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Abstract

Cu?*, VO,?*, and Fe®" mononuclear complexes of the oxime-based ligand, 2-hydroxy-5-
(p-tolyldiazenyl)benzaldehyde oxime (H,L, 1), have been synthesized and structurally
characterized by analytical, thermal, and spectral tools. They have been characterized
by microanalyses (C, H, and N), IH and ¥C-NMR, FT-IR, UV-Vis, and/or ESR spectral
measurements. The various analytics data indicate that the oxime-based ligand behaved
as a neutral bidentate chelator binding CuZ*, VO?*, and Fe3* cations via the nitrogen
atom of the protonated oximatic group and protonated phenolic hydroxyl oxygen atom,
adopting a distorted octahedral geometry. Furthermore, computational studies utilizing
DFT/B3LYP/6-311(pd) include assessment of dipole moment, global reactivity descriptors,
optimized geometry, LUMO-HOMO energy gaps, and molecular electrostatic potential
image (MEP), which were estimated to support the geometrical structure of Cu?*, VO**,
and Fe3* complexes. Furthermore, the optical parameters, viz. the refractive index (1)
and extinction coefficient of azo-oxime ligand and its complexes, have been precisely
estimated within a 300-1100 nm wavelength. The values of optical gap (Egap) for the
azo-oxime ligand and its complex films diminished from 2.96 eV for HyL to 1.83 eV
for the Fe3* film; however; the n values follow an opposite behavior. The obtained n
and Eg values are comparable to those reported for various semiconducting materials,
suggesting the potential suitability of the investigated films for future semiconductor
and optoelectronic applications. Although practical device performance remains to be
evaluated, these low-cost and easily prepared materials could serve as promising candidates
in these fields. Furthermore, the dielectric and nonlinear optical parameters have been
thoroughly evaluated and comprehensively discussed.
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1. Introduction

The growing global demand for alternative and renewable energy sources in the
modern era of green energy has driven rapid advancements in the creation of economical
and effective technologies for energy conversion and storage [1]. Among these technolo-
gies, solar cells are of particular importance as they convert solar radiation into electrical
energy. Although maximizing power conversion efficiency remains a key goal, overcom-
ing challenges related to energy storage and transport is equally critical. In this context,
electrochemical energy storage systems—such as supercapacitors and batteries—have
demonstrated highly effectiveness in storing electricity created from alternative and renew-
able energy sources. Consequently, extensive study has been devoted to the development of
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storage devices characterized by high energy and power densities, rapid charge-discharge
rates, and long-term stability under optimal operational conditions. To further enhance
the efficiency of energy conversion and storage systems, many approaches have been
projected for the creation of photosensitive materials with superior properties [2]. Recently,
coordination compounds and Metal-Organic Frameworks have attracted considerable
attention as a new class of functional substances exhibiting distinct structural, electronic,
and optical characteristics, making them suitable for advanced energy-related applica-
tions [3-6]. Coordination chemistry has experienced remarkable growth over the past
decades, producing a broad diversity of metal-chelated complexes that find applications in
electronic [7], optical [8], analytical [9], sensing [10,11], catalytic [12], biological [13], clini-
cal [14], and industrial [15] fields. Current research efforts are increasingly directed toward
the design of new organic chelating agents that act as molecular scaffolds for the creation
of metallic complexes with desirable physicochemical properties. These metallic complexes
have demonstrated potential in supercapacitors, solar cells, sensors, and electrochemical
energy storage systems [16,17]. Among these ligands, oxime-based ligands occupy a dis-
tinctive position in coordination chemistry owing to the versatile donor character of their
>C=N-OH functional group, which enables coordination to transition-metallic ions via the
imine nitrogen, the oximato oxygen, or both, depending on the degree of deprotonation
and the nature of the metal center [18,19]. This dual donor capability, combined with the
ease of introducing additional functional groups (phenolic, azo, or aromatic substituents)
onto the oxime backbone, has made oxime and azo-oxime ligands a widely exploited
scaffold for constructing stable mononuclear and polynuclear metal complexes. Their
strong chelating ability, structural tunability, and straightforward synthetic accessibility
have established oxime-derived complexes as important targets across sensing, catalytic,
biological, and materials-chemistry applications [20,21]. While the ultimate electrochemical
and optoelectronic performance of devices depends heavily on the practical optimization
of electrode and active layer materials, exploring the fundamental optical and electronic
properties of novel organometallic complexes is a crucial preliminary step [22]. In this
context, a series of VO, Cu?*, and Fe3* complexes derived from the azo-oxime ligand,
2-hydroxy-5-(p-tolyldiazenyl)benzaldehyde oxime (H,L, 1) were synthesized via a simple
and efficient method. These complexes were investigated to assess their fundamental
optical parameters and evaluate their preliminary suitability as potential candidates for
prospective optical switching, signal processing, and modulator applications. Their physic-
ochemical properties were comprehensively characterized using analytical and spectral
tools, including FT-IR, UV-Vis, NMR, and ESR Furthermore, Density Functional Theory
(DFT) calculations at the B3LYP level employing the 6-311G(d,p) basis set were conducted
to investigate the chemical reactivity, charge distribution, and molecular electrostatic po-
tential (MEP) parameters. In addition, the energy loss functions and optical constants of
the prepared thin films were thoroughly examined to elucidate their electronic and optical
behaviors, thereby providing a foundational baseline for their potential future integration
into semiconductor and photovoltaic devices.

2. Results and Discussion
2.1. Exploration of the Structure of Azo-Oxime and Its Cu?*, VO?*, and Fe3+ Complexes

The physical, analytical, and spectral properties of the synthetics were collected in the
experimental part. The ligand 2-hydroxy-5-(p-tolyldiazenyl)benzaldehyde oxime ligand
(H,L, 1) was reacted with the salts of Cu?*, VO?*, and Fe3* forming mononuclear complexes
with general formulae [M(H,L)XYZ;].nH,O (M = Cu®*,X=Y =0Ac™ orNO;~,Z =H,0,
X =5042",Y =H,0,Z=0; M = VO*", X =5042",Z=H,0,Y=0;and M =Fe*, X =7 =(J,
Y = H,O) as displayed in Figure 1a—c. The structures of the synthesized compounds were
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elucidated using analytical, theoretical, thermal, and various spectroscopic techniques,
including '"H NMR, *C NMR, UV-Vis, and FT-IR. The results obtained from experimental
measurements and theoretical calculations are presented in the experimental section and
Tables 1-5, S1 and S2. The synthesized compounds are non-hygroscopic solids and remain
stable at ambient temperature. The solubility test showed that the ligand is soluble in
polar organic solvents, while the complexes are slightly soluble in well-known organic
solvents but soluble in DMF and DMSQO. Crystals suitable for X-ray diffraction studies
were, unfortunately, not obtained. Elemental analysis confirmed the proposed molecular
formulas and indicated that all chelated compounds (2-6) were formed in a 1:1 ligand-to-
metal (L:M) molar ratio (Figure la—c).
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Figure 1. (a) Structure representation of VO?** and Cu?, complexes (2,3). (b) Structure representation
of Cu?* complexes (4,5). (c) Structure representation of Fe3* complexes (6).

Molar Conductivity

The values of molar conductance of complexes’ solution (1073 M, DMSO/25 °C)
demonstrate a non-electrolytic nature, as evidenced by their relatively low molar con-
ductance values in DMSO solution (Ap = 13.1-24.1 O~ lem?mol~!). This suggests a
direct connection between the acetate, nitrate, sulphate, or chloride ions and the metallic
cations [23]. The significantly high value may be due to the partial solvolysis by the solvent
molecule [23].
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2.2. Spectroscopic Studies
2.2.1. FI-IR Spectra

The main FT-IR data of synthetics is recorded in experimental parts and shown
in Figures S1-5S4. The chelation centers’, (OH and C=N-OH), vibrational stretching is
accountable for the significant bands seen in the synthetics’ spectrum. In the free azo-oxime
(HyL, 1) spectrum, the band observed at 1280, and 3400 cm ! could be attributed to the
bending §(OH) and stretching v(OH) bands successively [24,25]. Meanwhile, the stretching
vibration at 1620 and 1010 cm ™! could be attributed to imine v(C=N) and oximato v(N-
O) groups successively [24-26]. Additionally, the vibrational stretching of aliphatic and
aromatic hydrogens was shown as weak bands at 3060, 3023, 2920, and 2849 cm 1 [25]. The
chelation behavior of azo-oxime (H,L, 1) with VO?*, Cu?*, and Fe3* has been recognizable
by contrasting the IR spectra of VO?*, Cu?*, and Fe** complexes with that of unchelated
azo-oxime. The chelation mode of azo-oxime with VO?*, Cu?*, and Fe®* cations can be
determined by comparing the complexes FT-IR with that of the free azo-oxime. It explained
that the azo oxime (H,L, 1) interacts with VO?*, Cu?*, and Fe3* cations as a neutral ON
bidentate chelator chelated via the oxygen atom of the phenolic hydroxyl oxygen and
the oximatic nitrogen of the imine groups. This mode was confirmed by several remarks
as follows.

(i) The stretching frequency of the imine group was negatively shifted by 2547 cm~ L

(if) The stretching band of the oximatic hydroxyl group appears at nearly the same
position and the stretching band of the oximatic linkage (N-OH) shifts positively
by 40-100 cm ™!, indicating that the oximatic moiety participates in chelation in its
protonated form through the nitrogen atom rather than the oxygen atom [27].

(iii) The stretching band of the phenolic hydroxyl group appears at nearly the same
position. This conclusion is underscored by the positive shift in the position of the
bending v(C-OH) band by 15-38 cm 1 [28].

(iv) The new stretching frequencies in the ranges 510-580 and 473-483 cm ! may be
inductively related to the v(M3$<+0O) and v(M+N) successively [29].

According to the literature, aromatic C-H stretching vibrations generally appear
around 3000 cm ™!, whereas aliphatic C-H vibrations occur in the 2990-2800 cm ™! region.
In the present study, the symmetric aromatic C—H stretching bands are observed in the
3000-3060 cm ! range, whereas the asymmetric and symmetric aliphatic C-H stretching
bands appear in the 29162980 cm ! and 2850-2873 cm ™! regions, respectively [30]. In-
frared spectra of the vanadyl and complex disclosed a medium band at 963 cm ! attributed
to v(V=0) [31].

Anions Investigation

In the free acetate, there are two stretching vibrations at ca 1560 and 1416 cm~ 1,

attributed to v¢(CO,27) and vas(CO,27) respectively. The aetate anions can be bound to a
metallic cation in one of three modes: unidentate, bidentate, or bridging. In an unidentate
manner, vs(C=0) is larger than v5(CO,27) while v(C-0) is lesser than v45(CO527). In
turn, the separation between the two v,5(CO,2~) and vs(CO, ™) is significantly greater in
unidentate than in free acetate anion, but bidentate has less separation than in the free
ion; however, in the bridging bidentate the two v (CO»%7) and vs(CO,27) are close to the
free anion [31,32]. In the acetate complex (3), the symmetric and asymmetric stretching of
the acetate anion is seen at 1540, and 1350 cm~!. The difference (190 cm™1) specifies that
the acetate bonded to Cu?* cation in a unidentate fashion [31,32]. The ands at v5(1409),
v1(1345), and v,(920) in the IR spectrum of nitrato complex (4) signify that the nitrate anion
was directly attached to the metallic ion. The difference (vs—v1) is 64 cm™ Y, signifying that
nitrate anion acts as a unidentate chelator. The sulfato complex (5) has two bands at 1190
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and 1055 cm~! in its infrared spectra, attributed to the mono-chelated sulfate group, as
seen by their low conductivity value [31,33].

