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Abstract
In this contribution, two mononuclear molybdenum complexes with H2L tridentate (ONO) Schiff base ligand are char-
acterized using computational techniques. Density functional theory (DFT) and its time extension (TD-DFT) calcu-
lations are performed to study the electronic structure in ground and excited state and to interpret the electronic ab-
sorption spectra in gas and aqueous phases. TDDFT calculations affirm that the LMCT charge transfer dominates for 
both complexes and a hypochromic effect on absorption properties is observed according to solvent substitution. All 
theoretical results compare nicely with available experimental data.
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1. Introduction
Transition metal complexes have attracted consid-

erable attention in the development of coordination 
chemistry; due to their high stability and their important 
properties in different oxidation state.1–3 These inorganic 
compounds exhibit a broad range of antiviral,4 antibacte-
rial,5–8 antifungal agents,9 anti-inflammatory activities,10 

transporting layer in organic light-emitting diodes11 and 
hold promise to be used in various chemical and physical 
fields. The interest on the mentioned compounds in-
creases during the last two decades, particularly for com-
plexes containing functional groups with lone electron 
pairs such as studied Schiff base molybdenum complex-
es.12–14

Molybdenum complexes with general formula 
[MoO2 (H2L)] 15–17 are used for their excellent properties 
as a stimulator in the enzymatic reactions.18,19 According 
to two studies (Rayati et al and Jain et al.),20,21  molybde-
num complexes with O and N donor ligands are seen as 
very strong and potential catalysts for both homogeneous 
and heterogeneous reactions. They are also used in some 
industrial processes such as epoxidation of olefins and am-
moxidation of propene.22

In fact, laboratory techniques, such as spectroscopic 
analysis, are used to understand the properties of metal 
complexes but these techniques are expensive, time-con-
suming, and in some cases not convincing to explain some 
molecular phenomena. Resort to theoretical chemistry, 
Density Functional Theory (DFT) and its time dependent 
extension, Time-Dependent Density Functional Theory 
(TD-DFT) are very solicited due to their ability to give ac-
curate results of the electronic structures and molecular 
properties.23

In a recent research, two types of mononuclear metal-
lic complexes [MoO2 (L) (H2O)] and [MoO2(L) (MeOH)] 
containing L tridentate (ONO) Schiff base ligand, where L 
(H2L) = 2,4-dihydroxybenzaldehyde and benzoylhydra-
zone, were synthesized. They were characterized using var-
ious spectroscopic and structural techniques including UV-
Vis, FTIR and XRD and an octahedral structural 
arrangement was observed. The electrochemical properties 
of the resulting metal complexes have been investigated by 
using cyclic voltammetry measurements.24

Although all their important experimental results of 
these complexes were reported, no theoretical background 
has been proposed yet to provide supplementary insights 
for the experimental data.
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The current contribution represents a theoretical 
study of structural, electronic and spectroscopic proper-
ties of these two complexes by using quantum calculations 
based on DFT and TDDFT approaches. 

2. Computational Details 
The ground state geometry of molybdenum com-

plexes was fully optimized using density functional theory 
(DFT) calculations25–28 based on CAM-B3LYP ex-
change-correlation functional29 with the double-ζ quality 
basis set LANL2DZ30,31 associated to a pseudopotential on 
Mo atom.  The 6-311G*basis set32, 33 was used for N, C, O, 
and H atoms. The electronic absorption spectra were sim-
ulated by using time-dependent density functional theory 

(TD-DFT)34 in gas and aqueous phase combined with po-
larized continuum model (PCM)35. The CAM-B3LYP ex-
change-correlation functional is known, because of its 
long-range corrections, to be well adapted to the calcula-
tions of charge-transfer spectra in complexes. All DFT/
TDDFT calculations were performed using GAUSSIAN 09 
Rev: D.01 program package.36

3. Results and Discussion  
3. 1. Optimized Geometry  

X rays diffraction (XRD) data of the molybdenum 
complexes revealed that the studied systems have a distort-
ed octahedral geometry with ONO deprotonated ligand 
via two phenolic oxygen and iminic nitrogen atoms. The 

Table 1. Selected experimental and theoretical geometric parameters at CAM-B3LYP/LANL2DZ/6-311G* level of complex 1.

