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Abstract:

We present a theoretical study of the structure and electronic and optical properties of several L,-M
compounds where L is bis(N-(5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-yl)ethanimidamidato, or
C11H11N40O,, and M = Co, Ni, Cu, Zn, Pd, Cd. Our calculations are carried out in the framework of the
density-functional theory (DFT) using several families of density functionals, namely semi-local
functionals, global hybrids and range-separated hybrids. Our results reproduce well the experimental
data concerning the structure of the recently synthetized L,-Cu compound. We also present the
infrared spectra and absorption spectra in the visible-UV domain. The changes induced by the
substitution of the Cu atom by another metal atom are investigated.
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1. Introduction

Oxadiazoles constitute an important class of ligands in coordination chemistry due to their use
in the synthesis of transition metal complexes. Such complexes have been demonstrated to bear
important biological activities such as antibacterial [1, 2], antimycobacterial [3], antifungal [4, 5], anti-
inflammatory [6, 7], analgesic [8] and anticonvulsant [9, 10]. There are three known isomers: 1,2,4-
oxadiazole, 1,3,4-oxadiazole and 1,2,5-oxadiazole. However, 1,3,4-oxadiazole and 1,2,4-oxadiazole are
better known, and more widely studied by researchers because of their many important chemical and
biological properties [11]. Oxadiazole based ligands have been used for complexation metals, such as
platinum, silver, palladium and copper [12-13]. The copper complexes with oxadiazol based ligands are
important functional units in bioinorganic chemistry [14]. Copper is an essential trace element that is
widely distributed in animal and plant tissues [15, 16]. It also acts as a cofactor for a number of
metalloenzymes such as catalase, peroxidase, cytochrome oxidase [17, 18]. The substantial
importance of copper in the biological systems has increased the interest in the coordination chemistry
of copper with N, O donor ligands as biomimetic systems [19].

Recently, the compound bis(N-(5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-
yl)ethanimidamidato)Cu, or (C11H1:1N405),-Cu, was prepared by solvothermal synthesis using 2-amino-
5-(4-methoxyphenyl)-1,3,4-oxadiazole and copper sulfate pentahydrate in an acetonitrile solution
[20]. Its structure has been determined from X-ray crystallography. The Cu(ll) atom lies on an inversion
center and is four-coordinated in a quasi-planar structure by four N atoms of the ligands obtained from
the formation of a bond between the amine N atom of the oxadiazole molecule and the nitrile C atom
of the solvent (Figure 1).

In the present paper, we investigate both the electronic and optical properties of this copper
complex, and also the changes in the properties when Cu is substituted by another metal. Our
theoretical investigations are carried out in the framework of the density-functional theory (DFT) using
several families of density functionals. Details of the calculations are given in the following section. In
section 3, we present and discuss our results concerning the structural parameters of L,-M compounds
where L=(C11H11N40;) and M= Co, Ni, Cu, Zn, Pd, Cd, and the electronic and optical properties.

2. Computational Details

The geometrical optimization were performed in the framework of the density functional
theory (DFT) using several density functionals, namely the second generation of type generalized
gradient approximation (GGA) called BP86 [21, 22], the meta-GGA MO06 [23], the global hybrids B3LYP
[24, 25] and PBEO [26], and the range-separated hybrids CAM-B3LYP [27] and ®B97x [28] which include
an increasing amount of exact Hartree-Fock exchange at long range. Metal atoms were described
through relativistic or quasi relativistic core potentials and the associated basis sets [29, 30], so that
only the valence electrons were treated explicitly, namely the electrons of shells n=3 and 4 for Co, Ni,
Cu and Zn, n=4 and 5 for Pd and Cd. The 6-31G+(d) basis sets were used for the other atoms[31].

The initial geometry was taken from the experimental data of L,-Cu [20]. Harmonic frequency
analysis was performed to guarantee that the optimized structures are local minima. Several spin
multiplicities were tested for each compound, and the most stable structure was found to be a singlet
or a doublet for closed and open shell systems respectively.



Further analysis and characterizations concerning electronic and optical properties were
performed at B3LYP and CAM-B3LYP levels. They include calculations of both vertical and adiabatic
ionization potentials, the natural population analysis (NPA) [32], and the calculation of the visible-UV
absorption spectra in the framework of Time-Dependent DFT (TDDFT) [33-35]. Excited states and
charge transfer character of electronic transitions were characterized by plotting the electron density
difference between the excited and ground states for the main peaks.