2.2.2. Nuclear Magnetic Resonance (NMR)

To identify the azo-oxime ligand’s coordination mode with the metallic cations and to
obtain valuable insights about its structure, the azo-oxime’s NMR spectrum was measured
in DMSO-dg, and its chemical shifts are explained and summarized in the experimental
parts based on the atomic labeling shown in Figure 2. The azo-oxime’s 'H NMR spectrum
(Figure S5) unveiled two slightly broad singlets at 11.54 and 11.06 ppm, corresponding
to the protons of the phenolic and oximatic hydroxyl groups, respectively; both signals
disappeared upon the addition of D,O. A downfield signal observed at 8.40 ppm was
assigned to the imine proton. The overlapping CH signals appearing in the 8.11-7.16 ppm
range were attributed to the aromatic protons of the two phenyl rings. The chemical
shifts of H7, H8, and H? (5 = 7.82 and 7.60 ppm) represent characteristic downfield values
of protons positioned ortho to the diazinyl moiety. Furthermore, the downfield shift
of the singlet for H*' (7.18 ppm) and the upfield shift for H (8.11 ppm) indicate the
presence of a hydroxyl group at the meta and ortho positions relative to these protons,
respectively [34,35]. Finally, the resonance observed at 3.41 ppm was assigned to the methyl
protons. The 13C NMR spectrum of the azo-oxime ligand (H,L, 1) (Figure S6) displayed a
range of distinct chemical shifts, supporting the proposed molecular structure. A resonance
at 159.50 ppm was attributed to the carbon atom (C20) bonded to a hydroxyl group, while
the oximatic carbon (C28) appeared at 145.46 ppm. The signals corresponding to carbons C2,
C4, C14, and C15 (b = 122.82,122.71, 125.75, and 121.76 ppm) are characteristic of aromatic
carbons linked to the azo (N=N) group, which is connected to C3 (5 = 150.50 ppm) and
C13 (5 = 146.10 ppm). Additional peaks observed at 130.36, 141.37, 119.76, and 117.31 ppm
were assigned to the aromatic carbons C1, C5, C6, C16, and C18, respectively. The signal at
21.46 ppm was attributed to the methyl carbon attached to the benzene ring.

Figure 2. The optimized structure obtained for azo-oxime (H,L, 1) by DFT/B3LYP/(6-311G(d,p)).

2.2.3. Magnetic Moment and Electronic Absorption Spectroscopic (EAS) Measurements

The structure of the azo-oxime molecule contains multiple electron-donating sites,
primarily the azo group (-N=N-), the oxime group (-CH=NOH), and the phenolic hydroxyl
group (OH). These functional groups possess lone pairs of electrons that can participate in
chelation with metallic ions. The EAS of the ligand and its complexes in DMSQO, along with
the magnetic moment data of its solid complexes, are summarized in Table 1. The ligand
spectrum exhibits three distinct absorption regions in the UV-visible range. The first set
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of bands, appearing at 265 and 287 nm, can be attributed to 7t — 7* electronic transitions
within the benzene ring and intra-ligand charge transfer transitions [36,37]. The second set
of absorptions, observed at 297 nm and 341 nm, corresponds to n — 7* transitions related
to the oxime moiety [37]. The third prominent band at 359 nm is attributed to a m — 7*
transition involving the azo group electrons [36]. Additionally, a broader absorption band
detected at 442 nm is allotted to a 7t — 7* transition that extends over the entire conjugated
system, predominantly representing a charge transfer process from the phenolic moiety to
the azo-oxime framework [36]. The spectra of the metallic complexes revealed a noticeable
shift in the n—7* transitions, which is likely attributed to the coordination of the phenolic
and oximatic groups with the metallic cations. The VO?* cation has a single electron in the
d orbital, corresponding to the term symbol ?D. In an ideal octahedral crystal field, this
electron occupies the tyg, resulting in a szg ground state. Upon excitation this electron
transferred to eg orbital, giving rise to a single absorption band associated with the 2T2g
— 2B, transition. However, because of the asymmetrical orientation of the V=0 bond
along one axis, the ideal octahedrally symmetry is reduced to rhombic (Cyy) or tetragonal
(C4y) symmetries, as the symmetry is further reduced. In the Cy4, symmetry, the Zng level
undergoes splitting into ?B, and ?E states, while 2Eg splits into By and ?A;. As a result,
three electronic transitions are anticipated corresponding to bands in the ranges 900-725,
690-525, and 500-320 nm, which originate from 2B, ground state to the excited states (%E,
2B;, and 2A;). If the symmetry is further reduced to Cyy, the 2E level undergoes additional
splitting into 2B, and 2B, sublevels, resulting in four observable bands [38,39]. For VOt
complex (2), the EAS show off two characteristic bands at 686 and 944 nm ascribing to the
transitions 2Bzg—>2]31g(dxy — dyo—y2) and 2Bzg—>2Eg(dxy—>dxz,dyz) correspondingly which
is coherent with a tetragonal structure for the VO?* ion (Figure 1a) [38-40]. The absence of
additional observable transitions may be interfered with or overlapped by the intense bands
associated with the azo groups, which correspond to w — 7* and charge-transfer transitions.
The calculated magnetic moment (pe¢s of 1.65 BM) agrees well with the expected spin-only
value for a single unpaired electron [40].

In an octahedral crystal field, the ground state of six-coordinated Cu?* cation (d”)
is tzgéeg3 with 2Eg term, while the excited state is t2(0,5eg4 with szg term. Therefore, the
2Eg—>2T2g is the expected electronic transition. However, the Jahn-Teller effect distorts the
octahedral arrangement by either elongation or compression of the octahedron, leading
to tetragonal symmetry where the 2T2g also splits into 2Bzg(dxy) and 2Eg(dxz,dyz) levels,
while the 2Eg is split into 2B1g(dx2,y2) and 2Alg(d22) levels. Therefore, for tetragonal (Dgy,)
symmetry, three bands are expected viz. 2B1g<—2A1g, 2Blg<—2B2g, 2B1g<—2Eg, which may
appear around 1000, 650, and 500 nm sequentially [38,39,41]. Observing these theoretical
effects in practice is often challenging because interference and the small energy differences
between d-orbital levels make resolving discrete peaks difficult. In the case of Cu?* com-
plexes (3,4) spectra disclosed a very broad band centered at 922 and 900 nm ascribable to
2B1g<—2A1gd22 (v7) transitions and a shoulder at 485, 560 and 500, 575 nm ascribable to
2Blg<—282g(vl) and 281g<—2Eg, transitions [39,42]. But for the Cu?* complex (5) there are
two weak bands at 457 and 550 nm allocated to zBlg%zAlg, 2Blge2Bzg transitions, and a
shoulder centered at 940 nm ascribable to 2Blge282g(v1), transition. These data indicate
that they have distorted octahedral or square planer geometries (Figure 1a,b). The magnetic
moment values of the solid Cu?* complexes (3-5) at room temperature ranged from 1.67
to 1.88 BM, which is compatible with one unpaired electron system. The Fe3* cation with
3d° configuration has ¢S term symbol (S =5/2, L = 0). In an ideal octahedral crystal field,
these electrons occupy the f54 and ey orbitals in a high-spin configuration (ty4°e,?), resulting
ina 6A1g ground state. Upon excitation, d-d electronic transitions happen from the 6A1g
ground state to higher quartet states (S = 3/2) derived from electron within the d-manifold

https:/ /doi.org/10.3390/inorganics14090244


https://doi.org/10.3390/inorganics14090244

Inorganics 2026, 14, 244

7 of 37

(t2g3eg2—>t2g4egl). The lowest such exciting states are 4T1g and 4T2g both of which in a strict
symmetry are spin-forbidden (AS # 0) and thus weak; however, coupling, spin—orbit effects,
and symmetry distortion may render them noticeable. For the Fe>* complex (6), the EAS
displays two weak broad bands at 565 and 850 nm, which can be allotted to the transitions
(v1)6A1g(S)—>4T1g(G) and (v2)6A1g(S)—>4T2g(G). These observations are coherent with a
distorted octahedral geometry for Fe** ion (Figure 1c). The measured magnetic moment
(Lteff = 5.90 BM) matches well with the spin-only value expected for a high-spin Fe?* ion
containing five unpaired electrons.

Table 1. EAS of the azo-oxime ligand (H,L, 1) and its VO?*, Cu?*, and Fe** complexes (1-6).

Heff

Compound Bands (nm) in DMSO Electronic Transition (BM) Geometry
Azo-oxime 254,265,287, 298, 341, 359, 442 m— m,n— Tt —
2By (dxy) — 2Eg(dxz,d i
VO?* complex (2) 260, 281, 384, 455, 686, 944 B2g(xy) 2 Egldhadyz)0), g 6 Distorted
BZg(dxy) — Blg(dXZ—yZ)(VZ) octahedral
Cu?* complex (3) 255, 284, 335, 417, 440, 485, 560, 922 ?B1g ¢ 2Eg (dya—y2 ¢ dyzdyy) 1.67 Distorted
Cu?* complex (4) 256, 287, 332, 382, 439, 500, 575, 900 2B1g 52 Atg (dya—yp < dyp) 1.71 ocstahedral
Cu2* complex (5) 262,280, 336, 376, 425, 457, 550, 940 ?Big — “Bog (dxa—y2 ¢ dxy) 1.88 quare
planar
6 4 i
3+ (v2)?A1g(S) = *Tag(G) Distorted
Fe’* complex (6) 260, 365, 412, 456, 565, 850 (v1)6A1g ©) = 4T1g S 5.91 octahedral

2.2.4. Electron Spin Resonance (ESR) Spectrum of VO?** and Cu?* Complexes

Further details regarding the geometries of polycrystalline VO?* and Cu?* complexes
are provided by their ESR spectra at 25 °C on the X-band (9.8 GHz). The data is recorded in
Table 2.

VO?** Complex ESR

The VO?* complex (d!, >'V, I = 7/2) ESR shows eight hyperfine lines, which corre-
spond to the expected 21 + 1 = 8 splitting from the 'V nucleus confirming a mononuclear
Vi species with an axially anisotropic pattern (g, > g|| and A|| >> A ) consistent with
a distorted octahedral structure and a dxy ground state [43]. Two sets of resonance com-
ponents, parallel (g ) and perpendicular (g ), indicate axial symmetry. The absence of
nitrogen super-hyperfine splitting suggests the interaction occurs mainly between the elec-
tron spin and the ligand [44]. These findings support a deformed octahedral structure for
VOZ* [45,46]. The molecular orbital coefficients, x? and B2, were calculated using standard
equations (Equations (1) and (2)) [40].

. (2.0023 - g ) Exy o
* = 8AB2

(R ONCOMCRE R R

where P = 128 x 107% cm™!, A = 135 cm~! and E is the electronic transition energy of
2B,—2E. The higher B2 value compared to o indicates that in-plane m-bonding is less
covalent than in-plane o-bonding [40,47]. The B2 value for the VO** complex is consistent
with previously reported data for VO** complexes [46-50].
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Cu?* Complex ESR

The ESR spectra of Cu?" complexes (3-5) exhibit anisotropic signals with g| values
of 2.232, 2.239, and 2.218; g, values of 2.037, 2.031, and 2.025; and g;s, values of 2.102,
2.100, and 2.090. These values are characteristic of d” systems with an axial symmetry
corresponding to a d(x*_y?) ground state, which is typical for Cu** complexes [51,52]. The
observed g-values suggest that complexes (3-5) adopt either octahedral or square-planar
geometries [53,54]. The ESR data show g > g, >2.0023, indicating a distorted environment
around the Cu?" ion [55]. The parameter G, defined as G = (g — 2)/(g. — 2), provides
information about exchange interactions [56]. When G < 4.0, significant exchange coupling
occurs; when G > 4.0, the tetragonal axes are aligned parallel or only partially misaligned.
For complexes (3-5), G values are 6.61, 8.27, and 9.32, indicating the presence of tetragonal
axes. The ratio g /A serves as a stereochemical diagnostic: values between 105 and 135
indicate a square-planar geometry, while values between 150 and 250 cm ! suggest a
tetragonally distorted octahedral geometry [57]. For complexes (3) and (4), g /A values of
171.3 and 152.8 confirm tetragonally distorted octahedral structures, whereas complex (5)
has a g /A value of 133.8, consistent with a square-planar geometry [56,58]. According to
Kivelson and Neiman, the g value also reflects the nature of the metal-ligand bonding:
g|| > 2.3 corresponds to predominantly ionic bonds, while g < 2.3 indicates primarily
covalent bonding [59]. Since all Cu?* complexes (3-5) exhibit g| < 2.3, their Cu-ligand
bonds are mainly covalent. Moreover, the g-values can be related to the parallel (k)
and perpendicular (kL) components of the orbital reduction factor (k) using established
equations (Equations (3)-(5)) [60-63].

kj2 = (g —20023) ABxy /8)° 3)
K2 = (gH - 2.0023) AExz/2\° 4)
K2 = (kH2 12k ﬁ) /3 )

Here, ) is the spin—orbit coupling constant for the free Cu®* ion (—828 cm™1), while AByy
and AE,; correspond to the electronic transitions 2Blg — 2E; and zBlg — ZBzg, respectively.
The values of kHZ, k, 2, and k? indicate that kH2 <k?, confirming that the ground state of
complexes (3) and (4) is ZBlg. Furthermore, the orbital reduction factor k reflects the covalent
or ionic nature of the Cu?* environment: k < 1 corresponds to a predominantly covalent
environment, whereas k > 1 indicates an ionic character. The K values for complexes (3-5)
are 0.70, 0.662, and 0.634, respectively, all below unity, indicating a covalent environment
consistent with the g|-value data [62-64]. The in-plane o-bonding parameter, «?, can be
evaluated using the following equation (Equation (6)) [51,54].

