
aromatic protons or hydroxyl groups) could also change,
altering the shielding and resulting in a shift of NMR signals.

Table S2 represents the proton NMR chemical shifts for the
ligand and the complex computed with DFT-GIAO using
methanol as solvent.

Table 3 Calculated vibrational frequencies (cm™) for ligand DAPH
and the Ni-DAPH complex

Wavenumber 0 (ecm ™)

Ligand Complex Assignment
3648-3550 3646-3720 OH
3221 3221-3283 C-H
1625 1619 C=0
1436-1612 1421-1607 C=C
1046-1311 1016-1019 C-0
1060-1323
869 845 C-H deformation

(aromatic ring)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Comparison of chemical shifts in the ligand and complex for
the most deshielded protons in the complex

Protons of the Protons of Ni-DAPH

ligand 6 (ppm) complex 6 (ppm) Aé (ppm)

14H 5.982 12H 8.104 2.122
31H 8.224 2.242
50H 6.330 0.348
69H 9.208 3.226

15H 7.3238 15H 8.157 0.8332
34H 8.109 0.7852
53H 7.658 0.3342
72H 7.959 0.6352

The computed NMR spectrum of DAPH (Fig. S7 inset), shows
4 signals in the aromatic region, corresponding to protons, H14
(5.982 ppm), H15 (7.3238 ppm), H16 (6.426 ppm) and H17
(6.616 ppm), besides two signals for the protons of the OH
groups, 18H (5.692) and 19H (4.752 ppm).

Upon reacting with the nickel cation to create a tetradentate
complex, the four protons (14H-17H) assumed distinct posi-
tions within the complex. The discrepancy in chemical shifts
between the complex and the free ligand indicates that all
protons, including those in the hydroxyl groups, have under-
gone a downfield shift. This suggests that these protons now
reside in a different environment (as depicted in Fig. S7),
resulting in deshielding at their NMR positions.

It is worth noting that the closer to the nickel center the more
the protons were deshielded. This is probably due to the
influence of unpaired electrons from the metal ion, which
creates a local magnetic field that impacts nearby nuclei
through direct magnetic effects of unpaired electrons, redistri-
bution of electron density upon coordination; magnetic
anisotropy of the metal center's field and dipolar interactions.

Additionally, the protons 14H (5.982 ppm) and 15H (7.3238
ppm) of the benzopyrone ring in the free ligand, now observed in
the complex at new positions: 12H (8.104 ppm), 31H (8.224 ppm),
50H (6.33 ppm), 69H (9.208 ppm), 15H (8.157 ppm), 34H (8.109
ppm), 53H (7.658 ppm), and 72H (7.959 ppm) have undergone the
most significant downfield shifts, ranging from 0.3342 to
3.226 ppm (Table 4). These significant downfield shifts are likely
due to the proximity of these protons to the strongest electron-
donating site on the coumarin, specifically the O=C-O group.
Upon coordination with the metal center, electron density around
the coumarin ring, particularly near the O=C-O group, is redis-
tributed. This change in electron density results in reduced
shielding of nearby protons, shifting their resonances downfield.
The Ad (ppm) for all the other protons were less than 1 ppm.

The comparison of these results with experimental ones
yielded differences less than 1 ppm, varying from 0.009 to 0.678
for five protons. For the other 3 protons Aé (ppm) varied from
1.42 to 2.05 ppm (Table S3). Differences between observed and
computed NMR chemical shifts can arise from several factors.
First, DFT calculations often use an implicit solvent model,
which does not fully capture specific solute-solvent interactions
present in experimental conditions, potentially leading to peak
shifts. Second, the experimental NMR spectrum represents an

© 2025 The Author(s). Published by the Royal Society of Chemistry
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average over all accessible conformations of the molecule in
solution, while theoretical calculations are typically performed
on a single, energy-minimized structure. Additionally, the
choice of functional and basis set in the DFT method can
significantly influence the accuracy of the predicted chemical
shifts and other molecular properties.””

4.5 Study of molecular orbitals

The study of the Highest-Occupied Molecular Orbital (HOMO)
and Lowest-Unoccupied Molecular Orbital (LUMO) frontier
orbitals is highly valuable for understanding the reactivity of
molecules, as they provide insights into the most reactive
positions of the system and various aspects of a reaction.

According to the frontier orbital theory in Density Functional
Theory (DFT), a molecule with a higher HOMO energy
undergoes electron donation reactions more rapidly.
Conversely, a molecule with a lower LUMO energy exhibits
a higher electron accepting ability.>*** Compounds with a low
energy gap between the HOMO and LUMO energies (¢G =
Enomo—ELumo) and a low LUMO energy are characterized by
high reactivity.

The Egomo—ErLumo gap, also known as chemical hardness,
represents the resistance of a molecular system to electron
transfer, whether it involves electron gain or loss. It is also
a measure of the stability of a molecule.** Table S4 presents the
energies of the HOMO and LUMO orbitals, the Egomo—Erumo
energy gap, and other calculated properties for the Ni-DAPH
complex.

AE =3.01eV

LUMO 193 a HOMO 192 a

(A)

—— DOS spectrum
—— Occupied orbitals
—— Virtual orbitals

-=17.5 -15.0 —-12.5 —10.0

Energy (eV)

(B)

Fig. 8 HOMO and LUMO frontiers orbitals (A) and Total density of
states (TDOS) for Ni-DAPH complex (B).

-7.5
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The localization of the frontier molecular orbitals HOMO
and LUMO on the atoms of the Ni-DAPH complex, as well as the
energy difference between the HOMO and LUMO orbitals
(energetic gap), are depicted in Fig. 8.

