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Abstract 
Metal complexes bearing vic-dioxime ligands have been extensively used as analytical 
and biochemical reagents, and are well-known antimicrobial agents. Herein is re-
ported a DFT study on the molecular structures, thermodynamic properties, chemi-
cal reactivity and spectral properties of some 3d metal(II) chloride complexes of 
glyoxime. The functionals B3LYP and CAM-B3LYP have each been used in conjunc-
tion with LANL2DZ for the metal(II) ions (Fe2+, Co2+, Ni2+ and Cu2+) and the Pople- 
style basis set 6-31G+(d,p) for the rest of the elements, to perform theoretical calcu-
lations. The metal complexation abilities of the glyoxime ligands studied in this work 
have been evaluated on the basis of metal-ligand binding energies. These ligands 
were found to have high affinities towards Ni(II) and Fe(II) ions, and all complexa-
tion reactions were found to be thermodynamically feasible. Ligand-to-metal elec-
tron donations in the complexes studied have been revealed by natural population 
analysis. The fully optimized geometries of the complexes have adopted square pla-
nar structures around the central metal ions. On the basis of orbital composition 
analysis, the UV-Vis electronic absorption bands of these molecules have been attri-
buted mainly to MLCT, LMCT and d-d electronic transitions involving metal-based 
orbitals. 
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1. Introduction 

The interaction of a central metal with surrounding ligands (atoms, ions or molecules) 
has been of significant interest in coordination chemistry. In the past decades, the 
coordination chemistry of transition metal complexes bearing oxime ligands has been a 
subject of intense studies owing to their applications in many scientific domains like 
biomedical and electrochemistry. Synthesis of Co(III), Ni(II) and Cu(II) complexes 
based on two glyoxime derivatives namely: dianiline glyoxime and disulfanilamide 
glyoxime were envisaged and were found to be effective as stimulators in biosynthetic 
processes of enzymes in some fungi strains [1]. In one review, the synthesis of phenolic 
oximes and their complexes were reported to be more effective in commercial metal 
recovery processes based on solvent extraction as a result of their remarkable stability 
[2]. These studies have been motivated by the fact that oximes are important analytical, 
biochemical, and antimicrobial agents. They have equally attracted much attention due 
to their structural features and their uses as liquid crystals and dyes [3]-[6]. 

Vicinal dioxime derivatives act as amphoteric ligands due to the presence of weak 
acidic -OH groups and basic -C = N groups. As such, they are capable of forming high-
ly stable complexes with most transition metals in the periodic table. The exceptional 
stability and electronic properties displayed by these complexes are attributable to their 
hydrogen bond-stabilized planar structures [7]-[9]. These complexes have been exten-
sively used for various purposes owing to their high stability, suitability as model com-
pounds for vitamin B12 and as chelators in trace metal analysis [10] [11]. These com-
pounds also play a significant role in domains such as stereochemistry, structure iso-
merism, spectroscopy, model systems of biochemical interest, cation exchange and li-
gand exchange chromatography, analytical chemistry, catalysis, stabilizers, polymers, 
photography, technological improvement, pigments, and dyes [12]-[16]. Furthermore, 
they have been identified as compounds capable of columnar stacking, which may en-
hance semiconducting properties [17]. It is well established that different ligand types 
can affect the stabilities and properties of complexes in various ways. As such, the subs-
titution of some dioxime groups or fragments can significantly modify the structures 
and stability of its complexes. The stability resulting from metal ion chelation by 
glyoxime ligands in the complexes currently studied is also dependent on the type of 
central metal ion present. This research is geared toward facilitating the construction of 
new vicinal glyoxime derivatives capable of forming very stable 3d metal(II) complexes, 
and which can be used in trace metal analysis. 

After a detailed literature survey, we have found to the best of our knowledge that 
very little theoretical studies have been carried out on glyoxime complexes till date [18] 
[19]. Moreover, spectroscopic and X-ray crystallographic studies on these molecules 
have not been performed. In the present paper, density functional theory (DFT) studies 
have been undertaken on some 3d metal(II) chloride glyoxime complexes. Specifically, 
the structural, thermodynamic and spectral properties as well as the chemical reactivity 
of these compounds have been studied. Quantum chemical computations have been 
used in this research endeavor because they have become an established method for the 
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prediction of novel structures and properties in the last decades. Interestingly, they 
constitute a powerful tool for analyzing the properties of coordination compounds, and 
are widely used nowadays to complement experimental works. 

2. Computational Procedure 

All theoretical calculations were performed using the Gaussian 09 program package 
[20]. Molecular geometries were optimized in vacuum using the B3LYP exchange-cor- 
relation hybrid functional in conjunction with the LANL2DZ basis set for the central 
metal ions and the Pople-style basis set 6-31+G(d,p) for the elements: C, H, O, Cl and 
N. All optimized geometries were characterized by vibrational frequency calculations at 
the same level of theory as that used for geometry optimization, and only real frequen-
cies were found confirming the optimized geometries as minima on their potential 
energy surfaces. For all theoretical calculations, we adopted the restricted closed-shell 
model for the closed-shell Ni2+ and Fe2+ complexes and the unrestricted model for the 
open-shell Co2+ and Cu2+ complexes. All complexes were treated as low spin species. 
Natural population analysis (NPA) calculations were performed using the NBO 3.1 
program as implemented in the Gaussian 09 package [20] at the same theoretical level 
as that used for geometry optimization calculations. TD-DFT calculations were per-
formed on the optimized ground state geometries of the molecules under investigation, 
in order to simulate their absorption spectra [21] [22]. In these calculations, excitations 
to the first 20 singlet excited states were considered, and the CAM-B3LYP functional 
was used together with the same basis set as that used for geometry optimization. 