All calculations have been performed using the Gaussian09 suite of programs [31].

3. Results and Discussion

3.1 Structure and vibrational analysis of L,-Cu

Selected bond lengths and angles of the optimized L,-Cu complex are shown in Table 1. They
are calculated with several density functionals and compared to experiment data. All calculated values
are in good agreement with the experiments, since all differences between the theoretical and
experimental bond lengths are in the 0.01-0.02 A range. For further analysis, we have selected two
density functionals, namely the very popular B3LYP and its long-range corrected version CAM-B3LYP
which is expected to better predict the optical properties. Bond lengths and angles implying C and N
atoms are given in Table 2. The labelling of atoms can be seen in Figure 2. CAM-B3LYP is still excellent,
but B3LYP is also good. Table 2 gives also the structural parameters of the free ligand, i.e. when it is not
in contact to Cu. Two hydrogen atoms was added in the ligand, one H on N2 and one H on N3, to
investigate the properties of the free ligand. The complexation with Cu leads to an increasing of the C-
N bond lengths, except the N3-C4 bond length which is slightly shortened. The elongation is about 0.1
Angstrém for N1-C2 and C4-N5 bonds.

Major lines in infrared spectra are given in Table 3. The stretching vibrations of N-H, C-C, C-N
are clearly identified, as well as two stretching modes implying the copper atom at 697 and 990 cm™
at B3LYP level. The vibrational frequencies are slightly larger at CAM-B3LYP level, and the intensities of
the major lines are stronger.

3.2 Structure and electronic properties of L,-M, M=Co, Ni, Zn, Pd, Cd

We have substituted the copper atom by M = Co, Ni, Zn, Pd and Cd in order to study the
influence of the metal and to predict the stability and properties of compounds. All complexes are
found to be stable in a singlet state for M=Ni, Zn, Pd, and Cd, and in a doublet state for M=Co. After
the substitution, the geometrical structure of the complex is still somewhat similar to that of L,-Cu as
shown in Figure 1. The M-N bond lengths and angles are given in Table 4. The B3LYP bonds are 0.01-
0.02 Angstréom longer than the CAM-B3LYP values, while angles are very similar whatever the
functional is used. To the best of our knowledge, no experiment data are available. The natural atomic
charge and the natural electron configuration on metal atoms are given in Table 5. B3LYP and CAM-
B3LYP values are similar. As expected, all metal atoms have a positive net charge, it is ranged from
0.535to 1.239 a.u. at B3LYP level. The negative net charge on its first neighbors N atoms are larger for
N3 than for N2 due to the presence of hydrogen group on N3. Interestingly, the charge on nitrogen is
relatively few sensitive to the nature of the metal. The natural electron configuration of Co in the
complex (Table 5) could be compared to those of the Co atom in the doublet state (4s3d®), and one
can conclude that the positive charge on Co is due a loss of electron in both s and d shells. The situation
is similar for nickel complex when we take the doublet configuration (4s3d°) as a reference. In contrast,
the large positive charge on Zn and Cd is only due the loss of s-type electron, the d shell not being



perturbed. Pd losses some electrons d but gains some s and p type electrons. Let us note that in NPA
analysis of transition metals, the addition of a set of p-type empty orbitals (referred to as Rydberg
orbitals) to the valence orbitals mays lead in a different electronic configuration. The appropriateness
of using NPA on metal transition are discussed in more details in Ref [36-38]. Here we have used the
standard natural atomic orbitals as available in Gaussian09 [31].

Both the vertical (IP,) and adiabatic (IP,) ionization potentials are given in Table 6. The CAM-
B3LYP values are systematically larger than B3LYP data. The small difference between values of IP, and
IP, is explained by the very small deformation of the structure induced by the electron removing. The
stronger deformation happens for L,-Cu but stays small. During the ionization, the electron is extracted
from the highest occupied molecular orbital (HOMO) which is a delocalized w-type orbital involving
mainly C, N, and O atoms of the whole ligand. A participation of a d-type orbital on the metal occurs
in the case of L,-Pd and L,-Ni, and to a small extend in L,-Co and L,-Cu. As an illustration, the HOMO of
the L,-Pd compound can be seen in Figure 3. The very similar character of the HOMO, mainly extended
on the whole ligand, for all complexes leads to find IPs in a relatively narrow range of energy around 7
ev.