Bond length (A°)					                                   Angle (°)
		    Theo 		   Exp24				       Theo 		     Exp24

Mo(1)-O(3)	 	1.711(0)		 1.7162	 	O(2)-Mo(1)-O(4)	 	145.21(5)		 150.058
Mo(1)-O(7)	 	1.694(3)		 1.6842	 	O(3)-Mo(1)-N(8)	 	152.77(2)		 155.208
Mo(1)-O(6)	 	2.488(2)		 2.3782	 	O(6)-Mo(1)-O(7)	 	173.88(5)		 173.589
Mo(1)-O(4)	 	2.001(6)		 2.0082	 	O(3)-Mo(1)-O(7)	 	107.46(6)		 105.539
Mo(1)-O(2)	 	1.976(3)		 1.9202	 	O(4)-Mo(1)-N(8)	 	  70.80(6)		   71.307
Mo(1)-N(8)	 	2.250(6)		 2.2402	 	O(3)-Mo(1)-O(4)	 	  96.48(1)		   96.848
N(8)-N(9)	 	1.379(6)		 1.4033	 	O(2)-Mo(1)-O(3)	 	101.35(5)		 103.768
N(9)-C(11)	 	1.289(2)		 1.3093	 	O(2)-Mo(1)-N(8)	 	  79.98(3)		   83.278
N(8)-C(16)	 	1.285(4)		 1.2823	 	O(4)-Mo(1)-O(6)	 	  78.86(2)		   97.608
O(4)-C(11)	 	1.319(2)		 1.3213	 	O(4)-Mo(1)-O(7)	 	101.79(8)		   96.691
O(2)-C(12)	 	1.330(6)		 1.3503	 	O(7)-Mo(1)-N(8)	 	  98.82(9)		   97.608
C(12)-C(15)	 	1.409(9)		 1.4113	 	O(2)-Mo(1)-O(7)	 	100.95(6)		   98.431
C(15)-C(16)	 	1.434(6)		 1.4223	 	O(3)-Mo(1)-O(6)	 	  78.41(0)		   79.957
C(10)-C(11)	 	1.473(2)		 1.4583	 	O(6)-Mo(1)-N(8)	 	  75.57(2)		   76.497

Figure 1. Optimized molecular structures of Schiff base and the two Mo complexes at CAM-B3LYP/LANL2DZ/6-311G* level
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optimized ground state geometries of complex 1, complex 
2 and Schiff base ligand at CAM-B3LYP level of theory are 
shown in Figure 1. The main optimized geometry parame-
ters associated to the complex 1 are collected in Table 1 
(complex 2 calculated structural parameters are given in 
supporting information file). It can be seen that the opti-
mized structure parameters are generally in good agree-
ment with the available experimental data.24 Slight differ-
ences between the calculated bond lengths and angles 
values and those given by the refinement of X-ray results 
are observed, these differences are within 0.02A° for bands 
and 2.1° for angles, respectively. This discrepancy may be 
partially assigned to the neglect of lattice interactions 
during DFT calculations. The largest difference occurs for 
O(4)-Mo(1)-O(6) angle which differs by 18° with the ex-
perimental value, a discrepancy probably due to the effect 
of neighboring molecules.