3. Results and Discussion 
3.1. Molecular Geometry 

The square planar schematic structures of the investigated 3d metal glyoxime complex-
es, showing atomic numbering are presented in Figure 1. The different structures have 
been obtained by changing the central metal (M = Fe2+, Co2+, Ni2+ and Cu2+) and the 
alkyl radical (R = H, -CH3 and -C6H5). The geometric parameters (bond lengths, bond  
 

 
Figure 1. Schematic structures of investigated complexes. 
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angles, and dihedral angles) of the ground state geometries of the molecule studied op-
timized at the DFT/6-31+G(p,d)/(LANL2DZ for metal ions) level, are listed in Table 1.  
 

Table 1. Main optimized bond lengths (Å), bond angles (˚) and dihedral angles (˚) of metal 3d glyoxime complexes at B3LYP/ 
6-31+G(d,p) with LANL2DZ for metal(II). 

Molecules d(C1-N1) d(C2-N2) d(C1-C2) d(M-N2) d(M-N1) d(N1-O1) d(N2-O2) d(M-Cl1) d(M-Cl2) d(O1-H1) d(O2-H2) 

1a 1.317 1.317 1.418 1.892 1.892 1.359 1.359 2.209 2.209 0.991 0.991 

1b 1.299 1.299 1.443 1.930 1.930 1.352 1.352 2.209 2.209 0.995 0.995 

1c 1.292 1.292 1.456 1.929 1.929 1.346 1.346 2.198 2.198 0.999 0.999 

1d 1.286 1.286 1.468 2.092 2.092 1.346 1.346 2.263 2.263 0.997 0.997 

2a 1.324 1.324 1.441 1.877 1.877 1.366 1.366 2.220 2.220 0.992 0.992 

2b 1.303 1.302 1.469 1.915 1.924 1.360 1.360 2.217 2.217 0.996 0.996 

2c 1.302 1.302 1.480 1.922 1.922 1.355 1.355 2.204 2.204 0.998 0.998 

2d 1.291 1.290 1.494 2.063 2.075 1.356 1.356 2.266 2.270 0.996 0.996 

3a 1.328 1.328 1.450 1.876 1.770 1.365 1.365 2.221 2.221 0.993 0.993 

3b 1.308 1.308 1.479 1.916 1.916 1.359 1.359 2.218 2.218 0.996 0.996 

3c 1.302 1.302 1.492 1.915 1.915 1.354 1.354 2.205 2.205 0.999 0.999 

3d 1.296 1.296 1.504 2.045 2.045 1.362 1.362 2.298 2.298 0.987 0.987 

4a 1.366 1.366 1.426 1.810 1.810 1.357 1.357 2.228 2.228 0.994 0.994 

4b 1.319 1.319 1.461 1.901 1.901 1.357 1.357 2.213 2.213 0.994 0.994 

4c 1.308 1.308 1.473 1.916 1.916 1.351 1.351 2.201 2.201 0.998 0.998 

4d 1.301 1.301 1.488 2.072 2.072 1.350 1.350 2.268 2.268 0.997 0.997 

 d(H1-Cl1) d(H2-Cl2) ɵ(Cl1-M-Cl2) ɵ(N1-M-N2) ɵ(O1-H-Cl1) ɵ(O2-H2-Cl2) ɵ(Cl1-M-N2) Φ(Cl1-M-N1-C1) Φ(M-N1-C1-C2) 