3.3 Absorption spectra

The absorption spectra calculated at both B3LYP and CAM-B3LYP levels for all complexes and
the ligand are shown is Figure 4. The spectra have been calculated up to 8 eV, and as no transition
occurs lower 3 eV, the spectra are shown in the 3-8 eV range of energy. All spectra presented in the
figure give both a stick spectrum with the oscillator strength as a function of the excitation energy and
a curve obtained by a Lorentzian broadening with a full width of half height of 0.05 eV.

We have calculated the spectrum of the ligand L whose the structure can be seen in Figure 2.
The B3LYP spectrum can be seen at the bottom of the figure 4. It is composed of a strong transition at
4.17 eV surrounded by two weak transitions at 4.06 and 4.21 eV, and followed by several small peaks
up to 6.5 eV, then several more significant peaks at 6.72 eV and in the 7-7.2 eV range of energy. Using
CAM-B3LYP, the transitions in the low energy region are blueshifted by about 0.5 eV as compared to
those of B3LYP, since the main transitions are calculated at 4.34, 4.59, 4.70 and 5.23 eV. In the high
energy domain, a relatively strong band between 6.50 and 7.08 eV is observed.

The B3LYP spectrum of all L,-M complexes contains many transitions well scattered on all the
range of energy, and with a strong response around 4 and 7 eV. We can distinguish three different
families of spectra. First, L,-Cu, L,-Zn and L,-Cd present a roughly similar spectrum with two intense
transitions at low energy (3.79 and 4.08 eV for L,-Cu, 3.88 and 4.10 eV for L,-Zn, 3.89 and 4.08 for L,-
Cd) and a strong band at about 7.1 eV. In contrast, the spectra of L,-Ni and L,-Pd show three peaks well
separated in the low energy region (3.42, 4.08, 4.52 eV for L,-Ni and 3.38, 4.11 and 4.63 eV for L,-Pd),
and a large band in the high energy region between 6.5 and 8 eV and composed of several peaks.
Finally, the spectrum of the complex L,-Co differs from all previous ones, as it is made of a large band
in the low energy domain with mainly peaks at 3.59, 3.77, 3.90, 4.16 and 4.30 eV, and a strong
transition at 7.1 eV.

When using the range-separated hybrid CAM-B3LYP which includes an increasing amount of
exact Hartree-Fock exchange at long range instead of a constant and low amount as in B3LYP, the
absorption spectra are modified. As expected [39], the long-range correction increases significantly



the oscillator strengths of dominant transitions, while it removes a large number of spurious states
with frequently low or zero oscillator strength. Although some changes occur in the spectra, the strong
responses around 4 and 7 eV still occur as a signature of the absorption by the ligand. The strong
transition near 7.1 eV does not involve the metal atom and the exact position is very few sensitive to
the metal. The exact position is 7.14, 7.13, 7.05, 7.13, 7.14, 7.14 for M = Co, Ni, Cu, Zn, Pd, Cd
respectively, compared to the value of 7.08 eV for the free ligand. In contrast, on the low energy region
the exact position of the strong transition is found to depend on the metal and located between 4 and
4.5 eV, while the transition is located at 4.70 eV in the ligand alone. The position is 4.46, 4.27, 4.43,
4.47,4.17 and 4.44 eV for M = Co, Ni, Cu, Zn, Pd, and Cd respectively. The participation of the metal
atom can be seen in Figure 5 in which the isosurface of the electron density difference between the
excited and ground states for the main peaks of L,-Pd and L,-Cu complexes are shown. Red colored
regions correspond to the depletion of the electron density during the transition while the blue regions
correspond to the accumulation of electrons. The excitation at 4.17 eV in L,-Pd involves the whole
ligand and also the Pd atom as a donor. At B3LYP level, this excitation is found at 4.11 eV (see figure
5). From Figure 5, it also appears that the lowest transition at 3.38 eV obtained with B3LYP has a strong
charge-transfer character since the electron is transferred from a molecular orbital involving a d-type
orbital on the Pd atom and p-type orbitals from N atoms (red color zone in figure 5) to an extended
zone on Cand O atoms (blue color in figure 5). This type of excitations are properly described only with
an asymptotically corrected functional and cannot be described with B3LYP [36]. Hence the transition
seems to be a so-called spurious state due to a poor description of long-range interactions at B3LYP
level. The spectra for L,-Ni and L,-Pd are still somewhat similar to each other. They are made of three
peaks in the 4-5.5 eV range of energy (4.27, 4.91 and 5.27 eV for L-Ni, and 4.17, 4.78 and 5.28 eV for
L,-Pd). In contrast, spectra of L,-Cu, L,-Zn and L,-Cd have no significant peaks in the 4.5-6 eV range of
energy. L,-Co is somewhat similar to the latter, but with a singularity as all main transitions are
surrounded by several less-intense peaks at both lower and higher energies.