3. 2. Frontier Molecular Orbitals Analysis
Frontier molecular orbitals (FMO) have an import-

ant role for giving an insight into the chemical reactivities 
and some of the physical properties. The spectral proper-
ties of transition metal complexes are strongly related to 
the energy of these orbitals. According to Fukui’s theo-
ry,37,38 the reactivity of the complexes can be estimated 
using the energy gap (∆ΕH-L), the highest occupied mo-
lecular orbital (HOMO) could act as an electron donor 
while lowest unoccupied molecular orbital (LUMO) 
could be an electron acceptor, knowing that when the 
corresponding energy gap decreases, the reactivity of the 
complex increases and vice versa. The DFT molecular or-
bital diagram corresponding to the studied complexes are 

shown in Figure 2. It can be seen from this Figure that the 
energy gap of complex 1 (5.89 eV) is considerably higher 
than the energy gap of complex 2 (2.83 eV), which indi-
cates that the complex 2 is more reactive compared to the 
complex 1.

The contribution rate values of Mo central atom and 
the ligands are given in Table 2. The HOMO eigenvalue 
decreases from –7.43 eV in complex 1 to –11.22 eV in 
complex 2. The HOMO orbitals are mainly localized on 
ligands. The value of the contribution for non-metal atoms 
in HOMO, HOMO-1 and HOMO-2 are between 98% and 
100% in complex 1 and between 89% and 100% in com-
plex 2. These results predict that the electronic transitions 
are predominantly  occurred via a ligand-metal charge 
transfer (LMCT).

Furthermore, the difference between LUMO and 
LUMO+1 is of 0.26 eV in complex 1, suggesting that 
LUMO+1 can also easily contribute to electronic transi-
tion between HOMO and LUMO+1 whereas in the com-
plex 2, the energy difference between LUMO and LUMO+1 
is about of 3.04 eV, which confirms that LUMO+1 can’t 
participate in the electronic transfer.

3. 3. Absorption Properties 
The electronic transitions in metal complexes in-

volve electron transfer between metal atom and ligands. If 
the transfer occurs from ligand to the metal, the transition 
is called a ligand-to-metal charge-transfer (LMCT). If the 
electronic charge shifts from the ligand to another ligand, 
the transition is named ligand-to-ligand charge-transfer 
(LLCT). Intra ligand charge transfer (ILCT) arises from 
the transfer of electrons in the same ligand.

Table 2. Energy and composition of some selected MOs of Mo complexes.

	 MO	 Energy (eV)		 % of composition
		   	 Mo	 Oxo	 Schiff base

	 LUMO+3	   –0.51	 43	 14	   43
	 LUMO+2	   –0.78	 48	 21	   31
	 LUMO+1	   –1.21	 66	 18	   16
	 LUMO	   –1.56	 35	 44	   21
Complex 1	 HOMO	   –7.43	   0	   0	 100
	 HOMO-1	   –8.44	   0	   2	   98
	 HOMO-2	   –8.58	   0	   0	 100
	 HOMO-3	   –8.72	   0	   1	   99
	 HOMO-4	   –9.26	   0	 19	   81

	 LUMO+3	   –4.38	 36	 17	   47
	 LUMO+2	   –4.79	 66	 21	   13
	 LUMO+1	   –5.33	 24	 16	   60
	 LUMO	   –8.38	   2	 11	   87
Complex 2	 HOMO	 –11.22	   2	   9	   89
	 HOMO-1	 –11.68	   0	   0	 100
	 HOMO-2	 –12.00	   1	   6	   93
	 HOMO-3	 –12.31	   0	   3	   96
	 HOMO-4	 –12.84	   1	 38	   61

https://en.wikipedia.org/wiki/Ligand
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Figure 2. Frontier molecular orbital (FMO) diagram of complex 1 (left) and complex 2 (right)

Table 3. The experimental and theoretical electronic absorption wavelengths and important contributions for Mo complexes.

