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A series of transition metal complexes derived from 2-hydroxynaphthaldehyde based Schiff base ligand designed and synthesised. The
Schiff base ligand 1 was prepared via condensation of 2-hydroxy-1-naphthaldehyde with 2,4-dimethylaniline. The corresponding
complexes 2-4 of Cu(ll), Ni(ll) and Co(Il) ions were synthesised using Schiff base ligand in 1:2 molar ratios. The synthesised ligand and
its metal(11) complexes were characterised using elemental analysis, UV-Vis, FT-IR, *H NMR and mass spectrometry. Density functional
theory (DFT) calculations at the B3LYP level with a basis set of 6-31G(d,p) were employed to optimize geometries, predict frontier
molecular orbitals, compute HOMO-LUMO gaps and analyse electronic distribution. Non-liner optical properties of ligand and metal(l1)
complexes also computed using DFT method. The combined experimental and theoretical results suggest tetrahedral geometry in complex

2 and square-planar geometry in complexes 3 and 4.

Keywords: Schiff base, Transition metal complex, DFT, HOMO-LUMO Gap, NLO.

INTRODUCTION

Since its discovery, Schiff bases have recognised as ver-
satile ligands in coordination chemistry due to their synthetic
flexibility, strong donor capabilities and potential biological
applications [1,2]. Schiff bases are widely regarded as privi-
leged ligands since they offer an incredible degree of the stru-
ctural flexibility. The presence of the azomethine (—CH=N-)
moiety enhances electron delocalisation and provides chela-
ting sites for metal coordination. Their primary advantage lies
in their structural flexibility, which allows for the precise fine-
tuning of donor atoms, denticity and chelating potential to suit
specific needs. The true potential of Schiff bases is realized
through their ability to coordinate with the metal ions [3]. The
resulting complexes often exhibit enhanced biological activ-
ities to nonlinear optical properties [4-6]. This enhancement
is largely due to the unique synergistic effect between the
metal centre and the organic framework, which stabilizes the
structure and dictates its functional behaviour. Transition metal
complexes of Schiff bases display remarkable catalytic, anti-

bacterial and anticancer properties, making them important
in modern medicinal and materials chemistry [7-10].

The hydroxynaphthaldehyde derivatives represent an adv-
anced class of aldehydes with extended n-conjugation and intra-
molecular hydrogen bonding, which enhance the stability and
planarity of resulting Schiff base ligands [11,12]. The substi-
tution on the aromatic ring further tunes the electronic environ-
ment, affecting the metal-ligand interaction and physico-
chemical behaviour of the complexes [13,14].

The rational design of such metal complexes provides a
predictive framework for correlating structure and activity.
The density functional theory (DFT) allows exploration of
metal-ligand bonding, electronic spectra and stability trends
[15-17]. The Schiff base metal complexes can bind to biomole-
cular sites, often with higher affinity than the free ligand, due
to additional coordination and hydrophobic interactions med-
iated by the metal centre [18]. Beyond medicine, these com-
plexes are increasingly valued for their optical properties. Their
extensive n-conjugated systems make them ideal candidates
for nonlinear optical (NLO) applications [19-22].
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This study reports the synthesis, spectral characterisa-
tion, computational analysis and non-liner optical properties of
Co(ll), Ni(Il) and Cu(ll) complexes with 2-hydroxynaphth-
aldehyde derived Schiff bases. The integration of theoretical
and experimental data provides comprehensive insight into
their structure—property activity relationship.

EXPERIMENTAL

All reagents and solvents used were of analytical reagent
(AR) grade and were employed without further purification.
The 2,4-dimethylaniline and 2-hydroxy-1-naphthaldehyde were
purchased from SRL and Molychem, respectively. Metal salts,
including cobalt(ll) acetate tetrahydrate, nickel(ll) acetate
tetrahydrate and copper(ll) acetate monohydrate, were pro-
cured from CDH and used as received.