The HOMO orbitals of the Ni-DAPH complex are localized
on the 7 bonds of the four rings on the left side of the complex,
as well as on the oxygen atoms O-71, 0-70, O-73, O-75, O-14, O-
13, O-16, and O-18. These regions correspond to the nucleo-
philic sites of the Ni-DAPH complex.

On the other hand, the LUMO orbitals in the ground state
predominantly reside at the center of the complex, particularly
on the Ni*" ion. They are also distributed between the atoms C-
10 = 0-14, O-71 = C-67, 0-33 = C-29, O-52 = C-48, O-70-C-61, O-
32-C-23, C-48-C-49, O-13-C-4, and the oxygen atom O-51. These
regions represent the electrophilic sites of the Ni-DAPH
complex.

Fig. 8 represents the total density of states spectrum (TDOS)
obtained using the Gauss Sum software. Gauss Sum typically
sets the highest occupied molecular orbital (HOMO) as the
reference point. Therefore, energies below this point represent
occupied states, while energies above this point represent
unoccupied states.

The gap between the HOMO and the LUMO (lowest unoc-
cupied molecular orbital) represents the 3.01 eV energy gap and
will be visible as a region without any states between the highest
occupied peaks and the lowest unoccupied peaks. The HOMO
will be the highest energy state with a significant peak on the
left side (occupied states), while the LUMO will be the first peak
on the right side (unoccupied states). The difference in energy
between these peaks gives the energy gap, which is 3.01 eV.

A gap of 3.01 eV, indicates that the complex will likely be
a poor conductor at room temperature, behaving as a semi-
conductor or insulator. In addition, the complex may exhibit
photoactivity in the visible region, particularly in the blue-violet
range around 412 nm, making it potentially useful for optical
applications.

4.6 Nonlinear optical characterization of the Ni-DAPH
complex

Transition metal complexes are of special interest due to their
unique electronic structures, which enable rich photophysical
and electronic behaviors. The presence of metal centers with d-
orbitals can enhance electronic delocalization and introduce
charge-transfer interactions that are essential for high hyper-
polarizability; a key indicator of strong nonlinear optical (NLO)
response.

Exploring the NLO properties including dipole moment,
polarizability, first-order hyperpolarizability, and second-order
hyperpolarizability of these complexes not only advances
fundamental knowledge of structure-property relationships in
coordination chemistry but also opens avenues for developing
advanced materials for optical switching, frequency doubling,
telecommunications, medical imaging, laser technology, and
data storage.

The nonlinear optical response of the daphnetin complex
has been investigated in both static and dynamic states. Static
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properties are more indicative of linear and second-order NLO
effects, while dynamic properties are critical for understanding
frequency-dependent and higher-order NLO effects.*> Our
results, summarized in Table S5, highlight the promising
potential of this coordination complex for various applications.
The theoretical calculations of polarizability and hyper-
polarizability are presented in electrostatic units (esu).

The dipole moment, polarizability (« tot) and hyper-
polarizabilities (8 and ) are important parameters in the study
of molecular nonlinearity and optical properties. Here are the
formulas commonly used to calculate these quantities:

p= @ x4’y )

a = (ax + Qyy + a,)/3

Where ay, ay, and «, are the components of the polariz-
ability tensor.

B=(B2x +B2y +62 )"

Y= [('Yxxx + Yyyy + Yoz T 2 ('Yxxyy t Yxxzz 'Yyyzz)]/s

Table S5 summarizes the values of the factors in (electro-
static unit) esu.

The dipole moment measures the separation of positive and
negative charges within a molecule, indicating molecular
polarity. The higher dipole moment obtained (13.63 debye)
suggests greater polarity, which can influence solubility and
reactivity.** Higher values of static polarizability 10.31 x 10~%*
esu and anisotropy of polarizability (2.21 x 10~>* esu); indicate
that the molecule can become more polarized, impacting
interactions with external fields and other polarizable
molecules.

Similar to A« (0.0), anisotropy of dynamic polarizability (2.79
x 10~>* esu), indicates the directional dependence of polariz-
ability under dynamic conditions, at a given frequency. This
could relate to the molecule's optical properties.

Lower value (9.44 x 10~>%) of dynamic polarizability suggests
less response in oscillating fields compared to the static case. The
higher 8 and 8 (-2 w,w,w) values indicate a stronger nonlinear
response and an enhanced response at this combination of
frequencies (potentially useful in applications requiring specific
harmonic generation)n respectively. The slightly higher y value
(28.60 x 10*° esu) indicates an increased third-order NLO
response at that frequency, which can be important for applica-
tions like all-optical switching and frequency stabilization.

4.7 Atomic charges and ESP map

The calculation of atomic charges is significant in quantum
calculations applied to molecular systems, due to their influ-
ence on properties like dipole moment, polarizability, and
electronic structure.”

The charge distribution of the Ni-DAPH complex was
assessed using the B3LYP/LANL2DZ level of theory. The results,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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depicted in Fig. 9A, reveal that positive charges are primarily
localized on the hydrogen atoms, while the carbon atoms
exhibit both positive and negative charges.

The oxygen atoms of the hydroxyl groups (0-18, O-16, O-37,
0-35, 0-56, O-54, O-73, and O-75) exhibit more negative
charges compared to the oxygen atoms of the benzopyrone rings
due to the presence of intramolecular hydrogen bonds, such as
018-H19, etc. This indicates that the oxygen atoms of the
hydroxyl groups are more nucleophilic than the oxygen atoms of
the pyrone ring. Additionally, the atoms O-14, O-33, O-52, and
0-71 coordinated with the Ni** ion display negative atomic
charges. The Ni atom itself exhibits the highest positive atomic
charge (0.515). This signifies that the Ni** ion is the most
electrophilic site within the complex.