1a 2.170 2.170 97.537 81.403 138.997 138.997 171.93 −179.998 0.0026 

1b 2.143 2.143 98.004 80.785 141.100 141.100 171.390 −179.994 0.0008 

1c 2.112 2.112 97.271 80.943 142.176 142.176 171.836 −179.999 0.000 

1d 2.174 2.174 105.963 75.999 144.786 144.786 165.018 −179.996 −0.001 

2a 2.139 2.139 97.189 80.763 140.723 140.723 171.787 180.000 0.000 

2b 2.108 2.122 97.582 80.189 143.262 142.306 171.411 −179.987 −0.001 

2c 2.085 2.098 96.768 80.334 144.045 143.099 171.895 −179.983 −0.034 

2d 2.143 2.153 104.809 75.584 146.729 145.838 165.500 −179.980 −0.006 

3a 2.109 2.109 96.254 81.053 142.191 142.190 172.398 −179.046 −1.980 

3b 2.090 2.090 96.717 80.282 144.037 144.036 171.774 −179.057 −3.410 

3c 2.063 2.063 95.941 80.411 144.867 144.867 172.230 −178.649 −4.120 

3d 2.209 2.209 100.022 76.836 145.735 145.735 168.406 −175.926 −9.933 

4a 2.110 2.110 95.050 84.033 139.431 139.436 174.494 −179.994 0.001 

4b 2.130 2.130 96.668 81.852 141.140 141.159 172.588 −179.985 0.002 

4c 2.101 2.102 96.654 81.487 142.431 142.431 172.411 −179.992 0.006 

4d 2.152 2.151 105.004 76.575 145.558 145.580 165.777 −179.993 0.011 
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These values ought to be compared with those obtained experimentally, but X-ray 
crystallographic data is not available in the literature for these complexes. It is clear 
from the values in Table 1 that all complexes studied are nearly symmetric, and possess 
two intra-molecular hydrogen bonds (O-H … Cl) each, between the hydrogens of the 
oxime group and the chloride ligands. These hydrogen bonds contribute in stabilizing 
the complexes and in maintaining a square planar geometry around their central metal 
ions. 

It is evident from Table 1 that the M-Cl and M-N bond lengths in Fe(II) and Ni(II) 
complexes are shorter than corresponding bond lengths in Cu(II) and Co(II) complexes 
the greatest discrepancies being 0.093 Å for M-Cl between 3d and 3c, and 0.2 Å for 
M-N between 1d and 1a. This indicates that the ligands (glyoxime and chloride ions) 
interact more strongly with Fe(II) and Ni(II) ions than with Cu(II) and Co(II) ions. In 
almost all complexes studied, the greatest metal-ligands bond lengths are present in the 
Cu(II) complexes. It can be seen that the azomethine (C = N) bond lengths decrease 
with an increase in atomic number of the central metal ions within the 3d period, with 
calculated differences of about: 0.031 Å for 1a and 1d, 0.033 Å for 2a and 2d, 0.032 Å 
for 3a and 3d and 0.065 Å for 4a and 4d. The values of the bond angle Cl-M-Cl range 
from 95.05˚ to 105.963˚ in all complexes studied, and the largest values: 105.963˚, 
104.809˚, 100.022˚ and 105.004˚ for 1d, 2d, 3d and 4d respectively, correspond to cop-
per complexes while the smallest values: 97.271˚, 96.768˚, 95.941˚ and 96.654˚ for 1c, 
2c, 3c and 4c respectively correspond to nickel complexes. Values of the dihedral angle 
Cl1-M-N1-C1 are around −180˚ for all the complexes, except 3d for which the value is 
−175.927˚. This shows that the optimized geometries of all complexes investigated in 
this research endeavor are nearly square planar around their respective central metal 
ions. 

3.2. Thermodynamic Properties 

In order to investigate thermodynamic properties of complexation reactions, statistical 
thermodynamic calculations were carried out at 1 atm and 298.15 K. To investigate the 
stability of the complexes studied, the thermodynamic parameters: binding energy 
(∆Eint), Gibbs free energy (∆G˚) and enthalpy (∆H˚) of formation were calculated. 

3.2.1. Complexation Energy 
The complexation ability of the ligands with different metal cations is characterized by 
their binding energy as defined in Equation (1). 

( )complex ligand metal Cl2E E E E E∆ = − + +                (1) 

where EComplex, ELigand, EMetal(II) and ECl are respectively the thermal energy of complex, 
free glyoxime ligand, free metal ions and free chloride ligands. 

A large variation in the complexation energies is clear from Table 2. The binding 
energies are negative in all cases, implying that the complexation reactions are highly 
favorable. For all the ligands studied, the most negative complexation energy values 
have been obtained for the formation of the Ni(II) complexes whereas least negative  
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Table 2. Main energetical parameters of metal 3d glyoximes complexes in Kcal/mol at B3LYP/ 
6-31+G(d,p) with LANL2DZ for metal(II). 

Molecules ∆G298
0(react) ∆H298

0(react) ∆E(react) 

1a −644 −670 −669 

1b −635 −661 −660 

1c −674 −700 −698 

1d −626 −651 −649 

2a −644 −671 −669 

2b −635 −662 −660 

2c −675 −702 −700 

2d −626 −653 −651 

3a −636 −664 −662 

3b −628 −655 −654 

3c −667 −695 −693 

3d −634 −660 −658 

4a −660 −686 −684 

4b −643 −669 −668 

4c −680 −706 −705 

4d −631 −656 −654 

 
values have been obtained for the formation of the Cu(II) complexes. Hence, the li-
gands exhibit their greatest affinity toward the Ni(II) ion and the least toward the 
Cu(II) ion. For instance, the complexation energy for the formation of 1d is higher than 
that of formation of 1c by 49 kcal∙mol−1. Generally, more negative complexation ener-
gies are more thermodynamically favored. Based on this fact, it can be concluded that 
the formation of the Ni(II) complexes is most favorable of all the complexes investi-
gated. It is worthy of note that the formation processes for the complexes bearing li-
gand 4 are most favored. 

3.2.2. Gibbs Free Energy and Enthalpy Change 
Besides binding energies, the standard complexation Gibbs free energy (∆G˚) and en-
thalpy change (∆H˚) were also calculated using Equations (2) and (3) and the results 
are presented in Table 2. 