The elemental analyses (C, H, N) were performed using a
Thermo Scientific Flash 2000 CHNS-O elemental analyzer.
The FT-IR spectra were recorded using KBr pellets on a
Bruker Alpha-11 FT-IR spectrophotometer in the range 4000-
400 cm. Electronic absorption spectra were recorded on an
Agilent Cary 60 UV-Visible spectrophotometer over the
range 200-800 nm. The 'H NMR spectra were recorded on a
JEOL AL-300 FT-NMR spectrometer operating at 500 MHz
using DMSO-ds as solvent and TMS as an internal standard.
High-resolution mass spectra (HRMS) were obtained on a
SCIEX X500R QTOF-MS system.

Computational analysis: All quantum-chemical calcu-
lations were carried out with the Gaussian 09 suite program
[23]. Geometry optimisations and vibrational frequency anal-
yses were performed using density functional theory (DFT)
with the B3LYP functional (Becke’s three-parameter exchange
with the Lee—Yang—Parr correlation functional) and the 6-31G
(d,p) basis set [24-27]. Optimisations were carried out in the
gas phase without symmetry constraints. Single-point electronic
energies and molecular orbital analyses (HOMO/LUMO ener-
gies, frontier orbital compositions) were obtained at the same
B3LYP/6-31G(d,p) level on the optimised geometries. Non-
linear optical properties of ligand and its metal(ll) complexes
were investigated using DFT method [28].

Synthesis of ligand: A solution of 2-hydroxy-1-naphtha-
Idehyde (1.72 g, 10 mmol) was prepared in 25 mL of absolute
ethanol and placed in a 100 mL round-bottom flask fitted with
a reflux condenser [29]. To this solution, 2,4-dimethylaniline
(1.21 g, 10 mmol) dissolved in 20 mL of ethanol was added

Ref Tux
methanol

2-Hydroxy-1-

naphthaldehyde 2,4-Dimethylaniline

dropwise with continuous stirring. The reaction mixture was
refluxed for 3-4 h at 78-80 °C (Scheme-1). After completion,
the reaction mixture was cooled at room temperature and the
resulting yellow colour precipitate was filtered, washed with
cold ethanol and dried under vacuum over anhydrous CaCl..

(E)-1-(((2,4-Dimethylphenyl)imino)methyl)naphthalen-
2-ol (1): Yield: 81%; m.f.. CigHi7NO; m.w.: 275.34;
Elemental analysis: calcd. (found) %: C, 82.88 (82.01); H, 6.22
(5.96); N, 5.09 (4.85); 'H NMR (500 MHz, DMSO-ds, 3n,
ppm): O-H 11.2, -HC=N 9.15, Ar-H 8.04-6.89, CH3 2.37;
FT-IR (KBr, cm?): 3456v (O-H), 2911 v(C=C), 1625
v(C=N), 1252 v(C-0); UV-Vis (CHCI3) (Amax, nM): 280, 345,
411; TOF-MS, calcd. (found): 275.34 (275.11).

Synthesis of metal complexes: The transition metal(ll)
complexes of the synthesised Schiff base ligand derived from
2-hydroxy-1-naphthaldehyde and 2,4-dimethylaniline were
synthesised by direct complexation under reflux in ethanol.
The ligand 1 (1.10 g, 4 mmol) was dissolved in 20 mL of hot
ethanol and added to ethanolic solution of copper(ll) acetate
monohydrate (0.39 g, 2 mmol). The reaction mixture was
refluxed for 8-10 h at 80 °C. A dark brown solid complex
obtained was filtered, washed several times with ethanol. This
dried under vacuum over anhydrous CaCl, (Scheme-I). Similar
procedure was followed to synthesize nickel and cobalt
complexes [30].

[CuL2] (2): Yield: 69%; m.f.: CagHzN20,Cu; m.w.: 612.22;
Elemental analysis: calcd. (found) %: C, 74.55 (73.56); H,
5.27 (5.02); N, 4.58 (4.11); FT-IR (KBr, cm1): 2924 v(C=C),
1604 v(C=N), 1278 v(C-0), 590 v(Cu-0), 482 v(Cu-N); UV-
Vis (CHCIs) (Amax, nm): 291, 350, 415, 524; TOF-MS m/z
calcd. (found) = 612.22 (611.85).