	 λExp
24(nm)	 lTheo (nm)	 Energy(eV)	 f	 Important contributions	 Nature

	 418	 402.34	 3.08	 0.23	 H→L (89.78%)	 LMCT/LLCT/ILCT
	

	 329	 323.36	 3.83	 0.14	 H→L+1 (85.34%)	 LMCT/LLCT/ILCT

	 	 301.30	 4.11	 0.64
	 H-1→L (40.98%)	 LMCT/LLCT/ILCT

					     H→L+2 (40.41%)	 LMCT/LLCT/ILCT
	

	 	 251.58	 4.92	 0.17
	 H-2→L (27.49%)	 LMCT/LLCT/ILCT

					     H-1→L+2 (21.86%)	 LMCT/LLCT/ILCT

	 408	 397.68	 3.11	 0.16	 H→L (89.21%)	 ILCT

		  321.59	 3.85	 0.08	 H→L+2(82.06%)	 LMCT

	 324				    H-6→L (39.14%)	 LMCT/LLCT/ILCT
		  310.87	 3.98	 0.01	 H-4→L (17%)	 LMCT/LLCT/ILCT
					     H-6→L+1(10.13%)	 LMCT/LLCT/ILCT
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Time-dependent density functional theory (TD-
DFT) calculations combined with CAM-B3LYP method 
have been performed in liquid phase to investigate the ab-
sorption properties of the two Mo complexes. The calcu-
lated absorption parameters with experimental data are 
listed in Table 3. The UV spectrum of complex 1 moni-
tored in Figure 3 shows four bands located at 402.34, 
323.36, 311.12 and 301.30 nm. The important contribu-
tions of orbitals in different transitions reported in table 3 
attribute these bands respectively to HOMO→LUMO, 
HOMO→LUMO+1, HOMO-1→LUMO, and HOMO→ 
LUMO+2due to π(H2L)→ d (Mo) charge transfer (LMCT) 
mixed with both π→ π* and n→ π* transitions (ILCT/
LLCT). Regarding the UV spectrum of complex 2 (Figure 

3), two principal bands were observed at 397.68 and 321.59 
nm attributed to π(H2L)→d(Mo) charge transfer (LMCT). 
The decrease detected in the absorption intensity gives a 
hypochromic effect. It’s due to the substitution of the li-
gand. 

3. 4. �Solvent Effect on Absorption  
Properties
TD-DFT calculations have been performed in order 

to predict the effect of different solvents on absorption 
properties in the UV range of complex1. Figure 4 are illus-
trate maximum absorption bands (λmax) in the obtained 
spectra of the studied compound in vacuum and in differ-

Figure 3. The theoretical UV-Vis spectra for two Mo complexes.

Figure 4. The theoretical UV-Vis spectra for complex1 in different solvents
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ent solvents: dichloromethane (CH2Cl2), methanol 
(CH2OH), dimethyl sulfoxide DMSO (C2H6OS), tetrahy-
drofuran THF ((CH2)4O) and acetonitrile (CH3CN). It 
can be seen that the complex 1 exhibits tow bands of max-
imum absorption between 400 and 225 nm for all solu-
tions and the spectra look the same. The decrease in ab-
sorption intensity indicates that the used solvents have 
simultaneously hypochromic effect on the absorption 
properties of the examined compound. Compared to those 
of complex 1 in vacuum the absorption shift to a longer 
wavelength (red shift) indicates that bathochromic shift is 
observed. Similar trends are observed in DMSO, methanol 
and acetonitrile solvents but with lower band intensities 
compared to dichloromethane. In the case of THF, no 
band appeared, indicating that the tested complex dis-
solved in THF does not exhibit typical absorption bands in 
UV range.

3. 5. Infrared Spectra
Fourier transferred infrared spectroscopy analysis is 

mainly used to identify the functional groups in the mole-
cules. In the case of our study, vibrational frequency calcu-
lations39,40 were performed at the same theoretical level to 
compare between the calculated IR spectrum of the com-
plex 1 and the experimental one. The absence of imaginary 
frequencies in the calculated vibrational modes indicates 
that the obtained optimized geometry corresponds to a 
minimum on the potential energy surface. The theoretical 
infrared spectra of the complex 1 and its ligand are shown 
in Figure 5 and 6 respectively. The experimental and theo-
retical vibrational wavenumbers and intensities for the 
complex 1 and the ligand are reported in Table 4. The com-

parison of the results displayed reveals that the experimen-
tal and the theoretical values of the vibrational wavenum-
bers are approximately close.