It is important to note that these results were obtained for
the complexation between DAPH and nickel using water as the
solvent. Changes in parameters such as the ligand-metal
coordination capacity are likely to occur when the solvent
polarity is changed.>

Molecular electrostatic potentials (MEPs) are widely recog-
nized as valuable indicators of molecular reactivity. The calculated

ez

©
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MEP is especially useful for analyzing noncovalent interactions.*
To explore the reactive regions involved in both electrophilic and
nucleophilic interactions, electrostatic potential maps were
generated for the optimized geometry of the Ni-DAPH complex at
the B3LYP/LANL2DZ level. The total electron density, displayed on
the electrostatic potential surface, is shown in Fig. 9B.

The electrostatic potential (ESP) map of this metal complex
reveals a balanced distribution of charge due to significant
electron donation from the carbonyl (C=O0) ligands to the
central metal ion. In this complex, each carbonyl oxygen
donates a lone pair to form a dative bond with the metal,
effectively reducing the metal's formal charge. This electron
donation is reflected in the ESP map, where the metal center
appears less intensely positive (likely light blue to greenish-
blue), indicating a moderated electron deficiency. The
carbonyl oxygen atoms, having donated electron density,
exhibit neutral to slightly negative potential, which appears in
green or yellow shades on the map, rather than a strongly
negative region. This more uniform ESP distribution suggests
a stable coordination environment, with the complex exhibiting
reduced reactivity towards nucleophiles, as the metal's charge is

(B)

Fig.9 Atomic charge distribution (A) and electrostatic potential (MEP) (B) for Ni-DAPH complex (C) computed by DFT at B3LYP/LANL2DZ level

of theory.

© 2025 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2025, 15, 30102-30122 | 3011


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03168k

Open Access Article. Published on 26 August 2025. Downloaded on 10/7/2025 10:11:01 AM.

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

(cc)

RSC Advances

significantly neutralized by the dative bonds. Overall, the ESP
map highlights the stability and mild reactivity of the complex,
with a balance that could make it suitable for selective inter-
actions, such as in catalytic applications or controlled binding
scenarios, where extreme charges might be less favorable.

4.8 Natural bond orbital analysis (NBO)

The dative bond (donor-acceptor interactions) in the Ni-DAPH
complex was studied using the natural bonding orbital (NBO)
analysis which is a powerful method used in quantum chem-
istry to examine the bonding in a molecule.** A useful aspect of
the NBO analysis method is that it provides information about
interactions in filled and virtual orbital spaces, which could
improve the analysis of intra- and intermolecular interactions.*

The natural population analysis (NPA) of the Ni-DAPH
complex reveals that the most electronegative charges are
concentrated on the oxygen atoms bonded to the Ni atom.
Notably, the natural charge of the Ni ion decreases significantly
from +2.0 in its free state to +0.92 upon complexation, indi-
cating substantial electron transfer from the oxygen orbitals.
Furthermore, the natural electronic configurations (NEC) of the
free oxygen and nickel ions were (2s°2p*) and (4s>3d%4p°5p?),
respectively. After complexation, the NEC of the nickel ion
becomes Ni 4s (0.26) 3d (8.55) 4p (0.06) 5p (0.21), showing
a notable increase in orbital occupancy compared to the free
ion. This enhanced occupancy, along with the strong intra-
molecular interactions between the ligand and the metal,
contributes to the increased stability of the complex. The
occupancy of the 3d orbitals and their corresponding energies
for Ni in the Ni-DAPH complex are detailed in Table Sé6.
Notably, the anti-bonding orbital dy,_y, exhibits the highest
interaction energy (—0.2548 eV) and the lowest occupancy
(0.76331), indicating it as the lowest unoccupied molecular
orbital (LUMO) and significantly less stable compared to other
orbitals (d,», dy, dy,, dy). This observation elucidates the
interactions between the orbitals (donor) on the coordination
atom of the ligands and the metal d orbitals (acceptor).

The d,, orbital exhibits a lower energy level (—0.38413 eV)
compared to the d,,, d,, and d,, orbitals, establishing it as the
most stable orbital with a maximum occupancy of (1.98186).
Additionally, the observed angles of 88.763°, 90.045°, 90.352°,
and 90.798° for O14NiO71, O71NiO52, O52NiO33, and
033NiO14, respectively, indicate symmetry within the complex
structure. This symmetry leads to the determination of the
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Table 5 Donor—acceptor interactions and their stabilization energies
in NBO analysis for Ni-DAPH complex

Donor Acceptor Distances (A) E® Kkeal. mol
LPO14 LP*Ni 77 1.894 36.07
LPO33 LP*Ni 77 1.886 35.92
LPO52 LP*Ni 77 1.895 37.97
LPO71 LP*Ni 77 1.892 32.73
Total energy 142.69

order of the 3d orbitals as dy,_y, > dj; > dy, > dy, > dy,. These
findings align with existing literature.’>**

In the title complex, the NBO analysis explored donor-
acceptor interactions through second-order perturbation theory.
The analysis identified electron donors, associated acceptors,
intermolecular distances, and the stabilization energies of E*
interactions within the complex. The compiled results are accu-
rately presented in Table 5. The intermolecular distances between
occupied and unoccupied orbitals, determined through NBO
analysis of the Ni-DAPH complex, are as follows: O14-Ni: 1.894 A;
033-Ni: 1.886 A; 052-Ni: 1.895 A; and 071-Ni: 1.892 A. Notably,
these distances of the (Ni-O) bonds are nearly identical, sug-
gesting uniformity in the strong intramolecular interaction
between the ligand and the metal. This interaction contributes to
a heightened stabilization of the complex structure.