( )complex ligand metal Cl2G G G G G∆ = ∆ − ∆ + ∆ + ∆                   (2) 

( )complex ligand metal Cl2H H H H H∆ = ∆ − ∆ + ∆ + ∆                  (3) 

It is clear from Table 2 that the complexation Gibbs free energy change for the for-
mation of all complexes investigated is negative, showing that the process is thermody-
namically feasible at ambient temperature for each complex. The formation processes 
for the nickel complexes (1c, 2c, 3c, 4c) have been found to be the most exergonic and, 
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therefore, the most favored compared to the formation of the other complexes. Simi-
larly, the enthalpies of the complexation reactions that yield the complexes studied have 
been found to be negative which is a clear indication that these reactions are highly ex-
othermic. 

3.3. Electronic Properties 
3.3.1. Natural Population Analysis (NPA) 
The NPA charges on the metal(II) ions in the complexes investigated are listed in Table 
3. The positive charge on each metal ion in the complexes is less than +2, the charge on 
the free state metal ion, whereas the magnitudes of the negative charges on the chloride 
ions in the complexes is lower than −1, the charge on the free state chloride ion. This 
result indicates that electron transfer from the ligands to the metal ions occurred dur-
ing the formation of the coordination bonds. This charge transfer is greatest for the 
Fe(II), Ni(II) and Co(II) complexes and least for the Cu(II) complexes. From this ob-
servation, it can be concluded that the metal-ligand bonds in the Fe(II) Ni(II) and 
Co(II) complexes are stronger than those in the Cu(II) complexes. This is corroborated  
 

Table 3. Variation of natural population atomic charges (e) at B3LYP/6-31+G(d,p) with LANL2DZ for metal(II). 

Molecules M Cl1 Cl2 N1 N2 O1 O2 C1 C2 H1 H2 

1 - - - −0.12946 −0.05480 −0.63148 −0.56382 −0.04738 −0.11855 0.53571 0.49630 

1a 0.37074 −0.34660 −0.34660 −0.09933 −0.09933 −0.53319 −0.53319 0.00033 0.00033 0.52905 0.52905 

1b 0.46007 −0.39576 −0.39576 −0.10306 −0.10306 −0.53038 −0.53038 0.00753 0.00753 0.52923 0.52923 

1c 0.40726 −0.38906 −0.38906 −0.08747 −0.08747 −0.52606 −0.52606 0.00923 0.00924 0.52805 0.52805 

1d 0.72555 −0.48898 −0.48898 −0.14004 −0.14004 −0.53103 −0.53103 0.00954 0.00954 0.53189 0.53189 

2 - - - −0.13289 −0.13289 −0.61469 0.51882 0.18622 0.18622 0.51882 0.51882 

2a 0.36531 −0.36627 −0.36627 −0.09941 −0.09941 −0.54727 −0.54727 0.21806 0.21806 0.52897 0.52897 

2b 0.45630 −0.40887 −0.40947 −0.10859 −0.10897 −0.54964 −0.54711 0.22685 0.22685 0.52814 0.52814 

2c 0.40617 −0.40062 −0.40004 −0.09617 −0.09557 −0.54387 −0.54638 0.22851 0.22804 0.52797 0.52709 

2d 0.72771 −0.49620 −0.49765 −0.15248 −0.15187 −0.55224 −0.55080 0.22756 0.22794 0.53073 0.53134 

3 - - - −0.14296 −0.04334 −0.62093 −0.54271 0.13935 0.07813 0.53767 0.50029 

3a 0.37099 −0.36471 −0.36468 −0.09323 −0.09297 −0.54174 −0.54176 0.22012 0.21845 0.52582 0.52582 

3b 0.45920 −0.40725 −0.40728 −0.10386 −0.10359 −0.54208 −0.54210 0.22824 0.22662 0.52554 0.52554 

3c 0.40843 −0.39868 −0.39867 −0.09091 −0.09063 −0.53927 −0.53930 0.22940 0.22780 0.52433 0.52433 

3d 0.73010 −0.50412 −0.50412 −0.15355 −0.15355 −0.54451 −0.54451 0.23284 0.23284 0.53357 0.53357 

4 - - - −0.13592 −0.14087 −0.60406 −0.58988 0.17596 0.20040 0.52151 0.51776 

4a 0.31307 −0.35301 −0.35295 −0.05147 −0.05145 −0.52723 −0.52723 0.14946 0.14946 0.52840 0.52838 

4b 0.46580 −0.39199 −0.39199 −0.09457 −0.09457 −0.53871 −0.53869 0.17451 0.17452 0.52943 0.52943 

4c 0.41231 −0.39118 −0.39112 −0.07825 −0.07823 −0.53415 −0.53415 0.17752 0.17753 0.52857 0.52854 

4d 0.72930 −0.49416 −0.49411 −0.13332 −0.13358 −0.53847 −0.53856 0.17737 0.17723 0.53207 0.53203 
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by the complexation energies (Table 2) which have shown that the glyoxime and chlo-
ride ligands have a higher affinity for Fe(II) Ni(II) and Co(II) ions than the Cu(II) ion. 
From the foregoing results, it is clear that coordinate bonding is responsible for com-
plex formation, and ligand to metal ion charge transfer is the underlying mechanism. 