Regarding the IR signals of the ligand, tow intense 
bands are observed at 1672.30 and 1765.66 cm–1 corre-
sponding to ν(C=O) and ν(C=N) stretching of the imine 
group,41 respectively. Thin bands were observed in the 
range of 3160–3360 cm–1, assigned to the presence of hy-
drogen bonded ν (NH) and ν (OH).42,43 The existence of 
the above bands confirms that the ligand of the studied 
compound is a Schiff base with a hydroxyl substituent. 

As represented in Figure 5 and reported in Table 4, 
the dioxidomolybdenum (VI) complex with a cis MoO2 
part has two strong bands at 987.75 and 1023.18 cm–1, as-
signed to a symmetrical and asymmetrical ν (O-M-O) vi-
brations respectively.44, 45

The absence of NH vibration in IR spectra of the 
complex indicates that a nitrogen atom N coordinates Mo 
center by the free lone electron pair.

Table 4. The experimental and theoretical vibrational wavenumbers 
and intensities for the ligand and its Mo (VI) complex.

		                                   FTIR freq (cm–1)
	 Assignments	 Exp24	 Cal

	 ν (H2O)	 3512	 3794.93
	 ν (OH)	 3300	 3834.65
	 ν (CN)	 1614	 1633.91
	 ν(N2)	 1132	 1097.66
	 ν (CO)	 1240	 1248.9
	 ν(MO)	 565	 594.12
	 ν(MN)	 441	 382.05
	 ν(MO2)	 946	 1023.18

Figure 5. Theoretical IR spectra for complex 1
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4. Conclusion
In this paper, we investigated the structural parame-

ters, electronic structures and spectroscopic properties of 
two cis-dioxomolybdenum (VI) complexes using DFT and 
TDDFT calculations. The optimized geometries in the 
ground state show that the structural parameters are in 
agreement with the experimental values. The predominant 
transitions are governed by a ligand-metal charge transfer 
(LMCT) due to the electronic configuration of the metal 
atom Mo (VI) in the complex, which is equal to zero (d0), 
therefore, the d-d excited state is unavailable usually re-
ferred as metal-centered (MC) transition. UV-Vis spectra 
of complex 1 calculated in gas and in liquid phase solvents 
show a decrease in absorption intensity indicating that the 
used solvents have simultaneously hypochromic effect on 
the absorption properties. The complex dissolved in THF 
does not exhibit typical absorption bands in UV range. Ac-
cording to IR spectra, the observed bands confirm that the 
ligand of the studied compound is a Schiff base with a hy-
droxyl substituent. The disappearance of NH vibration in-
dicates that the nitrogen atom N coordinates Mo center by 
the free lone electron.
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Povzetek
V tem prispevku smo z uporabo računskih tehnik opredelili dva enojedrna molibdenova kompleksa s Schiffovo bazo H2L 
tridentatnim (ONO) ligandom. Teorija gostotnega funkcionala (DFT) in njeni časovno podaljšani (TD-DFT) izračuni 
so bili izvedeni v namen preučevanja elektronske strukture osnovnega in vzbujenega stanja ter za interpretacijo elektron-
skih absorpcijskih spektrov v plinski in vodni fazi. Izračuni TDDFT potrjujejo, da je LMCT prenos naboja prevladujoč 
za oba kompleksa. Opazili smo hipokromni učinek na absorpcijske lastnosti glede na substitucijo topila. Vsi teoretični 
rezultati se dobro ujemajo z razpoložljivimi eksperimentalnimi podatki
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