Table 5 presents the second-order disruption energies E?)
(often called stabilization energies or interaction energies) of
the NBOs interacting between the donor (oxygen) and acceptor
(nickel ion) of the Ni-DAPH complex. The total E® energy was
found to be 142.69 kcal.mol™*. A high E® value is linked to
a strong intramolecular charge transfer.***** The interaction
energies are in the range 32.73-37.97 kcal. mol'. The
substantial interactions are particularly seen between lone pairs
LP (014) and LP*Ni (36.07 kcal.mol™"), LP (033) and LP*Ni
(35.92 keal.mol ), LP (052) and LP*Ni (37.97 kcal.mol ') and
LP (071) and LP*Ni (32.73 kcal.mol ). The above-mentioned
hyper-conjugative interactions are the most responsible for
Ni-DAPH complex stability.*"**

4.9 Non-covalent interactions (NCI)

NCI serves as a tool for visualizing and identifying non-covalent
interactions, including van der Waals interactions, hydrogen
bonds, and steric effects. The index relies on density and its

NCI Index
;- O . Nigrrr AL Yo 3 == ()
/; o sigzn AL ) decreases £ = O iNncreases ; o
L. - - A N— z -
g2 == O - e o R S /
—— — — v Y
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(A)

Fig. 10 QTAIM (BCPs) 3D (A) and RDG iso-surface 2D (B) plots of investigated complexes.

derivatives. Examining the plot in Fig. 10, it is evident that van
der Waals interactions took place between two ligand molecules
in proximity to the coordination center, where robust attractive
interactions were also noted. Additionally, a steric effect man-
ifested in the benzopyrone ring of the ligand.

Remarkable repulsive interaction (red) is observed between
033 and 041 at 2.692 A and between 014 and 071 at 2.648 A.

The NCI analysis showed the presence of van der Waals,
robust attractive, steric effect and repulsive ligand-ligand and/
or ligand -metal interactions.

4.10 Topological parameters calculated by quantum theory
of atoms in molecules (QTAIM)

In contemporary times, Bader's theory, known as Quantum
Theory of Atoms in Molecules (QTAIM), has become a robust
methodology for investigating diverse chemical interactions by
analyzing electron density topology. These interactions
encompass ionic, covalent, and hydrogen bonds. Additionally,
QTAIM is increasingly used to analyze various subtler interac-
tion types, such as van der Waals forces or metal-metal
interactions.*

As per QTAIM, the evaluation of chemical bonding and
interactions requires an analysis of electron density p (r) and its
Laplacian V?(p), the ellipticity, Hessian Eigen values, potential
V(r), kinetic G(r), and total energy densities H(r) at the bond
critical points (BCPs). A higher electron density at BCPs signifies
enhanced structural stability. A closed shell interaction, as
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observed in ionic and hydrogen bonds, is characterized by
a positive V*(p) value at BCPs, while covalent interactions are
present for negative V*(p) values.*

The dominance of potential energy and concentration of
a negative charge occurs when the Laplacian value is negative.
Conversely, the dominance of kinetic energy and a depletion of
negative charge occur when the Laplacian value is positive.

The virial theorem establishes a connection between G(r)
and V(r) of the local electron in relation to V*(p) as expressed in
the equation:

VX (p)l4 = 2Ge + Ve

The combination of G(r) and V(r) equals the total energy density
H(r). The sign and magnitude of the total energy density H(r)
serve as valuable indicators revealing the nature of a bonded
chemical interaction.*®

A negative H(r) signifies a covalent interaction, whereas
a positive value indicates an ionic interaction. However, in
metal-ligand and metal-metal bonding, H(r) typically tends to
be negative and close to zero, withV*(p) > 0. At bond critical
points (BCPs), positive and negative V2(p) values indicate
closed-shell and shared-electron interactions, respectively.*

The results presented in Table 6 reveal lower electron density
values (ranging from 0.088 to 0.091 a. u.) and higher positive
Laplacian values V*(p), increasing from +0.604 to +0.613 a. u.
These findings strongly suggest the presence of ionic bonding.
However, the observed negative H(r) values at bond critical

Table 6 Topological parameters in (a.u): electron density p(r) Laplacian of electron density V2p(r), ELF and LOL. Energetic topological param-
eters: electron kinetic energy density G(r), electron potential energy density V(r), total electron energy density H(r)

Contacts D(A) p (1) V3(p) G(r) K(r) V(r) H(r) ELF LOL

O33-+-Niy» 1.886 0.091 0.613 0.168 0.015 —0.184 —0.015 0.089 0.238
Os,-+-Ni;, 1.894 0.090 0.604 0.166 0.015 —0.180 —0.015 0.089 0.239
O54-+-Niy5 1.892 0.088 0.607 0.165 0.013 —0.178 —0.013 0.085 0.233
O14--Ni;; 1.894 0.088 0.608 0.165 0.013 —0.132 —0.013 0.085 0.234
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points (BCPs) suggest the existence of a certain degree of
covalency.

ELF, or the Electron Localization Function, is employed for
assessing the localization of electrons between chemically
bonded atoms, serving as a straightforward and valuable
quantum-mechanical approach.

The ELF is plotted within the interval (0, 1) and elucidates
the Pauli repulsion effect occurring at the interaction point of
two atoms. The ELF value serves as a representation of the
likelihood of finding two electrons with the same a-spin within
the specified space, indicating Pauli's repulsion. Consequently,
ELF can be employed as an effective tool for characterizing
bonding, particularly in metal-ligand interactions.*

In the case of purely ionic bonding, elevated ELF values are
noted in proximity to the nuclei, approaching a value of
approximately 1.0, while remaining significantly low (around 0)
in the interstitial region. In the case of covalent bonding, The
ELF values that connect two atoms may vary from 0.6 to 1.0,
contingent upon the bond's strength.*®

As indicated by the findings presented in the Table 6, the ELF
values obtained for the Ni-DAPH complex are 0.085 and 0.089
for Ni-O bonds. This suggests that pure ionic bonding has
occurred in the interstitial region, away from the nuclei.