4

) 3
o = (g) —20023) + > (g1 —2.0023) — ( o ) +0.04 ©)

Here, P represents the free-ion dipolar parameter, equal to 0.036 cm~!. If o? = 1, the
bond is purely ionic, whereas «? = 0.5 corresponds to a purely covalent bond, assuming
P =0.036 cm™! and K = 0.43 [51,54]. For Cu?* complexes (3-5), the calculated o? values
are 0.647, 0.696, and 0.726, indicating a predominantly covalent character for the in-plane
o-bonding [65]. The vy and {3 coefficients, which describe the out-of-plane and in-plane
m-bonding contributions, respectively, can be evaluated using the following equations
(Equations (7) and (8)) [60].

o?y* =K, ? )
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0(2[32 — KH2 (8)

The Cu?* complexes’ (3-5) v? values are 0.96, 0.89 and 0.82, while the 2 values are 0.67,
0.50 and 0.42 successively, suggesting that the out-of-plane and in-plane n-bonding are

covalency in natura [58,60].

Table 2. ESR parameters of VO?* and Cu?* complexes.

Complex No. VO Cu?*(3) Cu?*(4) Cu?*(5)
g| 1.915 2232 2.239 2218
g 1.974 2.037 2.031 2.025
Siso (a) 1.954 2.102 2.100 2.090
A x107* (em™) 143.0 136 146 166
A x107* (em™1) 46.1 38.1 28.1 37.3
Aiso X 107% (cm™1) 79.1 68.7 65.4 78.1
G (b) - 6.62 8.27 9.32
AEyy (cm™1) 10,593 17,857 17,391 18,181
AEx; (cm™1) - 20,618 20,000 21,881
K 2 - 0.620 0.622 0.593
K, 2 - 0.433 0.346 0.306
K2 0.496 0.438 0.402
K? - 0.658 0.588 0.554
K - 0.700 0.662 0.634
o? 0.884 0.647 0.696 0.726
p2 0.974 0.67 0.50 0.42
0% - 0.96 0.89 0.82

g0 = (281 +8))/3,° G =(g —2)/(gL — 2).

2.2.5. Thermogravimetric Analysis

The thermogram showed several stages of breakdown between 30 and 523 °C, cul-

minating in the formation of residues made of metal oxide. Table 3 illustrates the mass

loss correlation between the calculated and recommended formulae. The TG behaviors

confirmed that the complexes of VO?*, Cu?*, and Fe3* disintegrate in three or four phases,

which are explained as follows:

(i)

(ii)

(i)

(iv)

The initial stage observed in the TGA curve of the Fe®* complex occurred between
the temper 50 and 130 °C, showing a loss of mass equal to 7.40% (calcd. 7.64%). This
weight reduction is attributed to the removal of two hydrated water molecules.

The elimination of coordinated water molecules between 130 and 260 °C is the second
stage shown in the TGA curves of VO?*, Cu?* and Fe®*" complexes. This is accom-
panied by a mass loss that ranges from 4.33% (calcd. 4.16%) to 7.99% (calcd. 7.93%).
As indicated in Table 3, this weight reduction is ascribed to the release of one or two
coordinated water molecules.

The third stage detected in the TGA curves of VO**, Cu?* and Fe** complexes corre-
sponds to the elimination of anions between 225 and 360 °C, accompanied by a loss
of mass ranges from 21.44% (calcd. 21.32%) to 25,98% (calcd. 25.89%). This weight
reduction is ascribed to the release of C1~, NO3~, OAc™ or SO42~ anions, as presented
in Table 3.

The final stage represents the complete decomposition of VO?*, Cu?* and Fe>* com-
plexes through the removal of the organic moiety, leading to the creation of metal
oxide residues. This process happens between 360 and 523 °C accompanied by a mass
loss ranging from 48.44% (calcd. 49.07%) to 54.81% (calcd. 55.29%).
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Table 3. The thermogravimetric analysis (TG) of VO**, Cu?*, and Fe3* complexes.

Temp. Range Weight Loss . Composition of
No. Step °C Found (Calcd) Assignment the Residue
X Ist 155-250 7.99 (7.93) I;v(;iz r’cwo molecules of coordinated [(H 1 ,L)VO(SO,)]
VO~*
complex (2) 2nd 250-350 21.44 (21.13) Lose one sulphate ion (H,SO;) [(HI,L)VO]
3rd 350435 49.39 (50.92) Breakdown of the complex forming V505
V,05
1st 155-245 7.73 (7.62) Lose two molecules of coordinated 11,1, Cu(OAc),]
C‘;% ) 2nd 255-330 24.66 (25.14) Lose two acetate ions (CH3COO) [(HI,L Cu]
complex (3 ;
P 3rd 330-505 49,58 (50.43) (B:fgkdown the complex forming
X Ist 145-230 7.14 (752) ‘I:V(;s;(ee r’cwo molecules of coordinated [(H,L)Cu(NO3), ]
Cu*
complex (4) 2nd 260-300 25.98 (25.89) Lose two nitrate ions (HNO3) [(H,L)Cu]
3rd 310-410 49.11 (49.97) Efgkdown the complexforming ¢
i lst 165225 431 (4.16) &(;izrone molecule of coordinated [(HyL)Cu(SO,)]
Cut
complex (5) 2nd 235-320 22.24 (22.18) Lose one sulphate ion (H,SO;) [(H,L)Cu]
3rd 320-475 54.81 (55.29) gfgkdown the complexforming ¢
1st 50-130 7.40 (7.64) Lose two molecules of hydrated 11 ey (H,0)]
Fe3* complex ond 130-225 3.33 (3.82) ‘I:V(;izrone molecule of coordinated [(L)FeCly]
6
(©) 3rd 225-360 22.01 (22.56) Lose three chloride ions (3HCI) [(L)Fe]
4th 360-523 4844 (49.05) Breakdown of the complex forming Fe,Os

Fez O3

2.3. Molecular Modeling
2.3.1. Optimization of Geometry

Figures 2, S7 and S8 showed the ideal geometries of the azo-oxime (H;,L, 1) and its
VO?*, Cu?*, and Fe** complexes. The selected bond lengths and angle values for azo-oxime
(H,L, 1) and its VO?*, Cu?*, and Fe3* complexes (Table S1) verified that the VO, Cu?*,
and Fe** complexes have a hexa-chelated arrangement, where the azo-oxime chelator
(H,L, 1) connects the VO**, Cu?*, and Fe3* ions via oximatic nitrogen of protonated oxime
group and protonated phenolic oxygen atoms. The data on bond lengths discovered a
slight shortening in the length of the 22C=N?’ bond and an elongation of the bond lengths
30C-0?¢ in complexes, confirming that these bonds participate in linking with VO?*, Cu?*,
and Fe3* centers. In the optimum structures of VO?**, Cu?t, and Fe3* complexes, the bond
length between the oximatic nitrogen and the phenolic oxygen atoms with VO?**, Cu?*, and
Fe®* cations is found to range from 2.75 to 2.80 A°. The bond length between protonated
phenolic oxygen atoms with VO?**, Cu?*, and Fe®* cations is found to range from 2.71
to 2.77 A°. In hexa-coordinated Cu®*(3,4) complexes, the four equatorial positions were
populated by phenolic oxygen, oximatic nitrogen atoms, and water molecules, while the
two axial locations were inhabited by two acetate or nitrate anions. In the case of VO?+,
the complex has four equatorial sites, which are occupied by an oximatic nitrogen atom, a
phenolic oxygen atom, a water molecule, and sulfate anions, while the two axial locations
were occupied by the water molecule and the vanadyl oxygen. In the Fe** complex, the
four equatorial sites were occupied by oximatic nitrogen atoms, a phenolic oxygen atom, a
water molecule, and a chloride anion, whereas the two axial locations were occupied by

https:/ /doi.org/10.3390/inorganics14090244


https://doi.org/10.3390/inorganics14090244

Inorganics 2026, 14, 244

11 of 37

chloride ions. In the tetra-coordinated Cu?* complex (5), the four-square sites are occupied
by a oximatic nitrogen atom, phenolic oxygen atom, water molecule, and sulfate anion.
The geometry of this four-coordinate complex was evaluated using the geometric index T4
estimated by 74 = 360° — (a + b)/141°, whereas b and o are the two largest valence angles
of the chelation center. The literature states that the t4 values equal 0 for square planar
geometry and the 14 values equal 1 for tetrahedral geometry. In contrast, the range for
intermediate geometry, which includes seesaw and trigonal pyramidal shapes, is 0 to 1.
The 74 value for the tetra-coordinate Cu?* complex (5) is equal to 0.0497. This conclusion
proves that the Cu?* complex (5) has a predominantly square planar structure [66,67].

2.3.2. Molecular Parameters

The quantum chemical properties of the organic and organometallic compounds,
such as the energies of the lowest unoccupied molecular orbital (ELUMO) and the highest
occupied molecular orbital (EHOMO), were ascertained using computational computations.
These parameters were computed using the following formulas (Equations (9)-(15)), and
Table 4 presents the findings [68-70].

Ionization potential (I) = —Exomo 9)
Electron affinity (A) = —ELumo (10)
AEgap (Energy gap) = ELumo — Enomo (11)
Electronegativity) x = — Erumo + Enomo (12

g y 5
n(hardness) = Erumo ; Eromo (13)

1

o(softness) = - (14)
(Reactivity index) ANmax = f% (15)

A molecule’s ability to donate and take electrons is reflected in the Egomo and Epymo
quantum chemical descriptors, respectively. Frontier molecular orbital (FMO) theory states
that interactions between the HOMO and LUMO of interacting species have a major role
in determining chemical reactivity. Larger electron-donating capacity toward acceptors,
such as metal cations with empty orbitals, is indicated by a larger Efjopmo, whereas higher
electron-accepting potential is indicated by a lower E;ypmo. For the azo-oxime (HzL, 1),
the calculated Egomo is comparatively high, signifying a substantial electron donation
to the empty d-orbitals of Cu?*, VO** and Fe3*, and accordingly favorable chelation.
The intrinsic stability of the compounds is confirmed by the negative orbital energies of
the HOMO, LUMO, and nearby orbitals. According to orbital analysis, the LUMO is
widely delocalized over the whole molecule, whereas the HOMO is primarily localized
on the azo group with little contributions from the phenyl and toluene carbon atoms
(Figure 3). The distribution of LUMO and HOMO iso-densities VO?**, Cu?*, and Fe®*
complexes is nearly identical in all complexes. HOMO is dispersed on the azo linkage,
involving some carbon atoms of toluene and phenyl or on a coordination center involving
coordinated atoms, while LUMO is spread on the azo moiety, involving the phenyl and
toluene carbon atoms or on chelation sites (Figures S7-512). The HOMO-LUMO energy gap
(AEgap), a crucial molecular stability indicator, can be used to build a theoretical model for
evaluating structural and conformational stability in molecular systems. The comparatively
high energy gap of azo-oxime (HzL), (AEgap = 3.66) signifies a strong inherent stability
and a favorable tendency to chelate with Cu?*, VO?** and Fe3* cations. On the other
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hand, compared to the free ligand, the resultant Cu?t, VO** and Fe?* complexes show
lower energy gaps (AEgap = 2.10-3.06 eV, Table 4), indicating higher chemical reactivity
and decreased stability. These findings are corroborated by global reactivity descriptors.
Among the compounds under study, azo-oxime has the highest ionization potential (IP)
and lowest electron affinity (EA), which are derived from HOMO and LUMO energies.
This indicates greater resistance to oxidation and a lesser propensity to take electrons.
On the other hand, the Cu?*, VO?* and Fe3* complexes show higher EAs and lower IPs,
which are in line with increased reactivity. The chemical stability and reactivity can also
correlate to absolute hardness (1) and absolute softness (o). The free ligand is the hardest
species (1.83 eV) while the Cu?*, VO?* and Fe** complexes are softer (N = 1.80-1.01 eV,
0 =0.56-0.99 eV (Table 4), proving that metallic chelation improves the reactivity of azo-
oxime (HjL) and reduces its hardness. These results are completely in line with the patterns
shown in the global reactivity descriptors and HOMO-LUMO gaps.