[NiLz] (3): Yield: 77%; m.f.: CagH3z2N202Ni; m.w.: 607.37;
Elemental analysis: calcd. (found) %: C, 75.15 (74.25); H,
5.31(5.04); N, 4.61 (4.13); FT-IR (KBr, cm™): 2936 v(C=C),
1610 v(C=N), 1272 v(C-0), 584 v(Cu-0), 471 v(Cu-N); UV-
Vis (CHCIz) (Amax, nm): 287, 355, 419, 535; TOF-MS m/z
calcd. (found) = 607.37 (607.02).

[CoL2] (4): Yield: 72%; m.f.: CsgH32N20.Co; m.w.: 607.61;
Elemental analysis: calcd. (found) %: C, 75.12 (74.62); H,
5.31(5.08); N, 4.61 (4.09); FT-IR (KBr, cm™): 2941 v(C=C),
1612 v(C=N), 1274 v(C-0), 579 v(Cu-0), 460 v(Cu-N); UV-
Vis (CHCI3z) (Amax, Nm): 283, 350, 429, 542; TOF-MS m/z
calcd. (found) = 607.61 (607.12).

Nx
0.
2 MO 3H0 o/M/ :‘
2-4

(E)-1-(((2,4-Dimethylphenyl)imino)-

methyl)naphthalen-2-ol

where M = Cu, Ni, Co

Scheme-I: Synthesis of 2-hydroxynaphthaldehyde and 2,4-dimethylaniline derived Schiff base ligands and its metal complexes
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RESULTS AND DISCUSSION

UV-Vis spectral studies: The UV-Vis spectral features
of the synthesised Schiff base 1 and its metal(ll) complexes
2-4 provide important evidence for chromophoric changes
associated with coordination. The ligand displays two major
absorption bands at 280 (t—n*) and 365 nm (n—n*) regions,
originating from the conjugated naphthyl ring and azo-methine
group, respectively. These transitions are consistent with pre-
viously reported naphthaldehyde-derived Schiff bases [21].

Upon complexation, the n—m* transition shifts slightly
toward longer wavelengths for metal complexes, indicating a
decrease in imine bond order due to electron donation to the
metal ion. The complexes exhibit absorptions in the 430-450
nm region assigned to ligand to metal charge transfer. The
addition weak broad band in the region 524-542 nm, arising
from the characteristic d—d transition of metal complexes [31].
A band around 524 nm in copper(ll) complex can be assign
to 2T,g—2Eq transition within tetrahedral geometry. Simi-
larly, a weak broad band around 535 nm in nickel(Il) complex
and 542 nm in cobalt(I1) complex suggest square planar geo-
metry around metal ion. The shifts in the maxima wavelength
and changes in absorption intensities between the ligands and
their complexes confirm coordination between the ligand and
metal centre through azomethine nitrogen and phenolic oxygen.

FT-IR spectral studies: The FT-IR spectra of the synth-
esised Schiff base 1 and its metal(ll) complexes 2-4 provide
clear confirmation of ligand formation and subsequent coordi-
nation. In the spectrum of Schiff base ligand 1, a broad band
around 3456 cm™ is assigned to the phenolic O—H stretching
mode. This band is absent in metal(1l) complexes, indicating
that the hydroxyl proton is lost during the metal(ll) complex
formation and that the phenolic oxygen participates in metal
coordination [31].

The characteristic azomethine C=N stretching vibration,
appearing at approximately 1625 cm in the free ligand 1,
shifts to lower wavenumbers in the metal(Il) complexes 2-4
and appear in the region 1612-1604 cm. This downshift
reflects a reduction in bond order due to electron donation from
the nitrogen atom to the metal centre. Similarly, the phenolic
C-O stretching band, observed near 1252 cm™ in ligand,
moves to higher frequency in metal complexes (1278-1272
cm™) upon chelation, supporting the involvement of oxygen
in bonding [31]. The key absorptions bands of metal comp-
lexes in the region 590-579 cm and 482-460 cm™, corres-
ponding to M-N and M-O vibrations, respectively. These
spectral observations support ligand coordination as a biden-
tate N, O-donor, forming stable 1:2 metal-ligand complexes
[20].