As for the localized orbital locator (LOL)*” our values fall
within the range 0-1 but are smaller than 0.5 indicating a region
for delocalized electrons.

4.11 Antioxidant activity

Antioxidant activity is crucial in pharmacology because oxida-
tive stress, caused by an imbalance between free radicals
(reactive oxygen species, ROS) and antioxidants, plays a very
important role in the pathogenesis of various diseases such as
cancer, cardiovascular diseases, diabetes, neurodegenerative
disorders (e.g., Alzheimer's, Parkinson's), and chronic inflam-
mation. Antioxidants mitigate this stress by neutralizing ROS,
thus protecting cells from damage to lipids, proteins, and DNA
and maintaining physiological function, which is important for
disease prevention and therapeutic interventions.

A key parameter for assessing the antioxidant or anti-radical
activity of both natural and synthetic compounds is the bond
dissociation enthalpy (BDE). BDE indicate the amount of energy
necessary to cleave a particular bond within a molecule,
resulting in the generation of radicals.***

In this study, the optimization energies of various neutral
and radical species (both ligand and complex) were computed
using density functional theory (DFT). The B3LYP hybrid func-
tional was employed along with the LANL2DZ and (6-311G)++(d,
p) basis sets, with methanol as the solvent, to determine the
BDE values.

To compare the antioxidant activity of the Ni-DAPH complex
with that of the DAPH ligand, the hydrogen atom transfer (HAT)
mechanism was studied. The HAT mechanism involves the
transfer of a hydrogen atom from the antioxidant molecule to
an oxidative radical in a single step:

ArO-H + R* — ArO'+ R-H 6))]
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Table 7 BDE in KJ mol™ obtained at B3LYP/6-311++G (d, p) and
LANL2DZ level of theory, in MeOH, for DAPH and Ni—DAPH®

OR site of BDE OR site of Ni-DAPH BDE
DAPH (k] mol™) complex (k] mol™)
7-OH 360.83 5-OH 336.29
24-OH 336.46
43-OH 336.06
62-OH 335.70
8-OH 349.32 6-OH 329.63
25-OH 330.34
44-OH 331.54
63-OH 328.28

“ The table compares the bond dissociation energies (BDE) at specific
hydroxyl (-OH) sites of a ligand (DAPH) and its corresponding
complex (Ni-DAPH).

Bond dissociation energies (BDEs) were evaluated to explore
the HAT mechanism. Importantly, a lower BDE is associated
with enhanced antioxidant activity, making the reaction with
free radicals more favorable.

The BDE in the HAT mechanism was determined utilizing
the subsequent equation:

BDE = H (ArO’) + H(H") — H(ArOH) (2)

The enthalpy (H) of the hydrogen radical (H") in vacuum has
been calculated, yielding a value of —1318.75 k] mol .

ASolv H(H') value in methanol is taken from the study
carried out by Jan Rimarcik et al.*

The enthalpy of dissociation of the hydrogen bond (BDE) of
the DAPH ligand and Ni-DAPH complex studied are presented
in Table 7.

The BDE values of 7-OH and 6-OH for the ligand 7,8-di-
hydroxycoumarin (DAPH), are reported as 360.828 k] mol * and
349.323 k] mol ", respectively. The larger BDE for the ligand
suggests that it is more resistant to bond dissociation before it
forms a complex.

For the complex (Ni-DAPH), BDE at various hydroxyl sites are
shown, with lower values ranging from 328.28 k] mol " to
336.46 k] mol '. The minimum bond dissociation energy (BDE)
of 328.28 kJ mol ! was recorded for 63-OH making it the most
reactive site for antioxidant activity within the complex, fol-
lowed by 6 ~OH (329.63 k] mol ™), 25-OH (330.34 k] mol ') and
44-OH (331.54). The C5-OH, C24-OH, C43-OH, and C62-OH
sites have almost identical BDE values, reported as 336.29,
336.46, 336.06, and 335.70 k] mol ', respectively, suggesting
that these OH groups exhibit comparable stability and proba-
bility of H atom donation. The similar BDE values likely arise
from the symmetry of the complex. Since it is a square planar
complex with the same ligand coordinated at multiple sites, the
environment surrounding each hydroxyl group (—OH) is quite
uniform. This structural symmetry leads to nearly identical
interactions between the metal center and the ligand at each
hydroxyl site, which explains the minimal differences in BDE
values. The consistency in the ligand coordination across these

© 2025 The Author(s). Published by the Royal Society of Chemistry
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sites contributes to the small variations observed in the bond
dissociation energies (BDE).

The BDE values for these sites in the complex are consis-
tently reduced compared to those of the free ligand, indicating
that complexation weakens the bond strength of the hydroxyl
groups. This reduction in BDE suggests that the metal-ligand
interaction alters the electronic environment, making it easier
for the hydroxyl groups to dissociate. The uniformity of the
BDEs across multiple hydroxyl sites in the complex further
implies that many of these -OH groups are capable of partici-
pating in hydrogen donation, thereby enhancing the
compound's overall antioxidant capacity. This capacity is
crucial, as hydrogen donation is a key mechanism in neutral-
izing free radicals, an important factor in antioxidant activity.

Furthermore, coordination with the metal in the complex
enhances its electronic properties, facilitating redox reactions
and contributing to its superior antioxidant behavior. This
metal-ligand interaction can stabilize reactive intermediates
and lower activation energy barriers for oxidation and reduction
processes, which are crucial for antioxidant activity.