E —E
LUMO . HOMO (16)

1 (hardness) =

o (softness) = % (17)

In complexation systems, the metal cation is a Lewis acid and the chelator is a Lewis base.
Chelators with soft base character are very good at creating stable complexes because
metal cations are regarded as soft acids. As a result, chelators with appropriate global
softness (o) values have a strong tendency to coordinate effectively with metal cations. The
ligand’s chemical potential () provides more evidence for this behavior. As illustrated
in Table 4, The azo-oxime has the largest chemical potential (1 = —4.13 eV), suggesting a
strong propensity to interact with metallic cations.

i (Chemical potentials) = —x (18)

The stabilizing energy that a system obtains when it receives an extra electronic charge
from its environment is measured by ANpax. The chemical potential (i) of the molecule
determines the strength and direction of this charge transfer. When an electrophile acquires
an electronic charge, it stabilizes itself by reducing its energy. As a result, an electrophilic
species’ chemical potential is negative, which is in line with the values shown in Table 4.

(Reactivity index) ANmax = B

(19)
Based on p and m, Parr et al. proposed the concept of electrophilicity index (w,
Equation (20)) [71,72], where a lower w reflects greater nucleophilic character. The azo-
oxime ligand H,L shows the lowest w (4.65 eV) among the series, consistent with its
nucleophilic character, while the VO?*, Cu?*, and Fe** complexes show markedly higher
values (4.87-14.29 eV, Table 4), indicating that metal coordination substantially reduces the
ligand’s nucleophilicity.

2 2
(Electrophilicity index) w = ;—n: m (20)
In order to provide a more thorough assessment of a system’s electrophilic behavior,
Géazquez et al. developed the parameters of electro-donating power (w™, Equation (21))
and electro-accepting power (w*, Equation (22)), which are comparable to the electrophilic
index (w) [73]. Chattaraj et al. [74]] followed by comparing w™ and w™ using the notion of
net electrophilicity (w*, Equation (23)) [74]. These parameters reflect the overall tendency
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of a system to accept electrons in relative to its capability to provide them. The electrophilic
and nucleophilic descriptors obtained from DFT can be used to evaluate the reactivity trends
of the azo-oxime (H,L) and its Cu®*, VO?* and Fe®* complexes based on the quantum
chemical parameters in Table 4. The HOMO and LUMO energies illustrate that coordination
with metallic ions typically results in lower orbital energies than those of the free ligand,
indicating less reactivity and increased molecule stability. The energy gap (AE) gradually
dropped from 3.66 eV for azo-oxime to 2.01 eV for the Fe>* complex, recommending that
Fe3+ improves electron delocalization and charge transfer interactions, which can increase
the reactivity of substance. This trend is further supported by the electrophilic index
(w) and associated parameters (w* and w~). The azo-oxime (H,L, 1) has the lowest w*
value (9.77 eV), whereas the Fe** complex has the highest w® value (28.84 eV), implying
the most electrophilic property. This suggests that the molecules’ capacity to receive
electrons is much improved by metal coordination, especially with Fe**. Additionally, the
electro-accepting power (w*) increases remarkably from 2.82 eV (H,L) to 11.74 eV (Fe3*).
Concurrently, the electro-donating power (w ™) rises from 6.95 eV to 17.10 eV, implying that
chelation improves both electron donation and acceptance capacities.

. (IP+3EA)*  (Epomo +3Erumo)’

Electron accepting power) w™ = = 21
( PRSP ) 16(IP —EA)  16(ELumo — Enomo) @b
' __ (3IP+EA)*  (3Enomo + Erumo)’
Electron donating power) w™ = = 22
( &P ) 16(IP — EA)  16(Erumo — Enomo) @)
(Net Electrophilicity) w® = w™ + w” (23)

Domingo et al. [75] developed the nucleophilic index (Nny, Equation (24)), which quantifies
a system’s nucleophilic ability based on the energy of the highest occupied molecular orbital
(HOMO) obtained from DFT calculations, as opposed to the electrophilic index (w). Here,
ELEE 10 and ENY, ;- denote to the HOMO energies of the tetracyanoethylene (TCE, —8 eV)
and nucleophile correspondingly. The estimated quantum chemical parameters in Table 4
offer important information about the electrophilic and nucleophilic properties of azo-oxime
and its VO?*, Cu?*, and Fe®* complexes. According to Kiyooka's intrinsic reactivity index
(IRI), Domingo’s nucleophilic index (Nny) and related electrophilicity index (w), discrete
tendencies in reactivity can be noted on chelation. The free azo-oxime (H,L) has Egomo
of 5.96 eV, with a moderate nucleophilic index (Nny) equal to 2.04 eV and IRI of 2.25 eV,
implying balanced electron-accepting and -donating capabilities. Upon chelation with
metallic ions, the energy gap (AE) gradually decreases (from 3.66 eV for azo-oxime (H,L)
to 2.01 eV for Fe** complex), and reflects improved electronic delocalization and increased
chemical softness (o). The VO?**, Cu?*, and Fe* complexes show comparable electronic
characteristics, with Eyjomo ranged from —5.98 to —6.37 eV and Nny ranged from 2.02
to 1.63 eV correspondingly, signifying comparatively stable and moderately nucleophilic
species. The Cu?* complex shows higher IRI (5.33 eV) and a lower Nny (1.63 eV), implying
improved electrophilic character due to intense ligand-metal interactions. Among all
synthetics, the Fe3* complex exhibits the lowest AE (2.01 eV), the highest IRI (5.33), and
the highest electrophilicity index (w = 14.29 eV), signifying strong chemical reactivity and
electrophilic behavior.

N = Elvio — FIGi0 en

The high softness (o) and chemical potential (u) values for Fe3* complex are further
confirmed by its strong electron-accepting tendency. This is coherent with concept of Ayers
electrofugality, which states that the enhanced leaving-group capability is correlated with
higher electron affinity (EA) and ionization potential (IP). Overall, it is evident from the
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trend of Ny, (Fe®* < Cu?*(5) < Cu?*(4) < Cu?*(3) < VO?** < H,L) and the inverse trend
of w Fe?* > Cu?*(5) > Cu?*(4) > Cu®*(3) > VO?* > H,L clearly demonstrate that metallic
chelation significantly increases the azo-oxime’s electrophilic nature, with Fe3* complex
being the most reactive and electron-deficient species.

Figure 3. Molecular electrostatic potential of the azo-oxime (H,L, 1) by DFT/B3LYP/(6-311G(d,p)).

To simultaneously describe the nucleophilic and electrophilic behaviors with a single
parameter, Kiyooka et al. [76] suggested the intrinsic reactivity index (IRI) as a standard
measure of chemical activity. Moreover, Ayers et al. [77] suggested additional two reactivity
indices nucleofugality (AE,) and electrofugality (AEe) that can be employed to forecast the
leaving groups’ behavior through chemical reactions. These indices show that a leaving
group’s electron-donating (escape) and electron-accepting properties can be assessed using
its ionization potential (IP) and electron affinity (EA) (Equations (25)—-(27)). According to
the information shown in Table 4, the electron affinity (EA) values rise from 2.30 to 4.36 eV,
while the ionization potential (IP) values range from 5.96 to 6.37 eV.

Computational analysis identifies the Fe3* complex as the most chemically active
species among the studied compounds. Specifically, it exhibits the highest ionization poten-
tial (I) and electron affinity (A), which, according to Ayers’ interpretation, characterizes it
as both an exceptional nucleofuge (exhibiting extreme electron-accepting capability) and a
strong electrofuge (exhibiting higher electron-donating ability on detachable). This behav-
ior is further substantiated by its significantly high electrophilicity index w = 14.29 eV) and
intrinsic reactivity index (IRI = 5.33 eV), highlighting a pronounced propensity for electron
transfer processes. In contrast, the free azo-oxime ligand displays the lowest values for I,
A, and AE,, reflecting its weaker leaving-group character and greater kinetic stability. The
established trend for ionization potential, electron affinity, and electrophilicity follows the
order: Fe3* > Cu%*(5) > Cu?*(4) > Cu?*(3) > VO?** > H,L. This hierarchy confirms that metal
coordination—particularly with Fe>* —drastically reduces the energy gap (AE = 2.01 eV),
thereby transforming the azo-oxime into a highly reactive and electron-responsive system.

The reactivity descriptors derived from the data disclose a consistent pattern in electri-
cal behavior throughout the azo-oxime and its metallic complexes. The IRI rises noticeably
on metallic coordination, going from 2.25 eV for azo-oxime to remarkably higher values in
the complexes, especially the Fe** complex, which has the greatest IRI (5.33 eV), indicating
stronger electronic polarization and increased overall reactivity on metallic binding. The
AE. displays a similar upward pattern, rising from 8.29 eV for azo-oxime to 13.51 eV
for the Fe®* complex, demonstrating that the chelation of Fe>* notably stabilizes electron
removal operations. On the other hand, the AE, still relatively low for azo-oxime and
its VO?* and Cu?* complexes (0.030, 0.048, 0.059, 0.097 and 0.396 eV) while increasing to
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2.79 eV for the Fe** complex. This sharply enhancement reveals that Fe>*complex has a
great resistance to nuclear attacks in comparison to other ions. Overall, the data show
that metallic coordination increases both nucleophilic and electrophilic stability, with Fe3*
creating the least reactive and most electronically robust and complex in the series.

(BIP—EA)? (204 p)?

Ae="50a) = m =

(BEA —1P)* _ (2n—p)?

AEn = SMP—EA) ~ dn (26)
IP+EA
IRI= 5ty 27)

Table 4. The calculated quantum chemical parameters of azo-oxime and its VO?*, Cu?t, and Fe3*
complexes by DFT/B3LYP/(6-311G(d,p)).

Compounds H,L VO (2) Cu?*(3) Cu?*(4) Cu?*(5) Fe3*(6)
Exowmo (eV) ~5.96 ~5.98 ~5.99 ~6.11 —6.31 ~6.37
IP (eV) 5.96 5.98 5.99 6.11 6.31 6.37
ELumo (eV) ~230 ~2.38 —243 —2.51 -3.16 —4.36
EA (eV) 2.30 2.38 243 2.51 3.16 436
AE (eV) 3.66 3.60 3.56 3.60 3.15 2,01
c(ev) 413 418 421 431 4.73 5.36
1 (eV) 1.83 1.80 1.78 1.80 1.58 1.01
oV 0.55 0.56 0.56 0.56 0.63 0.99
1 (eV) —4.13 —4.18 —4.21 —431 —4.73 ~5.36
w (eV) 4.65 487 4.98 517 7.11 14.29
s eV 0.27 0.28 0.28 0.28 0.32 0.50
Nimax 225 233 237 2.40 3.00 5.33
w* (eV) 2.82 3.00 3.09 3.40 4.94 11.74
%) 6.95 7.18 7.30 7.72 9.67 17.10
w* (V) 9.77 10.18 10.40 11.12 14.60 28.84
N (eV) 2.04 2.02 2,01 1.92 1.69 1.63
IRI (eV) 2.25 2.33 2.37 2.47 3.00 5.33
AEe (eV) 8.29 8.41 8.47 8.74 9.86 1351
AEn (eV) 0.030 0.048 0.059 0.097 0.396 2.790
T"tigﬂfrgy —8561  —27273  —31065  —32100 32721 3576.9
Dipole moment 437 26.34 6.13 4.89 19.80 12.58

In addition, the energetic properties of synthesized compounds were estimated using
DFT calculations at the B3LYP/6-311G(d,p) level, and the results are presented in Table 4.
The calculated total energies clearly demonstrate that the predicted metallic complexes
are energetically more stable than the parent azo-oxime (H,L), indicating that complex
formation is thermodynamically favorable. This enhanced stability can be attributed to
strong metal-ligand interactions arising from effective coordination between the donor
sites of the azo-oxime ligand and the metal cations. Moreover, the dipole moments of the
complexes (6.13 and 26.34 Debye) are significantly higher than that of the parent azo-oxime
(4.37 Debye), reflecting substantial charge redistribution and increased polarization upon
chelation. These results highlight the pronounced effect of metallic coordination on the
stability and electronic structure of the resulting complexes.