3.3.2. Reactivity Descriptors 
The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular or-
bital (LUMO) are very important parameters for quantum chemistry. The frontier or-
bital gap helps to characterize the chemical reactivity and kinetic stability of molecules. 
A molecule with a small frontier orbital gap is more polarizable and is generally asso-
ciated with a high chemical reactivity, low kinetic stability and is also termed soft mo-
lecule. The eigenvalues of the HOMO and LUMO as well as their energy gap reflect the 
chemical reactivity of a molecule. A large HOMO-LUMO energy gap has been asso-
ciated with high stability of molecules [23]. The chemical potential (μ), global hardness 
(η) and electrophilicity (w) are global descriptors which indicate the overall stability of 
a chemical system [24]-[27]. 

The values of some global reactivity descriptors investigated in this paper are pre-
sented in Figure 2 (Table 4). It can be seen from this table that the largest HOMO- 
LUMO energy gaps (∆EH-L) and chemical hardness (η) values correspond to the Cu(II) 
complexes (1d, 2d, 3d and 4d) and the Co(II) complexes (1b, 2b, 3b and 4b), indicating 
that they are kinetically more stable and less reactive than the rest of the complexes. It 
is also observed in Figure 3 that Fe2+ complexes are the most reactive complexes in 
each series with the lower value of chemical hardness. The other reactivity descriptors 
presented in this figure have shown the same reactivity trend for these complexes 
(Table 4). 
 

 
Figure 2. Superposition of the global reactivity descriptors of the systems in eV except those of 
global softness which are in eV−1, calculated at B3LYP/6-31+G(d,p) with LANL2DZ for metal(II). 
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Table 4. Values of the global reactivity descriptors of the systems in eV except those of global 
softness which are in eV−1, calculated at B3LYP/6-31+G(d,p) with LANL2DZ for metal(II). 

Molecules EHOMO ELUMO ∆EH-L µ ɳ w S 

1a −7.22 −4.53 2.68 −5.87 1.34 12.85 0.37 

1b −7.76 −3.85 3.91 −5.80 1.96 8.60 0.26 

1c −7.44 −3.85 3.59 −5.65 1.79 8.89 0.28 

1d −7.71 −3.83 3.88 −5.78 1.94 8.59 0.26 

2a −6.82 −4.15 2.66 −5.48 1.33 1.30 0.38 

2b −7.45 −3.31 4.14 −5.38 2.07 6.99 0.24 

2c −7.14 −3.30 3.85 −5.22 1.92 7.09 0.26 

2d −7.42 −3.28 4.14 −5.35 2.07 6.92 0.24 

3a −6.65 −4.12 2.53 −5.39 1.26 11.47 0.40 

3b −7.26 −3.40 3.86 −5.33 1.93 7.36 0.26 

3c −7.02 −3.40 3.63 −5.21 1.81 7.48 0.28 

3d −7.25 −3.18 4.07 −5.22 2.04 6.69 0.25 

4a −7.13 −4.44 2.69 −5.78 1.34 12.42 0.37 

4b −6.99 −4.34 2.66 −5.67 1.32 12.09 0.38 

4c −6.96 −4.34 2.62 −5.65 1.31 12.18 0.38 

4d −7.18 −4.38 2.80 −5.78 1.40 11.91 0.36 

 

 
Figure 3. Picture of the HOMO-LUMO orbitals for Fe2+ complexes. 

3.4. Infra-Red Spectroscopy 

To the best of our knowledge, no IR spectral data is available in the literature for the 
complexes investigated in this research endeavor. The DFT/B3LYP method in conjunc-
tion with a doubly split valence basis set along with diffuse and polarization functions, 
6-31+G(d,p) and LANL2DZ for the central metal(II) ions was used to calculate har-
monic vibrational frequencies of the glyoximes complexes studied. IR frequencies of 
two complexes (1a’ and 1b’) were also calculated using different basis set (B3LYP/6-31+ 
G(d,p)/SDD for metal ion) with same method in order to study the effect of basis set in 
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the frequency calculation. The Gauss View 5.0.8 molecular visualization program was 
used to perform the IR vibrational band assignments for the molecules. Although expe-
rimentally determined IR vibrational frequencies were not available for these mole-
cules, the calculated values were still scaled down because the DFT/B3LYP method 
tends to overestimate normal mode frequencies due to a combination of electron corre-
lation effects and basis set deficiencies [28]. Scaling factor for B3LYP/LANL2DZ level is 
0.9978 [29]. Given the fact that this factor is very close to unity, coupled with the fact 
that LANL2DZ has only been used for the central metal ions, the scale factor for 
B3LYP/6-31+G(d,p) with numerical value 0.9614 was used for same reason [29]-[31] to 
scale down the computed IR frequencies. Also, it is worth noting that in a preliminary 
study, the IR frequencies were calculated at B3LYP/6-31+G(d,p)/(SDD for metal ions) 
for some of the complexes in order to compared with those calculated at B3LYP/6-31+ 
G(d,p)/(LANL2DZ for metal ions) and very little discrepancies were observed with the 
calculated frequencies. 