The ability of the metal to participate in electron transfer can
also increase the overall efficiency of the antioxidant response,
making the complex more effective in neutralizing free radicals
compared to the free ligand. Studies have shown that metal
coordination can significantly affect the reactivity and stability
of hydroxyl groups, which are essential for donating hydrogen
atoms in the antioxidant mechanism. This synergy between the
metal and the ligand not only enhances antioxidant capacity but
also provides a potential pathway for developing more effective
antioxidant agents in pharmaceutical applications.*

4.12 Molecular docking

Molecular docking has become a crucial tool in drug design for
investigating and understanding how ligands interact with
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target proteins.**® This technique offers valuable insights into
binding mechanisms, highlighting the spatial and energetic
compatibility between a potential drug and its biological target.
By simulating binding energies, it aids in predicting the
stability of complexes and plays a key role in optimizing ther-
apeutic candidates.>**® In this molecular docking study, our
objective is to evaluate the antioxidant activity of the synthe-
sized ligand and its complex by investigating its interaction with
two important HEME-enzymes that play a role in defending
against oxidative stress: CCP (cytochrome C peroxidase, PDB ID:
2X08)*” and APX (ascorbate peroxidase, PDB ID: 10AF).*® Using
the crystal structures of these enzymes, retrieved from the
Protein Data Bank,” we performed docking simulations to
identify potential binding modes and assess interaction
energies.

This work is part of a growing interest in the antioxidant
properties of nickel complexes, particularly with regard to their
interaction with CCP and APX, known to play a crucial role in
neutralizing hydrogen peroxide (HOO") and reducing oxidative
stress. These nickel complexes demonstrate significant antiox-
idant properties, acting effectively to scavenge free radicals and
mitigate oxidative stress.®®®* CCP and APX play crucial roles in
the degradation of hydrogen peroxide (HOO"), contributing to
cellular protection against oxidative damage. While CCP uses
cytochrome c as an electron donor, APX employs ascorbate for
the same function. When these enzymes are dysfunctional, an
accumulation of HOO" can occur, leading to the generation of
free radicals and causing significant cellular damage. Mean-
while, antioxidants play a protective role by stabilizing free
radicals and minimizing the deleterious effects of oxidative
stress.®

The results obtained, in our case, show that both the ligand
and its nickel-based complex interact effectively with the active
sites of CCP and APX, suggesting a potential for stabilizing free

Table 8 Binding affinity and RMSD values of the different poses of DAPH and Ni-DAPH complex in the active site of 2X08 and 10AF enzymes

DAPH Ni-DAPH complex
Affinity Dist from RMS Best mode RMSD Affinity Dist from RMS Best mode RMSD
PDB code Mode (keal mol ™) dLb du.b (keal mol ™) dLb du.b
CCP (2X08) 1 —6.0 0.000 0.000 -9.5 0.000 0.000
2 —-5.9 14.755 15.339 —-9.5 0.481 8.519
3 —5.9 22.984 25.594 -9.0 0.822 7.513
4 —5.8 23.033 25.668 —9.0 3.620 7.998
5 —5.8 23.546 25.801 -9.0 0.339 6.904
6 —5.8 24.346 25.786 -9.0 0.887 7.202
7 —5.7 2.029 3.402 —8.7 0.485 4.843
8 —5.4 2.106 3.475 —8.5 1.318 6.758
9 —5.4 24.398 26.768 —8.4 3.160 8.729
APX (10AF) 1 —5.3 0.000 0.000 -7.9 0.000 0.000
2 —5.1 2.216 4.794 -7.9 0.172 6.543
3 —5.0 1.622 4.161 7.7 0.304 7.685
4 —5.0 3.064 4.934 —-7.7 0.254 5.233
5 —4.9 2.771 5.338 —-7.6 1.547 7.508
6 —4.9 1.941 4.777 —7.6 1.542 5.966
7 —4.8 2.067 3.246 7.4 1.426 5.795
8 —4.8 1.925 4.785 -7.3 1.623 5.855
9 —4.8 2.260 2.629 —7.0 2.103 7.881

© 2025 The Author(s). Published by the Royal Society of Chemistry
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radicals and reducing levels of hydrogen peroxide (HOO®),
a crucial element for alleviating cellular oxidative stress. The Ni-
DAPH complex exhibits a stronger affinity for both enzymes,
with lower binding energies, suggesting a more stable
interaction.*

The binding affinities of DAPH and Ni-DAPH complex to CCP
and APX were investigated via Auto Dock Vina.*®® The dock box
used for this study covered a volume of 30 A x 30 A x 30 A and
22 A x 22 A x 22 A with a center at coordinates x = -13,y=-1,
z=2and x =14,y = 62, z = 24, for CCP (2X08) and APX (10AF),
respectively, enabling the active site of the enzymes to be
targeted.

The docking results reveal that the Ni-DAPH complex has
a higher binding affinity for both HEME-enzymes studied than
the free ligand (DAPH). Indeed, the binding energies obtained
for Ni-DAPH/CCP and Ni-DAPH/APX are —9.5 keal mol " and
—7.9 kecal mol ™, respectively, compared to less negative values
observed for the interactions of the ligand alone with the same
enzymes (Table 8). This energy difference indicates that the
coordination of the ligand with the nickel atom strengthens the

enzyme-ligand interactions, particularly with the CCP.

View Article Online
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Furthermore, the inhibition constant (Ki) of the complex,
measured at 1.060 pm for 2X08 and 1.584 um for 10AF, rein-
forces the hypothesis of its potential efficacy as an antioxidant
agent.

Ki= eAG/RT

where,

kcal

R=1.985x107 K and T =298 K

mol

A ligand with a low inhibition constant (Ki) and a very
negative affinity (AG) requires low concentrations to achieve the
desired effect. This reduces the risk of side effects and improves
therapeutic efficacy. Conversely, a high Ki indicates that high
drug doses would be required, which could lead to toxicity or
clinical inefficacy.