2.3.3. Molecular Electrostatic Potential (MEP)

MEP maps (Figures 3 and 515-519) were generated using DFT calculations to analyze
the charge distribution and regions of variable electrostatic potential in the ground state.
The molecular electrostatic potential, V (r), is defined by the following expression.
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Za P (1’/) /
V=Lt -/ T (28)
where Z4 is the nuclear charge of an atom A, R4 represents the position of the nucleus
A, and r denotes the point in space at which the potential is evaluated. The function
p(r") corresponds to the electron density at the point 7/, which serves as a dummy inte-
gration variable over the entire molecular electron density [78]. This expression enables
simultaneous consideration of nuclear attraction and electronic repulsion effects, providing
a comprehensive description of the molecular charge environment. The resulting MEP
surfaces were visualized using color-coded maps (Figures 4 and S15-519), in which the
electrostatic potential varies from negative (red, orange, and yellow) to positive (blue),
with green regions corresponding to near-neutral potential. Regions of negative potential
indicate high electron density and are therefore associated with nucleophilic behavior,
while positive potential regions represent electron-deficient sites susceptible to electrophilic
attack. As such, MEP analysis serves as a reliable predictor of reactive sites and preferred
coordination centers within the molecular structure.

0.8
0.6
—H2L
= 0.4 —VO0*(2)
' Cu*"(3)
Cu*'(4)
02 Cu2+(5)
| N | N | F?3+(6) |
0.6 F
04 Y
a7
0.2 F
400 600 800 1000

A (nm)
Figure 4. T and R spectra for the azo-oxime and its complex films.

For the azo-oxime (H)L), the MEP map (Figure 4) reveals that the most negative
electrostatic potential is localized around the oxygen atoms of the phenolic and oximatic
functionalities, reflecting their strong electron-donating character. In contrast, carbon and
hydrogen atoms predominantly exhibit neutral to positive potential regions. The accu-
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mulation of negative charge density on these oxygen atoms identifies them as the most
favorable coordination sites for metal ions [79,80]. This electronic distribution supports
the experimentally observed coordination behavior toward VO?*, Cu?*, and Fe* cations
and significantly influences charge redistribution, polarization, and charge-transfer pro-
cesses, thereby modulating the optical absorption characteristics and dielectric properties
of the ligand and its metal complex films relevant to photovoltaic performance. From an
electronic-structure perspective, the MEP distribution is closely correlated with the frontier
molecular orbital (FMO) characteristics and optical response of the system. Electron-rich
regions contribute significantly to nonbonding (n) and 7 orbitals, which participate in
T — r* and n — 7* transitions observed in the UV-Vis spectra. Upon complexation,
the negative potential regions—particularly those associated with oxygen donor atoms—
facilitate efficient charge-transfer interactions between the ligand and metal centers. These
interactions lead to enhanced electronic delocalization and reduced HOMO-LUMO energy
gaps, which are commonly manifested as bathochromic (red) shifts in absorption maxima.
Conversely, electron-deficient (blue) regions indicate sites that may stabilize excited-state
electron density, impacting the molecule’s light absorption intensity and optical band
gap. In the VO?*, Cu?*, and Fe3* complexes, the overall positive electrostatic potential
favors metal-to-ligand charge transfer (MLCT), in agreement with the optical transitions
observed in the UV-Vis spectra. The correspondence between molecular electrostatic
potential (MEP) regions and electron-donating and electron-accepting sites accounts for
the enhanced electronic delocalization within these systems, which in turn induces shifts
in absorption wavelengths and modifies the optical response. Accordingly, MEP analysis
serves not only to identify reactive regions but also to elucidate the relationship between
molecular charge distribution and optical behavior, thereby linking quantum chemical
features with spectroscopic properties.

2.3.4. Natural Bond Orbital (NBO) Analysis

NBO analysis offers a practical framework for researching charge transfer and conjuga-
tive effects in molecular systems and is a useful tool for analyzing intra- and intermolecular
bonding as well as interactions between bonds [79,81-83]. Different donor-acceptor inter-
actions and the accompanying stabilization energies inside the NBO basis were assessed
using the second-order Fock matrix [79,84]. In these interactions, the electron density
delocalizes from a donor (filled) NBO, which corresponds to the localized orbitals of the
idealized Lewis structure, into an acceptor (empty) non-Lewis orbital. The stabilization
energy, E(2), linked to electron delocalization between each acceptor NBO(j) and donor
NBO(i) is computed as:

2/

E@? = AE; = qig_(lja)i (29)
where F;; is the Fock matrix element between the natural bonding orbitals, g; is the donor-
orbital occupancy, and ¢; and ¢; are diagonal elements of orbital energies. The magnitude of
the stabilization energy E(2) reflects the strength of interaction between electron donors and
acceptors: higher E(2) values signify strong donor-to-acceptor interactions and a greater
degree of conjugation in the system. The NBO 3.1 program developed in Gaussian 09 was
used to calculate the azo-oxime’s NBO at the DFT/B3LYP/6-311G(d,p) level of theory [85].
This analysis was achieved to examine electron-density delocalization, rehybridization, and
intramolecular interactions within the molecule, with the results summarized in Table S3.
Second-order perturbation theory was used to calculate stabilization energies in order to
investigate intramolecular interactions in more detail. Table S4 displays the specific findings
from this second-order perturbation analysis of the Fock matrix at the B3LYP/6-311G(d,p)
level for azo-oxime. Stabilization energies greater than 3 kcal/mol have been selected
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for Table S4. The main hyper-conjugative and 7t — 7* interactions stabilizing the ligand
are highlighted by this second-order perturbation analysis (Table S4). The substantial
delocalization within the ring is reflected in the usual contribution of 15-25 kcal/mol
from the aromatic m — 7* interactions between adjacent C—C bonds. Strong intramolecu-
lar hyper-conjugative interactions between electrons in the azo-oxime molecule result in
higher energy contributions from C2-C3—C1-C® (17.43 kcal /mol), C*-C? (20.73 kcal /mol);
Cl-C6—(C2-C3 (22.81 kcal/mol) C*-C?(17.56 kcal/mol); C*-C°—C1-C® (23.42 kcal/mol),
C2-C3 (19.33 kcal /mol); C13-C1> - N11-N"2(15.03 kcal/mol), C14-C16(20.40 kcal /mol), C18-
C20(19.29 kcal/mol); C'-C20—C13-C15(21.76 kcal/mol), C*-C16(17.12 kcal/mol), C28-
N2(11.47 keal /mol); C14-C16—C13-C15 (19.67 kcal/mol), C18-C20 (22.70 kcal /mol). These
interactions strengthen the aromatic system’s conjugated structure. Remarkably, the 7t
orbitals of the azo group (N''=N'2) and the 7* orbitals of the nearby C-N and aromatic
bonds exhibit the strongest hyper-conjugative effects, with stabilization energies as high as
30-36 kcal/mol, suggesting widespread resonance delocalization throughout the N=N and
nearby 7 systems. Significantly, N'1-N'2 contribute to the antibonding orbitals of nearby
m-bonds of C13-Cp* and C2-C3p* with stabilization energies 36.51 and 30.07 kcal/mol,
correspondingly denoting to considerable resonance delocalization through the azo link-
age ''N=N'? and nearby 7 bonds. The electron richness of the oxime moiety is further
enhanced by lone-pair—m* interactions of O and O donating into 7*-orbitals of adjacent
18C=C?" and 8C=N?’ bonds, which contribute significantly by 4.37 and 20.56 kcal/mol.
Additionally, lone-pair—* interactions of 0% and O* donating into m*-orbitals of adja-
cent 16C=C20, 8C=C20, and 28C=N?’ bonds. The strong electronic connection between the
oxime moiety and the aromatic moiety is confirmed by the very substantial stabilization of
7C28_N%° —r*C18-C20 which was equal to 72.18 kcal /mol.

The azo-oxime chelator’s delocalization patterns and electronic structure are deeply
revealed by the NBO analysis. The analysis of the o-bond framework reveals that the
aromatic C-C bonds are characterized by nearly symmetrical electron sharing between
the two bonded carbons, with each atom contributing between 48.63 and 51.37% to the

185 consistent with

o-bond and corresponding hybridizations ranging from sp'®3 to sp
planar aromatic systems. This approves that the phenyl ring retains a high degree of
resonance stabilization. The aromatic C-H bonds show the expected sp?-carbon/high-s-
character-hydrogen pattern, consistent with the o-framework described above. The strong
dominated p-nature of the N''=N'2 bond which is necessary for charge delocalization
through the chelator molecule, is confirmed by the substantial p character on both nitrogen
atoms in the azo-linkage (99.76% p in the 7t component). Moreover, the adjacent C-N bonds
(C3-N'! and N'2-C!3) display hybridizations equal to sp*>”?, sp?18, sp?2!, and sp*7° for
the four atoms respectively, signifying partial double-bond character because of m-electron
donation from the phenyl ring and back-donation toward the azo unit. This delocalization
is furthest demonstrated by the o-framework polarization, in which the nitrogen atoms
tend to have a greater contribution percentage (~59-60%) in the o-bonds, reflective to its
larger electronegativity and role as an electron-dense center.

The phenolic and oxime functional groups exhibit strong donor ability and electronic
localization. The phenolic O-H bond on O% displays highly p-character (80.76%) on
oxygen. The O lone pairs show markedly unlike hybridization: LP1 is almost purely
p-type (99.88% p-character, only 0.07% s), while LP2 is far more hybridized, with 50.90% s-
character and 49.06% p-character. On the oxime oxygen O, the O-H bond likewise shows
strong p-character on oxygen (78.82%), consistent with a highly polarized O-H o-bond.
The lone pairs on O display a hybridization pattern opposite that of O?°: LP1 is the more
hybridized lone pair (51.46% s, 48.51% p), while LP2 is almost purely p-type (97.43% p,
only 2.52% s). Second-order perturbation analysis shows that O3"’s resonance-active lone
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pair coincides with its p-rich lone pair: LP2 donates strongly into the C2-N2° 7t* orbital
(E(2) = 20.56 kcal /mol), while the hybridized LP1 donates only weakly into the C?8-N?° ¢*
orbital (E(2) = 6.09 kcal/mol), confirming LP2 as the dominant source of n-delocalization
and donor strength for the oxime moiety. O?® behaves differently: its p-rich lone pair (LP1)
is oriented for o-type hyperconjugation, donating into the C'*~C?? and C'8-C?° ¢* orbitals
(E(2) = 5.94 and 6.35 kcal/mol), whereas it is the more hybridized LP2 that donates into
the aromatic ring 7* system (C'8-C?0 7t*, E(2) = 4.37 kcal/mol). It is a comparatively weak
interaction next to O3"’s. The two oxygens therefore do not share a single “p-rich lone pair
drives resonance” rule: the identity of the resonance-active lone pair is swapped along with
the hybridization pattern, with O'’s p-rich LP2 acting as the stronger 7t-donor overall.

2.3.5. Natural Charges

NBO charges of the azo-oxime molecule (H;L, 1) were computed utilizing the BSLYP
functional 6-311G(d,p) basis set. The computed charge distribution is listed in Table 5 and
pictured in Figure S20. As listed in Table 5, atoms 0%, 0%, N'!, N'2, and N’ carry consid-
erable negative charges of —0.69848, —0.50540, —0.20361, —0.21116, and —0.08894 a.u., cor-
respondingly, with electronic configurations of [core]2s(1.68)2p(5.01), [core]2s(1.69)2p(4.81),
[core]2s(1.39)2p(3.78), [core]2s(1.39)2p(3.79), and [core]2s(1.43)2p(3.63).

Table 5. The NOB charges of azo-oxime (H,L, 1) atoms by DFT/B3LYP/ /(6-311G(d,p).

NOB NOB NOB

Atom Charges Atom Charges Atom Charges
C22 —0.57547 C3 0.10627 H21 0.21448
Clé —0.22402 C13 0.11620 H9 0.21860
C1 —0.21108 C20 0.34916 H17 0.22309
C5 —0.20565 H32 0.15490 H31 0.42469
C14 —0.17796 H10 0.19898 H27 0.46778
C4 —0.17741 H25 0.20041 N12 —0.21116
C15 —0.17591 H23 0.20058 N11 —0.20361
c2 —0.17141 H7 0.20140 N29 —0.08894
C18 —0.11589 H24 0.20716 026 —0.69848
Coé 0.01510 HS8 0.21046 030 —0.50540
C28 0.02192 H19 0.21389

These results indicate that these atoms serve as major electron-accepting centers and
has a key role in facilitating intra-molecular charge transfer (ICT), with electron density
flowing predominantly toward them rather than away. Overall, the NBO charges of the
azo-oxime framework range from —0.69848 to 0.46778 a.u. The hydrogen atoms H? and
H3! exhibit the largest positive charges (0.46778 and 0.42469 a.u.), which can be attributed
to their connection to greatly electronegatively oxygen atoms. Conversely, the heteroatoms
0% and O%, along with C?2, possess the most negative charges, confirming their strong
electron-withdrawing character and their contribution to charge delocalization within
the molecule.