IR vibrations of the OH group are generally found to be most sensitive to the envi-
ronment. As such, they show pronounced shifts in the spectra of the hydrogen-bonded 
species. The optimum absorption region of non-hydrogen bonded or a free hydroxyl 
group is 3550 - 3700 cm−1 [32]. In the case of their presence in a molecule, intra and in-
termolecular hydrogen bonding reduces the O-H stretching band to 3000 - 3550 cm−1 
region [33]. In the complexes studied the O-H stretching band are found between 3082 - 
3303 cm−1, signifying that all O-H groups in the complexes studied are engaged in 
intramolecular hydrogen bonding with the chloride ligands. The simulated IR spectra 
have also shown an intense and relatively sharp band in the range 1426 - 1554 cm−1 as-
signable to the stretching C-C vibrations of glyoxime moiety of the complexes. Com-
pared to the C-C stretching vibrations in the free glyoxime ligands (1234 - 1355 cm−1), 
these vibrations have shifted toward regions of very large wavelengths upon complexa-
tion, showing that the electron density in C-C bond is increased by transition metal 
complexation by the stated ligands. 

As a general observation in Table 5, significant shifts in IR vibrations occurred for 
the C = N bonds, implying that their vibrations are the most affected by complexation 
since their vibrational frequencies in the complexes significantly differ from those in 
the free ligands. The coordination of the vic-dioxime ligands to the metal center via the 
two nitrogen atoms is expected to reduce the electron density in the azomethine link 
and thus lowers the C = N absorption frequency. The C = N peaks of the complexes 
were indeed shifted to lower frequencies indicating the coordination of the azomethine 
nitrogen to the metal ions. 

3.5. Absorption Spectra Analysis 

The absorption spectral simulation of 3d metal(II) glyoximes complexes have been 
performed using Time-Dependent DFT calculations at the Cam-B3LYP/6-31G+(d,p)/ 
(LanL2DZ for metal(II) ions) levels of theory in gas phase. The calculated absorption 
energy, corresponding oscillator strength and orbital coefficients are summarized in  
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Table 5. Calculated vibrational frequencies (cm−1) at B3LYP/6-31+G(d,p) with LANL2DZ for 
metal(II). 

Molecules ῡ(O-H) ῡ(C = N) ῡ(N-O) ῡ(C-C) ῡ(C-H) 

1 3331 - 3668 1558 - 1638 863 1307 3045 - 3055 

1a 3246 - 3252 1500 - 1566 1091 - 1130 1439 3110 - 3119 

1a’ 3268 - 3274 1500 - 1568 1090 - 1124 1441 3108 - 3117 

1b 3166 - 3179 1569 1115 - 1136 1457 3097 - 3107 

1b’ 3183 - 3196 1565 - 1617 1109 - 1132 1452 3097 - 3108 

1c 3107 - 3126 1602 - 1640 1138 - 1148 1462 3093 - 3103 

1d 3151 - 3169 1608 - 1661 1135 - 1143 1465 3072 - 3081 

2 3676 - 3678 1608 - 1651 879 - 928 1355 2933 - 3027 

2a 3219 - 3225 1517 - 1572 1071 - 1186 1517 2938 - 3055 

2b 3151 - 3167 1584 - 1637 1093 - 1192 1449 2934 - 3059 

2c 3103 - 3124 1617 - 1656 1113 - 1199 1454 2933 - 3059 

2d 3147 - 3165 1619 - 1672 1109 - 1183 1456 2934 - 3057 

3 3231 - 3665 1485 - 1557 921 - 1059 1234 3069 - 3101 

3a 3202 - 3209 1515 - 1552 1082 - 1108 1427 3066 - 3100 

3b 3134 - 3150 1574 - 1608 1087 - 1106 1430 3067 - 3101 

3c 3082 - 3101 1625 - 1601 1073 - 1116 1434 3101 - 3068 

3d 3298 - 3303 1595 - 1637 1071 - 1098 1426 3074 - 3103 

4 3671 - 3673 1617 - 1623 932 1335 3058 - 3133 

4a 3176 - 3182 1564 1047 - 1141 1554 3080 - 3122 

4b 3175 - 3188 1555 - 1606 1038 - 1077 1482 3079 - 3123 

4c 3106 - 3127 1585 - 1623 1042 - 1110 1507 3079 - 3121 

4d 3129 - 3151 1585 - 1634 1033 - 1114 1437 3078 - 3120 

1a’: Calculated frequencies of Fe(II) complex with ligand 1 at B3LYP/6-31+G(d,p)/(SDD for metal ion). 1b’: Calcu-
lated frequencies of Co(II) complex with ligand 1 at B3LYP/6-31+G(d,p)/(SDD for metal ion). 

 
Table 6. To obtain the nature and the energies of the electronic transitions within the 
investigated complexes, the first twenty low-lying excited states have been calculated. 
The absorption energies with first two higher oscillator strengths are considered 
throughout the discussion in this paper. The TD-DFT results in Table 7 have shown 
that the lowest energy transition in the complexes correspond to electronic excitations 
from HOMO to LUMO. The absorption intensity is directly related to the dimension-
less oscillator strength value and the dominant absorption bands are the transitions 
with highest oscillator strength. 