Discovery Studio software (Version 2016; BIOVIA, Dassault
Systémes, San Diego, 2016) was used to analyze and visualize
the intermolecular interactions between the ligand, its nickel-

Acceptor il

H-Bonds
Donor

(E)

HEMI1254

Fig. 11 3D detailed pose and binding mode of DAPH into catalytic active site of the receptors: (A) ribbon structure of receptor/2X08 protein, (B)
ribbon structure of receptor/1OAF protein, (C) H-bonds (receptor/2X08 protein), (D) H-bonds (receptor/10AF protein), (E) 3D form intermo-
lecular interactions (receptor/2X08 protein), (F) 3D form intermolecular interactions (receptor/10AF protein).
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based complex (Ni-DAPH), and the receptors targeted in the
docking study. The interactions observed are illustrated in 3D
and 2D in Fig. 11-13, providing a better understanding of the
spatial arrangement of the bonds formed. Tables S7 and S8
summarize the types of interactions (hydrogen bonds, hydro-
phobic interactions, etc.) formed between the ligand or complex
and the active residues of the receptors (2X08 and 10AF).

In the Ni-DAPH -2X08 complex, eight conventional hydrogen
interactions were observed, illustrating the importance of these
bonds in stabilizing the complex. Among these, a hydrogen
bond is formed between residue SER81 and the O atom of the
ligand, with a distance measured at 2.896 A, testifying to
a strong interaction. Another significant three bonds are
observed between the H atoms of the ligand and residue
ARG184, with a distance of 2.061, 2.075 and 2.352 A. In addi-
tion, residue ASP79 establishes a hydrogen bond with the H
atom of the ligand, measured at 1.816 A. Other important
interactions include those between ARG184 and the H atom
(2.352 A), LEU182 and the H atom (2.374 A) and GLY186 and the

View Article Online

RSC Advances

O atom (3.221 A). These interactions form a major part of the
stabilizing interactions in this complex Ni-DAPH-2X08, rein-
forcing the affinity between ligand and receptor.

In the Ni-DAPH-10AF complex, a similar set of eight
hydrogen interactions was identified, also demonstrating their
essential role in the stability of this system. A significant
hydrogen bond is formed between residue ARG172 and the O
atom of the ligand, with a distance of 2.922 A. Residue ALA168
interacts with the H atom at a distance of 2.331 A, while GLU176
forms a hydrogen bond with the H atom of the ligand at 2.970 A.
HIS76 also establishes a hydrogen bond with the O4 atom,
measured at 2.314 A, illustrating a strong interaction. Further-
more, HEM1251 interacts with two hydrogen atoms at
a distance of 2.672 and 2336 A. Residue HIS169 also contributes

to these stabilizing interactions by establishing two hydrogen
bonds with atoms H (2.583 A) and O (3.704 A). These hydrogen
bonds significantly enhance the stability of the Ni-DAPH-10AF
complex and demonstrate the effectiveness of hydrogen inter-
actions in this type of system.

Fig.12 3D detailed pose and binding mode of Ni-DAPH complex into catalytic active site of the receptors: (A) ribbon structure of receptor/2X08
protein, (B) ribbon structure of receptor/10AF protein, (C) H-bonds (receptor/2X08 protein), (D) H-bonds (receptor/1OAF protein), (E) 3D form
intermolecular interactions (receptor/2X08 protein), (F) 3D form intermolecular interactions (receptor/10OAF protein).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 2D receptor—ligand interaction diagram for (A) DAPH/2X08, (B) DAPH/10AF, (C) Ni-DAPH complex/2X08 and (D) Ni-DAPH complex/

10AF.

In addition to hydrogen bonds, both complexes exhibit
a variety of hydrophobic interactions. These include m-m T-
shaped, alkyl and m-alkyl interactions, as illustrated in
Fig. 11-13. Although generally weaker than hydrogen bonds,
these hydrophobic interactions mainly involve the aromatic
rings and alkyl chains of the ligand and protein residues,
playing a complementary role in stabilizing the complexes.
When docking with a HEME enzyme like CCP or APX, it is
important to keep the HEME group (HEM1254 for CCP and
HEM1251 for APX) as it is crucial for both catalytic activity and
substrate interaction. Removing HEME can be used for
exploratory studies, but limits information on physiologically
relevant interactions. Retaining HEME reflects natural condi-
tions and enhances the relevance of results particularly in
oxidative or reducing properties.

Compared to the DAPH ligand, the Ni-DAPH complex
establishes a greater number of interactions, both strong and

30118 | RSC Adv, 2025, 15, 30102-30122

weak, which indicates a higher affinity for enzyme receptors.
The coordination of the ligand with the nickel atom appears to
enhance the stability of the complex and intensify interactions
with key residues of the enzyme active sites, which could explain
the higher affinity observed compared to the free ligand.

These results reinforce the growing interest in nickel
complexes and similar compounds, which demonstrate not
only affinity for antioxidant enzymes such as CCP and APX, but
also a stabilizing effect on HOO'. However, while these results
are promising, in vitro and in vivo biological studies are essen-
tial to confirm the therapeutic potential of our complex,
particularly in the context of treatments targeting oxidant-
associated pathologies.