NMR spectral studies: The NMR spectra of the Schiff
base ligand (HL) provide clear evidence for the successful
condensation between 2-hydroxynaphthaldehyde and 2,4-
dimethylaniline. In the *H NMR spectrum, the phenolic -OH
proton appears as a downfield singlet at  11.2 ppm, charact-
eristic of hydrogen-bonded naphtholic groups. The azomethine
—CH=N- proton resonates as a distinct singlet at 5 9.15 ppm,
confirming the formation of imine linkage [32]. The aromatic
protons of the naphthyl and substituted phenyl rings are obse-

rved in the expected region of 5 6.89-8.04 ppm, while methyl
substituents on the aniline ring give singlets at & 2.34 ppm.

Mass spectral studies: The mass spectra strongly support
the proposed structures of the Schiff base ligand 1 and its
metal(I) complexes 2-4. The mass spectrum of the ligand
shows a peak at m/z 275.11 corresponding to the molecular
ion peak of ligand which matches the calculated molecular
mass of 275.34 g/mol. Other fragment ions appear at lower
m/z values, mainly arising from cleavage of the azomethine
(C=N) bond and loss of one or both methyl groups from the
2,4-dimethylaniline moiety.

Copper(Il) complex 2 displays a molecular ion at m/z
611.85 while calculated mass of for same is 612.22, whereas
nickel(11) complex 3 exhibits a prominent peak at m/z 607.02,
assignable to the molecular ion peak of complex with a calcu-
lated molecular weight of 607.37. Similarly, Co(Il) complex
4 shows molecular ion peak at m/z 607.12 compare to calcu-
lated peak at 607.61. The mass spectral data validate the succ-
essful synthesis of the ligand and the corresponding metal(l1)
complexes in 1:2 molar ratios.

Computational studies: Density functional theory (DFT)
calculations were carried out to understand the structural and
electronic characteristics of the synthesised Schiff base ligand
1 and metal complexes 2-4. All geometries were optimised at
the B3LYP level using the 6-31G(d,p) basis set for non-metal
atoms and LANL2DZ potential for the metal centers and
presented in Fig. 1. The energy level diagram including
HOMO-LUMO gap is depicted in Fig. 2. The calculated bond
angle and bond length of ligand and metal complexes are
presented in Table-1.

The calculated parameters, such as total energy, dipole
moment, HOMO and LUMO energies, HOMO-LUMO gap
(AE), chemical potential (1), chemical hardness (n) and electro-
philicity index (w) are summarised in Table-2.

The ligand adopted a nearly planar conformation around
the azomethine group, with a calculated C=N bond length of
about 1.29 A and C-O(phenolic) bond of approximately 1.43 A.
Upon coordination, Cu(ll) complex 2 adopts distorted tetrah-
edral geometry while Ni(Il) 3 and Co(ll) 4 complex exhibits
square planar geometry. The calculate bond lengths and bond
angles are comparable with the similar type of complexes
reported earlier [33]. The Cu—N and Cu-O bond length in
complex 2 is approximately 1.84 A and 1.80 A, respectively.
The calculated bond angle O17-Cu38-N58 and N20-Cu38-
039 109.0249 and 107.68, respectively. These observations
support tetrahedral geometry around copper ion in complex 2.
Similarly, the characteristic bond length Ni-N, Co—N and
Ni—O, Co—O found around 1.92 A and 1.85 A and respect-
tively in complexes 3 and 4. The N-Ni—O and N-Cu-O angles
ranging between 88-92° and trans angles near 176-178°,
respectively in complexes 3 and 4. The results indicate nearly
square-planar geometry around Ni and Cu ions in complexes
3and 4.