The influence of the long-range exchange interaction, briefly discussed above for L,-Pd, is also
significant for the other complexes. For L,-Ni, the B3LYP transition at 3.42 eV is removed when CAM-
B3LYP is used. For L,-Cu, L,-Zn, L,-Cd the first transition near 3.8 eV also disappears, while the second
one at about 4.1 eV is blueshifted by about 0.3 eV. In figure 5, we show the depletion and accumulation
of the electron density during the transitions in the case of L,-Cu. Using B3LYP, the transition at 3.79 V
has a strong charge-transfer character since the electron is transferred from the metal and its N
neighbors to a distant region on the ligand. With CAM-B3LYP, this transition does not occurs alone,
since the first transition at 4.43 eV corresponds to a mixture of both B3LYP transitions at 3.79 and 4.08
eV respectively with a strong blueshift. Similarly, for L;-Zn and L,-Cd complexes, the CAM-B3LYP
transitions at 4.43 and 4.44 eV respectively, correspond to a superposition of the two B3LYP transitions
calculated at 3.88 and 4.08 eV. Finally, for L,-Co, the absorption band between 3.5 and 4.3 eV
calculated with B3LYP is substituted by a strong peak at 4.46 eV surrounded by two less-intense
transitions. Interestingly, the frontier molecular orbitals calculated using B3LYP and CAM-B3LYP are
somewhat similar, as shown in figure 3. However the HOMO-LUMO gap is much more significant with
CAM-B3LYP. Both the increase in the gap, and the more accurate treatment of long range exchange
interactions are responsible for the change in the absorption spectra. The present comparison
between B3LYP and CAM-B3LYP confirmed a consensus that many functionals (including B3LYP)
underestimate the charge-transfer excitation energy [40].

We have also calculated the absorption spectrum of L,-Cu complex using others density
functionals, namely BP86, PBEO and ®B97x. The spectrum obtained at PBEO was found to be somewhat
similar to that calculated at B3LYP level, while the BP86’s spectrum exhibits a redshift of about 0.4 eV



of the main transitions, and the occurrence of a strong transition at 4.5 eV. The spectrum obtained
using ®B97x is very similar to that of CAM-B3LYP except a blueshift of 0.2 eV of the whole spectrum.

4. Conclusion

We have presented a theoretical study based on DFT and TDDFT calculations on metal (M=Co,
Ni, Cu, Zn, Pd, Cd) complex with bis(N-(5-(4-methoxyphenyl)-1,3,4-oxadiazol-2-
yl)ethanimidamidato). The structural parameters for L,-Cu complex are in excellent agreement with
the experimental data, while no experimental values are available for the other complexes. The UV-
visible absorption spectra, calculated with both a global hybrid functional and a long-range corrected
hybrid functional, exhibit a strong response around 4 and 7 eV for all complexes. However, a more
careful analysis of the spectra leads to distinguish three families of complexes. The first one is
composed by L,-Cu, L,-Zn and L,-Cd, for which the spectrum exhibits an unique transition at low
energy, the second family consists of L,-Ni and L,-Pd, characterized by three transitions below 5.5 eV,
and the last family only contains L,-Co with a somewhat singular spectrum due to the presence of
many less-intense peaks at both lower and higher energies.
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Table 1. Selected bond lengths (in Angstrom) and angles (in degrees) of L,-Cu calculated with
several functionals and compared to experiment data [20].

B3LYP CAM- BP86 MO06 PBEO wB97X | EXP.
B3LYP
Cul-N2(A) 1.959 1.942 1.951 1.939 1.943 1.947 1.940
Cul-N3(A) 1.960 1.945 1.955 1.944 1.945 1.952 1.945
N2-Cul-N3(°) 91.58 91.47 91.05 91.2 91.4 91.65 92.61
N3-Cul-N2’(°) 88.42 88.53 88.95 88.8 88.6 88.35 87.39
N2-Cul-N3-N2'(°) 180. 180. 180. 180. 180. 180. 180.