For the first series of complexes, the most intense band was observed at: 295.02, 
326.80, 216.88 and 264.83 nm for the 1a, 1b, 1c and 1d complexes respectively. As evi-
denced in Figure 4(a), the absorption band for complex 1c has been found to be the 
most intense, with high oscillator strength, 0.4923. The intensities of the absorption  
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Table 6. Computed UV-Vis absorption bands, dominant transitions, and oscillator strengths (f) 
of metal 3d glyoximes complexes at B3LYP/6-31+G(d,p) with LANL2DZ for metal(II). 

Molecules Orbital transition 
Energy 

(ev) 
Wavelength 

(nm) 
Oscillator 
strength 

Character 

1a 
HOMO − 2 → LUMO + 1 

(0.67) 
4.2026 295.02 0.1634 ILCT/LMCT/LLCT 

1b HOMO − 2 → LUMO (0.72) 3.7938 326.80 0.0576 MLCT/LLCT 

1c 
HOMO − 7 → LUMO + 1 

(0.62) 
5.7167 216.88 0.4923 LMCT/LLCT/ILCT/d-d/MLCT 

1d HOMO − 2 → LUMO (0.56) 4.6816 264.83 0.2186 ILCT 

2a HOMO − 2 → LUMO (0.54) 3.4760 356.69 0.1588 LMCT/LLCT/ILCT 

2b HOMO − 2 → LUMO (0.59) 3.9155 316.65 0.0586 LLCT/MLCT 

2c 
HOMO − 8 → LUMO + 1 

(0.62) 
5.7857 214.29 0.4516 LMCT/LLCT/ILCT/d-d/MLCT 

2d HOMO → LUMO + 1 (0.70) 4.5480 272.61 0.1389 LLCT/ILCT 

3a HOMO − 2 → LUMO (0.45) 3.3972 364.96 0.3154 LMCT/ILCT 

3b HOMO − 1 → LUMO (0.53) 3.7523 330.42 0.1235 d-d/ILCT/LMCT 

3c HOMO − 1 → LUMO (0.64) 4.0710 304.56 0.2843 ILCT/LLCT 

3d 
HOMO − 10 → LUMO 

(0.96) 
3.6437 340.27 0.1971 LMCT/LLCT/ILCT/d-d/MLCT 

4a 
HOMO − 4 → LUMO + 1 

(0.48) 
3.1790 390.02 0.2849 LMCT/LLCT/ILCT/d-d/MLCT 

4b HOMO → LUMO (0.72) 2.6979 459.55 0.0792 ILCT/LMCT 

4c HOMO − 3 → LUMO (0.66) 3.5501 349.24 0.1166 LLCT/MLCT 

4d 
HOMO − 6 → LUMO + 1 

(0.97) 
3.7972 326.52 0.1290 LMCT/ILCT/LLCT 

 
bands of this series of complexes are in the decreasing order: 1c > 1a > 1d > 1b. 

The transition energy is inversely proportional to the absorption wavelength in each 
case, for instance, complex 1c has a high absorption energy (5.7167 ev) corresponding to 
the HOMO − 7 → LUMO + 1 electronic transition, which is observed at the wavelength 
216.88 nm. The molecular orbital compositions in Table 7 have revealed that 64.44% of 
the electron density in HOMO − 7 of 1c is localized mainly on the two chloride ligands 
and 61.81% of the electron density in LUMO + 1 is localized on the metal ions, hence 
the character for this transition is mainly ligand-to-metal charge transfer (LMCT). 

For the second series of complexes containing dimethylglyoxime as one of the li-
gands, the maximum absorption bands appeared at: 356.69, 316.65, 214.29 and 272.61 
nm for the 2a, 2b, 2c and 2d complexes respectively. It is clear from Figure 4(b) that 
the absorption band for complex 2c with high oscillator strength, 0.4516 is the most in-
tense. For this series, absorption intensities decrease in the order: 2c > 2a > 2d > 2b. As 
such, the most intense band in 2c is due mainly to the transition HOMO − 8 → LUMO + 
1. On the basis of the molecular orbital compositions in Table 7, the electron density in 
HOMO − 8 is localized mainly on the two chloride ligands (65.56%), and that of 
LUMO + 1 is localized mainly on the metal ions (62.15%), hence, the HOMO − 8 is es-
sentially the p-type orbitals p(Cl) on the chloride ligands (donors) whereas LUMO + 1 
is mainly the d-type orbital, d(Ni) on nickel(II) ion (acceptor). Therefore, the transition  
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Table 7. Frontier molecular orbital compositions for the ground states of metal 3d glyoximes 
complexes at B3LYP/6-31+G(d,p) with LANL2DZ for metal(II). 