Frontier molecular orbital analysis revealed HOMO density
distributed mainly over the phenolic oxygen, azomethine
nitrogen and metal centers, while the LUMO remained largely
ligand-centered, indicating intraligand t—m* transitions along
with metal-ligand charge transfer. The HOMO-LUMO energy
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Fig. 1. Geometry optimised structures of ligand 1 and metal complexes 2-4
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Fig. 2. Energy levels diagrams and HOMO-LUMO energy gaps of ligand 1 and its metal complexes 2-4
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TABLE-1
SOME SELECTED BOND LENGTHS (A) AND BOND ANGLES (°) OF LIGAND 1 AND ITS METAL COMPLEXES 2-4

Bond length (A)

1 2 3 4
C1-C2 1.24 017-Cu38 1.8171 017-Ni75 1.8509 017-Co75 1.8509
N21-C23 1.47 N20-Cu38 1.8509 N20-Ni75 1.9223 N20-Co75 1.9223
C14-017 1.43 Cu38-039 1.8052 038-Ni75 1.8545 038-Co75 1.8545
C19=N21 1.29 Cu38-N58 1.8465 N57-Ni75 1.9316 N57-Co75 1.9316
017-H18 0.96 C56=N58 1.2868 C55=N57 1.3277 C55=N57 1.3277
Bond angle (°)

1 2 8 4
C19=N21-C23 120.00 017-Cu38-N58 109.0249 017-Ni75-N57 88.9725 017-Co75-N57 88.9725
C11-C19=N21 120.00 N20-Cu38-039 107.6845 020-Ni75-038 88.4111 N20-Co75-038 88.4111
C14-017-H18 109.47 017-Cu38-N20 107.2215 038-Ni75-N57 91.0527 038-Co75-N57 91.0527
C15-C14-017 120.00 039-Cu38-N58 104.9461 017-Ni75-N20 91.5663 017-Co75-N20 91.5663
C22-C31-H34 109.47 017-Cu38-039 114.6445 038-Ni75-017 176.7615 017-Co75-038 178.072

- - N20-Cu38-N58 113.4824 N20-Ni75-017 178.3431 N20-Co75-N57 179.250
TABLE-2

CALCULATED HOMO AND LUMO, ENERGY GAP (AE), CHEMICAL HARDNESS (1), ELECTRONIC
CHEMICAL POTENTIAL (1) AND ELECTROPHILICITY (w) OF THE LIGAND 1 AND ITS METAL COMPLEXES 2-4

Compound  Total energy  Dipole moment HOMO LUMO AE n n ®
1 -864.04 2.8100 -5.52 -1.80 3.72 1.86 -3.66 3.60
2 -1923.28 0.8036 -5.30 -1.63 3.67 1.83 -3.46 3.27
3 -1896.46 0.4262 -5.25 -1.79 3.46 1.73 -3.52 3.58
4 -1872.24 0.5291 -5.36 -1.79 3.57 1.78 -3.57 3.57

gap decreased from ~3.72 eV in the ligand to 3.67 eV in the
complex 2, 3.46 eV in the complex 3 and 3.57 €V in complex 4
reflecting enhanced charge-transfer capability and greater
reactivity upon metal coordination. Global reactivity descriptors
further supported this trend, with the complex 3 showing the
lowest hardness and highest electrophilicity, consistent with
its greater electron-accepting ability and improved biological
activity. The computational findings, together with the spectro-
scopic data, provide deeper insight into the electronic structure,
reactivity, and stability of the complexes.

Molecular electrostatic potential (MEP): In this study,
the MEP of the Schiff base ligand 1 and its metal(I1) complexes
2-4 were mapped on to the total electron density surface, as
illustrated in Fig. 3, where a colour-coded gradient represents

optical (NLO) properties of the Schiff base ligand 1 and
complexes 2-4, including the mean polarizability (<a>) and
the first-order hyperpolarizability (Btwt), were calculated and
presented in Table-3. The mean polarizability (<a>) of the free
ligand was calculated to be -277.919 a.u., indicating a strong
induced dipole response under an applied electric field. Upon
complexation with metal, the polarizability value found as
-238.223, -237.6741 and -237.8931 a.u. for complex 2, 3 and
4, respectively.