3. Optical Properties

Figure 4 shows the measured transmittance (T) and reflection (R) spectra for the
azo-oxime ligand (H,L) and its complex films. The films are found to be absorbing in
the 355-580 nm spectral range while they are transparent for wavelengths larger than
580 nm. Within the absorbance range, there is an absorption edge due to the electron
innervation from the supreme filled orbital to the minimal blank one. As shown in Figure 4,
the film of azo-oxime ligand (H;L film) has the greatest transmission; accordingly, it has
the lowest reflection. So, the HyL and it is complex films may be arranged according to
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their transmission as HoL > VO2*(2) > Cu?*(3) > Cu?*(4) > Cu?*(5) > Fe3*(6). This implies
that a lesser amount of light may pass through the film. As a result, the index of the film'’s
refraction index generally increases, leading to the reduced of light as it goes through the
film. The light fraction that is decelerated or twisted as it moves within the film is known
as the film refraction. When a film has a greater refractive index, light moves through it
more slowly than it would in a vacuum. Interactions with the atoms or molecules in the
film enable light to move more slowly, lowering its velocity. Accordingly, a decrease in film
transmittance signifies a decrease in the speed of light as it passes through the film and
an increase in the refractive index (Figure 5). Where the n values have been estimated by
using R(A) or T(A) values in the following relationships:

1+ RN [ 4R() )\
TR ((1 - R<A>>2> v

0.5
1 1
"N =1 ((T(A))z ) 1) ey

‘ v
v < = HL
> [ = e VO*(2)
! v Cu'(3)
v LYY v Cu*'(4)
"a X .o Cu**(5)
4 .V 3+
< Fe’'(6)
= ;. e® ¢ — Fitted by cauchy eq.
3 -
2 -
1 N 1 L | , |
400 600 800 1000
A (nm)

Figure 5. n versus A for the film of azo-oxime and its complexes.

In addition, the film absorbance (A) was linked to the film transmittance (T) through
this expression:
A(A) =2 —10g(T(A)%) (32)

Hence, the film with the highest T values (H;L film) has the smallest A values
(Figures 4 and 6).
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Figure 6. Absorbance spectrum and the inset shows a-A dependence on the azo-oxime and its
complex films.

However, the absorption edge of the H,L film is in the 390-550 nm spectral range,
while the absorption edges of various complex films were shifted at large wavelengths,
i.e., redshift, as listed in Table 6. Fe3*(6) film was shown to have a noteworthy impact.
There are two noticeable ranges the spectra: Figure 7a shows the absorbance range where
T(A) + R(A) < 1.0, where the extinction coefficient (k(A) = a(A)A/(47) and/or the
absorption coefficient (x(A)) were related with the film absorption A through the formula
A(A) = a(A).d. The a(A) — A dependance azo-methine ligand (H,L) and its complex films
are shown in Figure 7b. The non-absorbing/transparent range where T(A) + R(A) =~ 1.0,
the film becomes transparent and stops actively absorbing light. The optical properties of
different films were inspected by means of Tauc’s model, which helps to evaluate the value
of the optical gap (Eg) using the a-hv dependence in the following form [86]:

ahv = p*(hv — Eg)° (33)

where f is the band-tail factor, z is Tauc’s parameter which states the optical transitions
kind (z = 0.5 and 2.0 for direct and indirect transitions, respectively) [87]. The optical
transition mechanism and the precise evaluation of the indirect optical band gap (Eg)
for the H,L ligand and its metal complex films were systematically investigated using
Tauc’s formulation (Equation (33). To ensure high precision in the fitting procedure, the
experimental absorption coefficient («) was first computed across the absorption edge
region. Subsequently, v/ahv was plotted as a function of the incident photon energy (hv),
as illustrated in Figure 7a. The fitting and evaluation procedure was executed via the
following consecutive steps: (1) The fundamental absorption edge region where v/ahv
exhibits a strictly linear dependence on hv was identified for each film sample. (2) A
rigorous linear regression analysis (least-squares fitting method) was applied exclusively
to this linear domain of the curve to determine the slope and intercept. (3) The resulting
straight-line fit was mathematically extrapolated down to the photon energy axis where the
absorption condition satisfies v/av = 0. The point of intersection on the horizontal hv-axis
directly yields the value of the indirect optical band gap (Eé,”) as listed in Table 6. The
excellent linearity observed in the absorption region (R? > 0.99) confirms that the indirect
allowed transition model appropriately and accurately governs the optical absorption
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process within these synthesized thin films. In the short absorption range o-hv dependance
obeys the following expression:
w = ae/Ee (34)

where E, is localized state width and «, is constant. According to the above expression,
In(«) — hv dependance are illustrated in Figure 7a where the E, value was estimated as the
reciprocal slope. The addition of some complexes, viz. VO?*(2), Cu®*(3), Cu?*(4), Cu*(5),
and Fe®*(6) to the H,L films, leads to rise in the E, values (Table 6) which explains the
observed decrease in Eg values as represented in Figure 7b. The obtained results are in
excellent agreement with the Mott and Davis model, which states that the AC conductivity
is inversely proportional to the optical band gap (Eg) value. The E, values were correlated
to B and n through E, in the following relationship (8 = con (8 = 2.653 x 10~3¢,,/ (n.E,))
where 0, is the smallest metallic conductivity. The o, values have been boosted due
to VO?*(2), Cu?*(3), Cu?*(4), Cu?*(5), and Fe3*(6) complexes which are reliable to the
observed decrease in E values.

Table 6. Optical parameters of azo-oxime and its complex films.

Compounds H,L VO (2) Cu?*(3) Cu?*(4) Cu?*(5) Fe3*(6)
Absorption edge 360410 440-480 460-500 440-510 450-520 460-540
range (nm)
EZ (eV) 2.96 227 221 211 2.01 1.83
VA (Vem.eV) 2279.03 1023.00 1079.97 967.00 864.94 663.93
o (108 Q7 Im™1) 21.87 5.10 6.60 6.05 6.15 21.87
Ao (nm) 223.99 273.21 289.10 296.69 316.32 343.40
So (101%) m—2 8.10 5.93 6.40 6.54 6.89 8.11
E, (eV) 5.55 4.55 4.30 4.19 3.93 3.62
Eq (eV) 22.55 20.15 23.01 24.13 27.10 34.62
no 2.25 2.33 2.52 2.60 2.81 3.25
£co 5.06 5.43 6.35 6.76 7.90 10.56
wp (101) Hz 5.80 485 5.71 5.87 6.69 8.45
Ep (eV) 3.82 3.19 3.76 3.86 4.40 5.56
tp (s) 1.72 2.06 1.75 1.70 1.49 1.18
N/m* 7.37 5.15 7.12 7.53 9.79 164.82
NOP (1026 m—3) 2.69 1.88 2.60 2.74 3.57 60.06
uor (Cskg™h 7.57 9.06 7.70 7.49 6.57 5.20
0P (Q1.m) 3.08 3.68 3.13 3.04 2.67 0.20
X(3) (10712 esu) 1.095 1.547 3.294 4.425 9.092 33.613
1y (10712 esu) 1.83 2.50 493 6.41 12.19 38.97

(ohv)**(ecm!.eV)*?
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Figure 7. (a) The energy dependence of (oE)*> and In(«), (b) Eg and E, values for the azo-oxime and

its complex films.
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4. Dispersion Parameters

In the high transparent area the refractive index n variation due to A obeys Cauchy’s
dispersion relationship [88]:
n(A) = a+b/A? (35)

where a and b, Cauchy’s parameters which are given in Table 6, are the best fitting of
the n values shown as a solid red line in Figure 6. Where A tends to infinity, the second
term of the above Equation (35) tends to zero. As a result, the static refractive index
n(0) = a. Then Equation (35) takes the following form (n(A) = a). Then the oscillator
wavelength (A,) can be estimated with the help of the constant b (b = 1n(0)A2). The rise in
Ao values due to different complexes confirm the noted redshift in absorbance spectra as
represented in Figure 7, i.e., decreases the values of Eg and the energy of single oscillator
(Eo) (Eo = 1240/A,) [89]. The Eg value for the indirect transition scales the Ey value
(Eg ~ 2Eg) [90] see Table 6). With the help of A, and n(0) the oscillator strength (S,) can be
estimated as (s, = (né — l) / Ag). Then using S, and E,, values the oscillator dispersion
energy E; can be estimated through the following expression E; = S, (hc)*/E, [91]. The
E4 values have been listed in Table 6 and found to rise due to different complexes. Such
rise indicates a more polarized medium, which naturally slows down light, thus increasing
the refractive index. An two important parameters, viz. the plasma frequency (w,) and
the ratio of free carriers (N)/active electron mass (m*), can be estimated by using both E
and n(0) values in the following relationship [92]:

wp = (n(0))* = 1)E3/1? (36)

N _ e(n(0))’ ~1)°Eg
m* 47th4e? !

The values of w, and plasma energy (E, = fiw;,) were found to increase alongside the

(37)

dispersion energy for the complexes studied. This rise is primarily attributed to the increase
in the N/m* ratio, suggesting that the complexation process enhances the density of free
charge carriers (N) or modifies the effective mass (m*). Physically, the higher E, reflects
a stronger interaction between the electromagnetic field and the free electron gas within
the complexes, which is consistent with the observed modulation in the refractive index
and increased electronic polarizability of the samples. In other words, the simultaneous
increase in E; is associated with high polarity while the rise in E, values is associated with
free carrier density. This indicates that the prepared complexes have improved the linear
and nonlinear optical properties of the material by enhancing the total electron density
(bound and free). The semiconductor scattering time (7) is the time undertaken by the
charge to be defused and is known as the reciprocal of wp. A decrease in the value of T
occurs for the films with different metallic complexes. The semiconductor optical mobility
(#op) is associated with the electronic bands’ inherent dispersion, and it can be estimated
with the help of m* values using the following relationship [93]:

Hop = eT/m* (38)
Then the optical resistance is given by [93]:
-1
Pop = (ezr(ng/m*)) (39)

All the calculated values are tabulated in Table 6. Both the y,, and p,, values decrease
with the increase in metal complexes. The related relationship between optical parameters
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and metal complexes is shown in Figure 8. The observed changes in 7, p,p, and pop values
are the same as observed for the optical band gap while the wp take the opposite behavior.
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Figure 8. wyp, Tp, Hopt and popt values for azo-oxime and its complex films.

As ametal complex is added to the azo-oxime films, the decrease in p,, values reflects a
rise in optical conductivity which is consistent with the reduction in the energy gap, thereby
facilitating electron transitions across the material. While the evaluation of practical device
performance is required to confirm actual utility, these enhanced fundamental electronic
and optical properties suggest that the films could serve as prospective baseline materials
for future exploration in optoelectronic components, photoelectric devices, or flexible
electronic research.

5. Nonlinear Optical Parameters

The prospective design of nonlinear optical systems, such as optical switches, modula-
tors, and signal processing devices, fundamentally relies on a comprehensive understand-
ing of the foundational nonlinear behavior of light-responsive materials [94]. The current
study considers the nonlinear susceptibilities X(!) and X(®) and the nonlinear index of
refraction (117) can be estimated by inserting the 7 values into the following expressions [20]:

xM = (n2 - 1) /47 (40)
X® =17 x 10*10((712 - 1)/(4n))4 (41)
ny =12 7X® /n (42)

Table 6 lists the estimated values of xI), x®, and 1, and shows their changes due to
the complex additions to H,L films. In optical thin films, the nonlinear refractive index (1)
serves as an important parameter for understanding a material’s fundamental response
to high-intensity light, offering preliminary insights into its electronic polarizability. As
shown in Table 6, (1) is closely related to the third-order nonlinear susceptibility x®)
value. The variations in the estimated nonlinear optical constants between H,L and its
complex films can be attributed to structural differences induced by the metal centers.
Although practical device architecture and operational performance were not evaluated in
this study, examining these fundamental parameters provides foundational data regarding
the films” nonlinear optical characteristics, indicating their theoretical interest for potential

https:/ /doi.org/10.3390/inorganics14090244


https://doi.org/10.3390/inorganics14090244

Inorganics 2026, 14, 244

25 of 37

future investigations in nonlinear optical fields. Parameters of the prepared azo-oxime
complex films were compared with several recently reported metal complexes and related
optical materials from the literature, as summarized in Table 7. As revealed in Table 7, the
Fe®* and Cu?* complexes synthesized in this study exhibit exceptionally narrow optical
band gaps (1.83-2.01 eV) and significantly enhanced third-order nonlinear susceptibili-
ties (x®) compared to several other oxime- and azo-based transition metal complexes.
This noticeable enhancement in the nonlinear parameters indicates a highly polarizable
electronic medium, thereby confirming the high significance and potential value of these
films for future optimization in nonlinear optical applications. Measuring a film’s optical
conductivity (¢) is a useful method for examining its optical behavior and fully under-
standing how it responds to light. It is a broader concept that is significantly influenced
by the electronic states present in the material, as opposed to electrical conductivity in the
presence of alternating fields. The optical conductivity parts (real (0;) and imaginary (c;))
can be estimated with the help of n and k values using the following expressions [89]:

o1 = 017(2nk)A™", 03 = 017 (n? — K2 ) A~ (43)

Table 7. Comparison of optical and third-order nonlinear optical parameters of the synthesized films
with related materials in the literature.