4.13 ADMET study

The ADMET properties of DAPH and Ni-DAPH compounds were
analyzed using the online platforms ADMETIlab 2.0% for

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 9 Predicted ADMET properties for the DAPH molecule and its Ni-DAPH metal complex using the ADMETlab 2.0 and Protox Il platforms

Compounds PPB” (%) BBB” HIA° CLY  Ty,°

Based on Lipinski rule

Lipinski's

LDs¢ (mg kg™!) TPSA? (A?) NHD" NHA' NRB' MWY(gmol ') MLOGP' violation

DAPH
Ni-DAPH

78.77
99.12

0.004 0.012 13.611 1.375 1540
0.004 0.96 5.989 0.957 5370

70.67 2 4 0
247.87 8 16 4

178.03
776.09

0.772 0
4.071 3

“ plasma Protein Binding. ? Blood-Brain Barrier Penetration. © Human Intestinal Absorption. ¢ Plasma Clearance. ° half-life drugs.’ Lethal Dose.
€ Topological polar surface area. " Number of hydrogen bond donors. * Number of hydrogen bond acceptors.  Number of rotatable bonds.

¥ Molecular weight. ! calculated lipophilicity.

pharmacokinetic predictions and Protox II** for toxicity
assessment (Table 9). This study revealed significant differences
between the free molecule (DAPH) and its metal complex (Ni-
DAPH). In terms of pharmacokinetics, the DAPH molecule has
a moderate plasma protein binding (PPB) rate (78.77%),
extremely low human intestinal absorption (HIA) (0.012) and
relatively high plasma clearance (13.611 mL per min per kg),
suggesting rapid elimination from the body. In contrast, the Ni-
DAPH complex is characterized by very high intestinal absorp-
tion (0.96), a PPB close to 100% (99.12%) and lower clearance
(5.989 mL per min per kg), indicating better potential
bioavailability and longer retention in the body. Although the
half-life of DAPH (1.375 h) is slightly longer than that of Ni-
DAPH (0.957 h), both compounds show relatively short action.
From a toxicological point of view, the Ni-DAPH complex has
significantly lower acute toxicity (LDs, = 5370 mg kg ')
compared to DAPH (LDs, = 1540 mg kg '), demonstrating
a significant improvement in the safety of the compound after
complexation.

Analysis of the physicochemical parameters also highlights
marked differences. The DAPH molecule has a low molecular
weight (178.03 g mol™") and a moderate topological polar
surface area (TPSA) of 70.67 A%, It complies with all of Lipinski's
rules, with 0 hydrogen bond donors and 4 hydrogen bond
acceptors, no single rotatable bonds, and moderate lipophilicity
(MlogP = 0.772). These characteristics indicate good oral
absorption potential according to conventional criteria.
However, the Ni-DAPH complex has a very high molecular
weight (776.09 g mol '), an extensive polar surface area (247.87
A?), and 8 hydrogen bond donors and 16 hydrogen bond
acceptors, far exceeding the thresholds of Lipinski's rule. It thus
accumulates three violations (NHD, NHA, MW), which could
theoretically limit its passive membrane diffusion. However,
despite these violations, the complex exhibits remarkable
intestinal absorption, suggesting that alternative mechanisms
may compensate for these limitations.

5. Conclusion

To explore the formation and stability of a novel synthesized
coordination complex involving nickel as the transition metal
and daphnetin or 7,8-dihydroxycoumarin (DAPH) as the ligand,
a theoretical investigation is conducted using the Gaussian 09
software and the TD-DFT calculation method.

© 2025 The Author(s). Published by the Royal Society of Chemistry

The complex exhibits a tetradentate square planar structure,
featuring four dative bonds formed between the nickel ion and
the DAPH ligand, specifically at the Ni-C=O positions. This
finding was validated through the vibrational frequencies of the
NI-DAPH complex, revealing a significant elevation in the
wavenumber associated with the carbonyl of the benzopyrone
ring.

Analysis of the energies of the HOMO and LUMO frontier
orbitals, atomic charges, and molecular electrostatic potentials
of the Ni-DAPH complex facilitated the identification of
nucleophilic sites, located at the oxygen atoms of the carbonyl
groups, and the electrophilic site, situated at the nickel ion.
Theoretical analysis played a crucial role in identifying the most
stable structure among the four proposed structures of the Ni-
DAPH complex.

The analysis of "H NMR chemical shifts in both the complex
and the free ligand indicates that all protons, including those of
the hydroxyl groups, have experienced a downfield shift. This
shift signifies the active involvement of these protons in the
metal-ligand interactions.

The second-order perturbation energies associated with Ni-
O coordination suggest a more robust stabilization of the
structure. NBO analysis reveals that all angles within the
complex structure exhibit nearly identical values, indicative of
symmetry. Moreover, the order of the 3d orbitals was deter-
mined to be dx2—y2 > dz2 > dxz > dyz > dxy.

The examination utilizing the QTAIM strongly supports the
existence of ionic bonding with a discernible degree of cova-
lency. Furthermore, an analysis of the ELF values for the Ni-
DAPH complex indicates that pure ionic bonding has occurred
in the interstitial region, away from the nuclei. Additionally,
investigations employing the LOL suggest the existence of
a region for delocalized electrons.

In conclusion, the complex formed between nickel and
daphnetin exhibits significantly higher antioxidant potential
compared to free daphnetin. This enhanced activity can be
attributed to the coordination of the metal ion, which not only
stabilizes reactive intermediates but also facilitates redox reac-
tions that are crucial for effective free radical scavenging.

Molecular docking tools were employed to evaluate the
antioxidant properties of the studied complexes, and the results
indicated that these complexes could serve as potential inhibi-
tors of cytochrome C peroxidase (CCP) and ascorbate peroxi-
dase (APX) HEME-proteins. The promising antioxidant capacity
of the [Ni-DAPH] opens for

complex new avenues
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pharmacological applications, particularly in the development
of novel antioxidant agents for therapeutic use. The Ni-DAPH
complex exhibits better ADMET properties than the DAPH
molecule alone, despite some violations of Lipinski's rules. It is
therefore a promising candidate for future biological
applications.
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