Molecules Orbital Index M 2Cl− L Main bond type 

1a 
HOMO − 2 46 2.46 23.82 73.72 π(L) + p(Cl) 

LUMO + 1 50 16.51 2.8 80.69 π*(L) + d(Fe) 

1b 
HOMO − 2 47A 27.55 67.24 5.20 p(Cl) + d(Co) 

LUMO 50A 9.41 1.67 88.92 π*(L) 

1c 
HOMO − 7 42 17.71 64.44 17.85 p(Cl) + π(L) + d(Ni) 

LUMO + 1 51 61.81 23.18 15.01 d(Ni) + p(Cl) + π*(L) 

1d 
HOMO − 2 45B 1.00 5.47 93.53 π(L) 

LUMO 51B 5.46 1.08 93.45 π*(L) 

2a 
HOMO − 2 54 2.63 22.25 75.11 π(L) + p(Cl) 

LUMO 57 79.19 10.15 10.66 d(Fe) + π*(L) + p(Cl) 

2b 
HOMO − 2 55A 31.11 62.64 6.26 p(Cl) + d(Co) 

LUMO 58A 9.11 1.61 89.28 π*(L) 

2c 
HOMO − 8 49 15.60 65.56 18.83 p(Cl) + π(L) + d(Ni) 

LUMO + 1 59 62.15 22.34 15.51 d(Ni) + p(Cl) + π(L) 

2d 
HOMO 57B 6.43 80.68 12.89 p(Cl) + π(L) 

LUMO + 1 59B 6.19 1.26 92.55 π*(L) 

3a 
HOMO − 2 86 2.58 8.48 88.94 π(L) 

LUMO 89 76.66 9.91 13.42 d(Fe) + π*(L) 

3b 
HOMO − 1 88A 41.66 24.01 34.34 d(Co) + π(L)+ p(Cl) 

LUMO 90A 62.15 6.02 31.83 d(Co) + π*(L) 

3c 
HOMO − 1 88 9.24 20.88 69.88 π(L) + p(Cl) 

LUMO 90 7.95 1.49 90.56 π*(L) 

3d 
HOMO − 10 79B 17.91 61.05 21.04 p(Cl) + π(L) + d(Cu) 

LUMO 90B 54.44 28.18 17.38 d(Cu) + p(Cl) + π*(L) 

4a 
HOMO − 4 57 14.33 72.88 12.78 p(Cl) + d(Fe) + π(L) 

LUMO + 1 63 68.04 8.30 23.66 d(Fe) + π*(L) 

4b 
HOMO 61B 2.61 4.50 92.89 π(L) 

LUMO 62B 13.47 2.19 84.34 π*(L) + d(Co) 

4c 
HOMO − 3 59 24.26 69.45 6.10 p(Cl) + d(Ni) 

LUMO 63 7.00 1.22 84.38 π*(L) 

4d 
HOMO − 6 56B 17.84 61.48 20.36 p(Cl) 

LUMO + 1 64B 57.12 28.23 14.41 d(Cu) + p(Cl) + π*(L) 

 
character of the most intense band in 2c is principally ligand-to-metal charge transfer 
(LMCT). 
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Figure 4. Schematic of calculated electronic transitions of glyoximes complexes. 

 
In the case of the third series, the maximum absorption bands are: 364.96, 330.42, 

304.56 and 340.27 nm corresponding to the 3a, 3b; 3c and 3d complexes respectively. 
Hence, the most intense band with high oscillator strength (0.3154) is exhibited by 3a. 
The intensities of the dominant transitions in this series can be classified in the in-
creasing order: 3a > 3c > 3d > 3b (Figure 4). The maximum absorption band in 3a cor-
responds to the transition HOMO – 2 → LUMO. From the molecular orbital composi-
tions in Table 7, it is clear that the electron density in HOMO − 2 is mainly localized 
on the diphenylglyoxime ligand (88.94%) and that of the LUMO is similarly localized 
on the central metal (76.66%). As such, the HOMO − 2 is a π-donor and the LUMO is 
the d-type orbital of Fe. The main transition character of the most intense absorption 
band in 3a is ligand-to-metal charge transfer (LMCT). 

For the last series of complexes studied, the maximum absorption bands are respec-
tively 390.02, 459.55, 349.24 and 326.52 nm for the 4a; 4b; 4c and 4d complexes. Clear 
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from Table 7, the highest absorption energy was observed for the 4a complex (3.1790 
eV) corresponding to the HOMO – 4 → LUMO + 1 transition. From the molecular or-
bital composition analysis result in Table 7, it is obvious that the electron density in 
HOMO − 4 is mainly localized on the two chloride ligands (72.88%) and that of the 
LUMO + 1 is localized mainly on the metal ion which has contributed 68.04% of it, and 
the ligands (L) that have contributed 23.66%. It can be concluded from these results 
that the most intense electronic band in 4d has a mixed ligand-to-metal charge transfer 
(LMCT) and ligand-to-ligand charge transfer (LLCT) character (Table 6). 

4. Conclusion 

DFT and TD-DFT calculations were used to investigate the molecular properties of 
some 3d metal (II) chloride glyoxime complexes. The optimized geometries of the 
complexes studied revealed a nearly square planar geometry around the central metal 
ion in each complex. Our results showed the existence of hydrogen bonds between the 
two OH groups of glyoxime and the two chloride ligands in all complexes investigated, 
which significantly contribute toward the stabilization of the complexes. As a general 
observation for all the metal ions studied, the ligands showed the greatest affinity to-
ward the nickel(II) ion and the least affinity toward copper(II) ion. For the complexes 
studied, all complexation reactions were found to be thermodynamically feasible and 
exothermic. Natural population analysis showed the possibility of ligand-to-metal 
charge transfer. Electronic absorption bands obtained in the UV/Visible region have 
been attributed mainly to MLCT, LMCT and d-d electronic transitions involving met-
al-based orbitals. 
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