Material/Film Efo,“d(eV) X® (1012 esu) ny(10—12 esu) Ref.
Fe3+(6) 1.83 33.613 38.97 This work
Cu?* (5) 2.01 9.092 12.19 This work
2+ :
Cu’™ complex film of 2.11 25 5.37 [20]
hydrazone oxime
2+ :
Cu’™ complex film of 2.15 1.83 2.94 [19]
hydrazone oxime
Transition metal complex 1.95 1214 153 [21]

film of Azo-Schiff base

Both of o; and o, were raised by raising hv or adding different complexes as shown in
Figure 9. This raise in 01 and 03 is as a direct result of decreasing the Eg values, which is well
discussed by Aly [95]. Apparently, that 0» > o7 values due to 0y is directly proportional to
the real part of the dielectric constant (¢; = n? — k?) while ¢y is directly proportional to the
imaginary part of the dielectric constant (¢, = 2nk). The Eg value of the Fe>* complex film
is the smallest value; therefore, it has the greatest 07 and 0, values. The energy dependence
of £1 and ¢, for azo-oxime ligand (H,L) and its complex films is shown in Figure 10. As we
see, the changes in €1 values due to energy are the same as the changes in n values. This is
due to the real part of dielectric constant being linked to the dispersion of electromagnetic
waves propagating in the film which advocates to reduce the speed of wave propagation
within the film. On the other hand, the imaginary part of dielectric constant is responsible
for the energy absorbed from the electric field due to the dipole moving. Accordingly,
the rate of waves attenuated and/or disturbed within the film is specified by €5 [96,97].
Consequently, the E¢ value is showed by the fitting line that crosses the x-axis.

The dielectric loss factor (tan(é) = ep/¢1) is the energy missing due to the phase-
change at a certain frequency. Thermally produced relaxations, which are the only source
of thermal energy removal and fully spinning dipoles, are the main cause of this loss. Ion
hops that occur during electrical conduction at higher temperatures are the cause of this
propensity [64]. The tan(3) changes due to the photon energy are shown in Figure 11. The
addition of different metal complexes leads to the rise in tan() values. At shorter energies
(hv < 2.1 eV) no significant changeover is seen. Conversely, when hv > 2.1 eV there is a
rapid rise in tan(d) values with the rise in hv. This indicates the onset of the absorption
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edge (Figure 6) which was shifted to the shorter energies (redshift) due to the addition of
different metal complexes. The Fe* film has a great shift occur. Such behavior of tan(5) was
previously noted for many films [20,98,99]. For amorphous materials, the density of states
in the gap that limits the change in the tan(s) values is denoted by the ; values. A rise in
the defect states in the complexes’ films is indicated by such increasing tan(6) values which
also explain the observed decrease in the Eg values. An important parameter is the optical
surface resistance (R;) which is inversely proportional to the real part of conductivity
(Rs = p/t = 1/0yt). Another crucial parameter, namely thermal emissivity (gy,), is affected
by hv or A and it can be estimated with the help of R, values as follows [100]:

e =1 — (14 2¢cRs) 2 (44)

o, (10* s.eni’)

1.2 1.6 2.0 2.4 2.8 3.2 3.6
hv (eV)

Figure 9. 01 and o vs. E for azo-oxime and its complex films.
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Cu**(3) 18
40F— --- c*®
Cu?'(5)

| —— - - - F(6)
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20}
10 |
° NV R T a—

hv (eV)

Figure 10. The energy dependence of &1 and ¢ for azo-oxime and its complexes’ films.

Both the Rs and ¢4, values were plotted versus hv for HoL and its complex films
(Figure 12). The change in R, and ¢, due to hv is opposing to the change in the optical
conductivity (o, ) which is consistent with the above Equation (44). For hv less than the
absorption edge begins (Table 6), both Rs and ¢y, are approximately constant then quickly
lowered to be constant again for hv values larger than the absorption edge end. Moreover,
the H,L film has the greatest Rs and ¢, values. This is normally due to H,L film having
the largest value of Eg. The ¢4, values are too small in comparison to the blackbody
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(~1). Obviously, the gy, value is affected by temperature, measurement direction, and
other factors.

0.32
——H2L

| ——VO0*(2)

Cu*'(3)

024 Cu'(4)

Cu**(5)

= Fe**(6)
0.16
0.08

1.6 2.0 2.4 2.8 32 3.6 4.0
hv (eV)

Figure 11. tan (5) vs. hv for azo-oxime and its complexes’ films.
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Figure 12. R; vs. E and ¢y, vs. E for azo-oxime and its complex films.

6. Influence of the Metal Ion on Structural, Electronic, and
Optical Properties

Comparing VO?*, Cu?*, and Fe?* complexes reveals a consistent, metal-dependent
trend that links their structural, electronic, and optical behavior. Structurally, the d! VO?**
and d? Cu?* complexes retain a distorted octahedral geometry arising from Jahn-Teller
distortion (Cu®*) or the asymmetric V=0 bond (VO*), whereas complex (5) adopts a
square-planar geometry, and the high-spin d° Fe>* complex (6) shows the most pronounced
octahedral distortion, consistent with its larger number of unpaired electrons (S = 5/2) and
weaker ligand-field stabilization. Electronically, this structural progression is mirrored in
the DFT-derived HOMO-LUMO gap (Table 4), which narrows steadily from the free ligand
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(AE = 3.66 eV) to the VO?>* and Cu?* complexes (AE = 3.15-3.60 eV) and drops sharply for
the Fe3* complex (AE = 2.01 eV), indicating that the Fe3* center induces the greatest degree
of electronic delocalization and reactivity, consistent with its higher global electrophilicity
index (w) and lower chemical hardness (1) relative to the other complexes (Table 4). This
same trend is reproduced experimentally in the optical band gap of the thin films (Table 6):
Eg decreases from 2.96 eV (H,L) to 2.27, 2.21-2.01, and 1.83 eV for the VO?**, Cu?*, and
Fe* complexes, respectively, closely paralleling the computed AE gap ordering. The
agreement between the DFT-predicted electronic trend and the experimentally measured
optical band gap trend across the series confirms that the identity of the coordinated metal
ion through its d-electron configuration, ionic radius, and resulting coordination geometry
is the primary factor governing the extent of electronic delocalization and optical response
in these azo-oxime complexes, with Fe>* producing the strongest narrowing effect, followed
by Cu?*, then VO?*.

The computed HOMO-LUMO energy gap (AE, Table 4) and the experimentally de-
termined optical band gap (e.g., from the a-hv analysis of the thin films, Table 6) are now
compared directly across the series. Both quantities follow the same decreasing trend on
going from the free ligand to the metal complexes: AE decreases from 3.66 eV (H;L) to
3.60-3.15 eV (VO** /Cu?* complexes) and 2.01 eV (Fe>* complex), while the experimental
Eg decreases correspondingly from 2.96 eV (H,L) to 2.27-2.01 eV (VO?** /Cu?* complexes)
and 1.83 eV (Fe>* complex). Although the absolute values differ, as expected since DFT gas-
phase HOMO-LUMO gaps and solid-state optical gaps derived from thin-film absorption
edges are not numerically equivalent quantities, the two data sets track the same qualitative
ordering (Fe3* < Cu?* < VO** < H,L), and this agreement is now stated explicitly in the
text rather than left for the reader to infer by comparing two separate tables. We further
link this shared trend to the same underlying cause discussed in that subsection: increasing
metal-induced electronic delocalization narrows both the calculated frontier-orbital gap
and the measured optical absorption edge in parallel, which we use as mutual validation
between the computational and experimental results.

To clearly establish the correlation between the investigated complexes and their
prospective photo-related applications, it is essential to analyze how their fundamen-
tal physical constants meet the specific requirements of optoelectronic and photovoltaic
technologies.

For photovoltaic and solar cell absorber applications, an ideal material must possess
an optical band gap that matches the solar spectrum to maximize photon harvesting.
The experimental results demonstrate that upon complexation, the optical band gap (Eg)
narrows significantly from 2.96 eV for the free ligand down to 1.83 eV for the Fe3* complex
film. This strong redshift shifts the absorption edge deeper into the visible light region,
which is highly favorable for effective solar energy conversion. Furthermore, this reduction
in (Eg) closely correlates with the observed increase in the free charge carrier density-to-
effective mass ratio ((N/m*), which enhances the material’s optical conductivity (o and
02) under light illumination, thereby facilitating smoother electronic transitions across the
transport gap.

For nonlinear optical (NLO) and switching applications, devices such as optical mod-
ulators and switches strictly rely on materials that exhibit strong light-matter interactions
and fast electronic polarization under intense laser fields. The computational DFT and
Molecular Electrostatic Potential (MEP) maps reveal that metal coordination induces sub-
stantial charge redistribution, leading to a dramatic rise in the dipole moments (up to
26.34 Debye). This highly asymmetric charge distribution creates a highly polarized elec-
tronic cloud. Experimentally, this structural polarization is verified by the exceptionally
high values of third-order nonlinear optical susceptibility (X(®)) reaching 33.61 x 10712 esu
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for the Fe®* film) and the nonlinear refractive index (ny). Consequently, these findings
provide a direct physical correlation showing that the strong electronic delocalization and
high nonlinear parameters render these thin films promising candidates for future testing
and optimization in optical signal processing and photonic switching layouts.

7. Measurements and Equipment
7.1. Materials

All the chemicals utilized are analytical grade and were employed without ad-
ditional purifying. The cupric acetate dihydrate Cu(CH3COO),-2H,0 (assay > 99%),
vanadyl sulphate trihydrate (VOSO4-3H,0), cupric nitrate trihydrate Cu(NO3),-3H,0
(assay > 99.99%), cupric sulfate pentahydrate CuSO,4-5H,0 (assay > 98%), and ferric chlo-
ride hexahydrate (FeCls-6H,0), p-Toluidine (99.6%), absolute ethanol (assay = 99.5%), HCl
(37%), NaNO; (97%), 2-hydroxy benzaldehyde (99%), glacial acetic acid (assay = 99.7%),
Hydroxylamine hydrochloride (assay = 99.0%) and DMSO (assay = 99.9%) were obtained
from Merck (Merck KGaA, Darmstadt, Germany) or Sigma-Aldrich (Inc., St. Louis, MO,
USA) Company. 2-hydroxy-5-(p-tolyldiazenyl)benzaldehyde was prepared by a previously
reported method [101].

7.2. Physical Measurements and Analytical Techniques

At the Microanalytical Laboratory, Faculty of Science, Cairo University, Egypt, the
contents of C, H, and N were examined. The complexes’ metallic and chloride ion con-
tents are identified by the earlier descripted methods [102,103]. The synthetics” IR spec-
trum (400-4000 cm 1) was recorded by KBr plates on Perkin—-Elmer-1430 (Perkin-Elmer,
Waltham, MA, USA) (infrared spectrophotometer). The UV-Vis spectrum was measured
in a 1 cm quartz cell (200-1100 nm) on a Shimadzu UV-Vis 1650-PC spectrophotometer
(Shimadzu Corporation, Kyoto, Japan). On a JEOL ECA-400 spectrometer (JEOL Ltd.,
Tokyo, Japan), the ligand’s NMR spectrum was recorded in DMSO-d6. On a Perkin Elmer
7 thermal analyzer (Perkin-Elmer, Waltham, MA, USA), the complexes’ thermogravimet-
ric analysis (TGA) was measured under a nitrogen (N;) atmosphere (25 to 800 °C/HR
10 °C/min). A Gouy balance (Matthey’s Balance)(Johnson Matthey, London, UK.) was
used to measure the magnetic susceptibility at 298 K [104]. A Tacussel CD6NG conductivity
bridge (Tacussel, Chelmsford, UK.) was used to test the complexes” molar conductance
(1073 M in DMSO at 25 °C), which was then computed using a standard formula [105].
On a Varian E-109 spectrophotometer (Varian Associates, Palo Alto, CA, USA) the solid
complexes” Electron Spin Resonance (ESR) spectrum was recorded at room temperature
using DPPH as a standard. Repeated attempts to get single crystals of the Cu?*, VO?*,
and Fe3* complexes suitable for single-crystal X-ray diffraction were unsuccessful. Using
several mobile phases, thin-layer chromatography (TLC) was used to verify the synthetic
chemicals’ purity.