TABLE-3

THE B3LYP/6-31G(d, p) CALCULATED ELECTRIC DIPOLE
MOMENT (debye), POLARIZABILITY (a.u.), B-COMPONENTS
AND B VALUE OF LIGAND 1 AND ITS METAL COMPLEXES 2-4

the variation in electrostatic potential across the molecular Parameter 1 2 3 4
framework. The regions shaded in red indicate negative poten- Olxx -101.0486  -235.1369  -235.8378  -234.5576
tial (electron-rich zones) localised primarily around electro- ayy -121.3092  -224.0017  -221.0160  -222.1358
negative oxygen and nitrogen atoms, identifying them as Oz -125.4507  -255.5330  -256.1687  -256.9859
favourable sites for electrophilic attack. The blue regions signify Oxy 1.9337 5.9933 -4.9661 -4.4206
positive potential (electron-deficient zones) concentrated around Oz 1.3919 -0.0008 -0.0616 -0.4102
hydrogen atoms, marking potential sites for nucleophilic attack. Olyz -24021 0.0001 0.0981 -0.5256
However, yellow regions indicate moderately electron-rich <o> 2 R RPN ZRTREL
areas, while green regions correspond to zones of nearly neu- o 0.2685 0.0174 -0.4655 -0.8069
tral electrostatic potential, providing a comprehensive map of 327 50061 0.0036 0.0284 04747
the molecules’ chemical reactivity and intermolecular inter- By 99629 0.0004 05309 0.1075
Lo By -22.6817 -0.0048 -1.1904 -0.0746
action sites. . . . Brc 85609  -6.6421  -38.9507  -28.1761
_Nonllnear optical (NLO) properties: The nonl_lnear Buyz 18.3538 -29.3784 -16.5572 127323
optical (NLO) response of the synthesised Schiff base ligand Byye 5.9617 0.0384 -3.4797 _4.6635
and its metal(Il) complexes was evaluated using DFT-derived Braz -18.2273 -6.6421 -38.9507 0.4689
polarizability and hyperpolarizability parameter. These para- Byzz 3.4228 -0.0009 0.2158 0.3085
meters provide insight into their potential applications in B 5.3877 7.6885 32.7185 21.6868
photonic and optoelectronic materials [28]. The non-linear Brot 18.9621 6.7132 41.1216 11.1642
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Fig. 3. MEP of ligand 1 and its metal complexes 2-4 at the B3LYP/6-31G (d,p) level of theory

The total first-order hyperpolarizability (Bw:), a para-
meter associated with second-order NLO behaviour, was found
to be 18.96 a.u. for the ligand while Co(ll) complex 3 shows
enhanced B Value 41.12 a.u. is attributed to the presence of
an extended n-conjugated system that facilitates intramole-
cular charge transfer (ICT). The comparison of this value with
the reference compound urea (Bwo: = 33.48 a.u.) suggests that
the Ni(ll) complex exhibits approximately 1.25-fold enhance-
ment in NLO response. The enhanced B Value plays impor-
tant role in tuning NLO activity of transition-metal complexes
[33]. In complexes 2 and 4, Bt decreased moderately low to
6.7133 a.u. and 11.16 a.u., respectively. The calculated <o> and
Bt parameters demonstrated that both the ligand 1 and Co(ll)
complex 3 exhibit meaningful nonlinear optical responses. The
Co(ll) complex 3 displays a stronger NLO effect, whereas the
ligand offers a slightly reduced yet still substantial response,
indicating that both systems could serve as promising candi-
dates for molecular NLO materials.

Conclusion

A Schiff base ligand (1) derived from 2,4-dimethyl-
aniline and 2-hydroxynaphthaldehyde was employed for the
synthesis of three transition metal(11) complexes, Cu(ll), Ni(Il)
and Co(ll) (2-4). The Schiff base ligand and its corresponding
metal(1l) complexes were characterised using elemental anal-
ysis and different spectroscopic techniques, including UV-Vis,
FT-IR, NMR, mass spectrometry. The characterisation results
confirm 1:2 molar ratio of metal and ligand in the complexes.

The ligand acts as a monofunctional bidentate and coordinated
with metal through azomethine nitrogen and phenolic oxygen.
The structural analysis and DFT optimisation suggest tetra-
hedral geometry for Cu(ll) complex 2, while square planar
geometry for Ni(Il) and Co(ll) complexes 3 and 4. The Ni(ll)
complex displays superior NLO behaviour relative to the
ligand and other metal(1l1) complexes.
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