7.3. Synthesis of the Ligand (H,L, 1)

The azo-oxime, 2-hydroxy-5-(p-tolyldiazenyl) benzaldehyde oxime (H,L, 1) was syn-
thesized by refluxing in the presence of sodium acetate a mixture of ethanolic solution
of 2-hydroxy-5-(p-tolyldiazenyl)benzaldehyde (1 mmol, 240 mg) and hydroxylamine hy-
drochloride (1 mmol, 69.5 mg). After three hours, a colored solid that started to appear
was removed and washed with hot ethanol, then dried over P4Oqg (Figure 13). Color:
yellowish brown, m.p. 220 °C, (255 mg, 0.233 mmol, 91.3%). Elemental analysis (Anal.)
for C14H13N30; (255.28 g /mol): Found (calc.) %C 65.45 (65.87), %H 4.89 (5.13), %N 16.09
(16.46). FT-IR (KBr, cm 1), 3400 v(OH), 3060w, 3023w, 2920w, 2850 v(C-H), 1620 v(C=N),
1480 v(N=N), 1270 v(C-O), 1010 v(N-O). 'H-NMR (DMSO-ds, 300 MHz): §(ppm) = 11.54,
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(s, 1H, OH?), 11.06 (s, 1H, OH3'), 8.40 (s, 1H, CH3?), 8.11 (s, 1H, C-H'?), 7.82 (s, 1H, CHY),
7.16 (d, 1H, CH?), 7.60 (d, 1H, CH8&?), 7.32 (d, 1H, CH"¥19), 2.39 (s, 3H, CH?>%), 13C-
NMR (DMSO-ds /90 Mhz): §(ppm) = 150.50 (C3), 130.36 (C1&5), 122.82 (C2&4), 141.37 (C6),
146.10 (C13), 125.75 (C14), 121.76 (C15), 119.76 (C16), 1217.39 (C18), 159.24 (C20), 21.46
(C22), 145.46 (C28).

oH i :OH
/©/N\\N/< I _0 NHLORH - /©/N\\N /N\OH

2-hydroxy-5-(p- ~ 2-hydroxy-5-p- _
tolyldiazenyl)benzaldehyde tolyldiazenyl)benzaldehyde oxime

Figure 13. Synthesis of 2-hydroxy-5-(p-tolyldiazenyl)benzaldehyde oxime ligand (H,L, 1).

7.4. Procedure for Preparing the Complexes

The Cu?*, VO*" and Fe* complexes were prepared by refluxing an equimolar
quantity of 2-hydroxy-5-(p-tolyldiazenyl) benzaldehyde oxime ligand (H,L, 1) (255 mg,
30 mL/EtOH) with the solution (EtOH/30 mL) of the following salts: VOSO4.3H,0O
(217 mg), Cu(CH3COO),-2H,0 (199.7 mg), Cu(NO3),.3H,0 (241.6 mg), and CuSOy4-5H,O
(249.7 mg) and FeCl3-6H,0O (271.3 mg) in presence/absence of triethyl amine. After reflux-
ing for 4 h, the resulting-colored precipitates were collected, washed with hot ethanol, and
dried over P40]0.

74.1. VOZ+—C0mplex (2)

[VO(H,L)(SO4)(H,0);]; Color: olive, yield (63.8%), m.p. > 300 °C, Ay, =21.3 ohm™!
cm? mol~!. The elemental formula (C14H;7VN3SOy, 454.30 g/mol): Found (calcd.) %C
36.68 (37.01), %H 3.87 (3.77), %N 9.00 (9.25), %VO 10.90 (11.21), %S 6.90 (7.06). FT-IR (KBr,
cm™1), 3445, 3200 v(OH), 3060w, 3025, 2916w, 2873 v(C-H), 1573 v(C=N), 1480 v(N=N),
1285 v(C-OH), 1110 v(N-OH), 963 v(V=0), 580 v(V<+-0), 473 v(V<N).

7.4.2. Cu**-Complex (3)

[Cu(H,L)(OAC),(H,0),]; Color: olive, yield (63.8%), m.p. > 300 °C, Ay = 13.1 ohm ™!
cm? mol~!. The elemental formula C;gHy3CuN3Og, 472.94 g/mol): Found (calcd.) %C
45.49 (45.71), %H 4.87 (4.90), %N 9.61 (9.89), %Cu 13.00 (13.44). FT-IR (KBr, cm 1), 3440,
3330 v(OH), 3020w, 2930w, 2850 v(C-H), 1595 v(C=N), 1465 v(N=N), 1305 v(C-OH), 1050
v(N-OH), 510 v(Cu<«+0), 478 v(Cu<—N), 1540/1350(190) vs(CH3COO)/v4s(CH3COO)(A).

7.4.3. Cu?*-Complex (4)

[Cu(H,L)(NO3),(H20),]; Color: olive, yield (63.8%), m.p. > 300 °C, Ay = 17.3 ohm !
cm? mol 1. The elemental formula C14,H;7,CuN50Og, 478.86 g/mol): Found (calcd.) %C
34.88 (35.12), %H 3.17 (3.58), %N 14.22 (14.63), %Cu 12.93 (13.27). FT-IR (KBr, cm~1), 3545,
3330, 3440, 3350 v(OH), 3022w, 2980w, 2930, 2850 v(C-H), 1593 v(C=N), 1475v(N=N), 1308
v(C-OH), 1077 v(N-O), 512 v(Cu<0), 479 v(Cus—N), 1409, 1345, 920 v (NO3)(A = 64).

7.4.4. Cu**-Complex (5)

[Cu(H,L)(SO4)(H20)]; Color: olive, yield (63.8%), m.p. > 300 °C, Ay = 149
ohm~!em?mol 1. The elemental formula C;4H;5CuN3SO7, 432.89 g/mol): Found (calcd.)
%C 38.55 (38.84), %H 3.09 (3.49), %N 9.44 (9.71), %Cu 14.77 (14.68), %S 6.99 (7.41). FT-IR
(KBr, cm 1), 3440, 3335 v(OH), 3019w, 2990w, 2927 v(C-H), 1590 v(C=N), 1474 v(N=N),
1290 v(C-OH), 1055 v(N-OH), 523 v(Cu+—0), 478 v(Cu+N), 1190, 1055 v(SOy).
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7.4.5. Fe’*-Complex (6)

[Fe(L)Cl3(H20)].2H,O; Color: brown, yield (66.7%), m.p. > 300 °C, Ay = 24.1
ohm~!ecm?mol . The elemental formula (C14H;9FeN3O5Cl, 471.52 g /mol): Found (calcd.)
%C 35.31 (35.66), %H 3.79 (4.06), %N 8.91 (8.91), %Fe 11.58 (11.84), %C1 22.11 (22.55). FT-IR
(KBr, cm~1), 3360, 3200 v(OH), 3000w, 2960w, 2855 v(C-H), 1575 v(C=N), 1470 v(N=N),
1301 v(C-0), 1105 v(N-0O), 578 v(Fe<+-0), 483 v(Fe<+N).

7.5. Density Functional Theory (DFT) Studies

To gain deeper insight into the molecular structure of the azo—oxime ligand and its
Cu?*, VO**, and Fe** complexes, geometry optimization and quantum chemical calcu-
lations were performed using Density Functional Theory (DFT) as implemented in the
Gaussian 09 software package, with GaussView employed for visualization and analysis
of the optimized geometries and associated molecular parameters. All calculations were
carried out at the B3LYP hybrid exchange-correlation functional level, using the all-electron
6-311G(d, p) basis set for all atoms, including the Cu, V, and Fe metal centers, without the
use of an effective core potential. Geometry optimizations were performed in the gas phase,
with no symmetry constraints imposed on the starting geometries. Given the open-shell na-
ture of the metal complexes, calculations were carried out using the unrestricted (UB3LYP)
formalism, with spin multiplicities assigned consistent with the experimentally determined
magnetic moments: a doublet ground state (S = 1/2, one unpaired electron) for the d° Cu®*
complexes and the d' VO?* complex, and a high-spin sextet ground state (S = 5/2, five
unpaired electrons) for the d° of Fe>* complex, in agreement with the 6A1g term symbol
derived from the electronic spectral analysis [68].

7.6. Preparation of Synthetic Films

Synthetic films were thermally deposited using a coating machine (Edward model
E 306 A, Crawley, UK) onto cleaned quartz substrates under ambient temperature and
vacuum pressure of ~2.5 10~* Pa. The powder of H,L and its complex metals were put in a
Mo-boat that was gradually heated. The distance between the Mo-boat and substrates is
20 cm. The film thickness was ~200 nm, and the deposition rate (8 nm/s) was controlled
by using a TM-350 MAXTEK, Inc., Cypress, CA, USA thickness monitor. For certainty,
Tolansky’s interferometric method was used to check the film thickness [106]. Both the
film transmittance (T) and reflection (R) spectra were measured using a JASCO model
V-570 UV-VIS-NIR spectrophotometer (JASCO Corporation, Tokyo, Japan) through the
300-1100 nm range.

8. Conclusions

Mononuclear complexes of Cu?*, VO?*, and Fe3* with the oxime-based azo ligand
2-hydroxy-5-(p-tolyldiazenyl) benzaldehyde oxime (H,L) were successfully synthesized
via a straightforward equimolar reaction method. The obtained complexes were thoroughly
characterized using elemental analysis, thermal techniques, and various spectroscopic
tools, and the experimental findings were further supported by density functional the-
ory (DFT) calculations. Spectral investigations revealed that azo oxime acts as a neutral
bidentate chelating ligand, coordinating to the metal ions through the nitrogen atom of
the protonated oxime group and the oxygen atom of the protonated phenolic hydroxyl
group. The ESR spectra of Cu?*, VO?* complexes are typical to d? configuration with an
axial symmetry type of a dx»y2) ground state and a significantly covalent environment.
The metal centers adopt distorted octahedral geometries in all complexes. Computational
studies performed at the DFT/B3LYP/6-311(pd) level provided valuable insight into the
optimized geometries, dipole moments, frontier molecular orbitals (HOMO-LUMO), global

https:/ /doi.org/10.3390/inorganics14090244


https://doi.org/10.3390/inorganics14090244

Inorganics 2026, 14, 244 32 of 37

reactivity descriptors, and molecular electrostatic potential (MEP) maps. The theoretical
results strongly supported the proposed structural features of the Cu?*, VO?*, and Fe®*
complexes. Moreover, the linear and nonlinear optical constants for HyL and its complex
films have been estimated and well discussed. Many different techniques are used to
evaluate the optical bandgap value (E;). The Fe** complex film has the smallest value of
Eg value (1.83 eV), which is remarkably close to the Eg value of many semiconductors, viz.
CdS«Seq_y alloys, Cu(In,Ga)Se, and CdSe. This renders the investigated films potential can-
didates for prospective exploration in various technological fields, such as solar cells, photo
detectors, optical sensors, and infrared optics. Although the actual evaluation of device
performance was not within the scope of this study, the obtained values indicate that the Eg
value of HpL and its VO?*, Cu?*(3), Cu?*(5), and Fe*(6) complex films change between 2.96
and 1.83 eV, making them promising materials for further testing as an absorbance layer in
solar cells, light-emitting diodes, photo detectors, and fiber optics. Based on n and k values,
the complex dielectric constant and conductivity have been estimated. Also, the nonlinear
refractive index (1;), the first (xM) and third (x®) orders of nonlinear susceptibilities have
been investigated. Based on these preliminary optical investigations, the ligand and its
complex films exhibit encouraging fundamental constants that justify further research as
potential future contenders for integration into signal processing, optical modulators, and
switching designs, provided that practical device performance is thoroughly evaluated.
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