Table 2. Selected bond lengths (in Angstrom) and angles (in degrees) of free L=(C11H11N40>)
calculated at B3LYP and CAM-B3LYP levels. Bond and angle values in L,-Cu complex are also
given in parenthesis for comparison to experimental data [20].

B3LYP CAM-B3LYP Expt
bonds (A°)
N1-C2 1.431 (1.317) 1.428 (1.311) 1.311
C2-N3 1.352 (1.350) 1.350 (1.344) 1.346
N3-C4 1.290 (1.321) 1.283 (1.317) 1.329
C4-N5 1.390 (1.334) 1.383 (1.325) 1.325
Angle (°)
N1-C2-C4 120.7 (125.44) 120.55 (125.46) 125.49
C2-N3-C4 126.0(119.07) 125.37 (118.85) 118.12
N3-C4-N5 134.5 (133.44) 134.0 (133.31) 133.28
N1-C2-N3-C4 170.8 (180.0) 170.8 (180.0) 177.4
C2-N3-C4-N5 174.6 175.4 177.4
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Table 3. Selected vibrational frequencies and Infrared intensities of L,-Cu complex calculated
using B3LYP and CAM-B3LYP.

Vibrational assignment B3LYP CAM-B3LYP
Frequency IR intensity Frequency IR intensity
(cm™) (103m mol?) (cm™) (103m mol?)

v(N-H) (stretching) 3500 254 3540 295

v(H2C-H) (stretching) 3039 124 3068 99

v(C=C) (stretching) 1674 216 1689 520

v(C-N) (stretching) 1638 626 1647 804

v(C-N) (stretching) 1579 773 1614 1281

v(C-CH3) (stretching) 1486 227 1523 231

V(Cu-N<) (stretching) 930 139 1029 247

V(=C-H) (bending) 877 148 900 175

v(Cu-NH) (stretching) 637 23 713 27

Table 4. Selected bond lengths (in Angstrom) and angles (in degrees) of L,-M (M = Co, Ni, Zn,
Pd, Cd) calculated at B3LYP and CAM-B3LYP levels.

B3LYP CAM-B3LYP

Col-N2 1.886 1.878
Col-N3 1.894 1.886
N2-Col-N3 90.85 90.86
N3-Col-N4 89.15 89.14
N2-Col-N3-N4 180. 180.

Nil-N2 1.869 1.857
Nil-N3 1.878 1.868
N2-Ni1-N3 90.29 90.28
N3-Nil-N2’ 89.71 89.72
N2-Ni1-N3-N2’ 180. 180.

Zn1-N2 2.052 2.028
Zn 1-N3 2.002 1.992
N2-Zn 1-N3 92.83 92.71
N3-Zn 1-N2’ 87.17 87.29
N2- Zn -N3-N2’ 180. 180.

Pd1-N2 2.001 1.989
Pd 1-N3 2.021 2.008
N2- Pd -N3 91.86 91.83
N3- Pd -N2’ 88.14 88.17
N2- Pd 1-N3-N2’ 180. 180.

Cd1-N2 2.255 2.230
Cd1-N3 2.202 2.187
N2-Cd1-N3 97.18 97.1

N3-Cd1-N4 82.82 82.9

N2-Cd1-N3-N4 180. 180.
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Table 5. Atomic charges (a.u.) and electron configuration in L,-M (M=Co,Ni,Cu,Zn,Pd,Cd)

complexes using the natural population analysis (NPA).

Atomic charge Electron configuration
B3LYP CAM-B3LYP B3LYP CAM-B3LYP
Co 0.630 0.609 450.363d7.654p0.404d0.025pO.Ol 450.363d7.574p0.394d0.025pO.Ol
N2 -0.405 -0.394
N3 -0.683 -0.756
Ni 0.578 0.585 450.363d8.634p0.144d0.015p0.285d0.01 450.363d8.624p0.014d0.015p0.425d0.01
N2 -0.392 -0.403
N3 -0.714 -0.728
Cu 0.897 0.908 450.393d9.304p0.434d0.015pO.Ol 450.373d9.274p0.424d0.015pO.Ol
N2 -0.598 -0.475
N3 -0.797 -0.811
Zn 1.211 1.217 450.423d9.964p0.404d0.01 450.403d9.964p0.414d0.01
N2 -0.525 -0.536
N3 -0.883 -0.893
Pd 0.535 0.548 550.404d8.775p0.266SO.015d0.016p0.01 550‘404d8'755p0'27650'015d0‘016p0'10
N2 -0.385 -0.397
N3 -0.708 -0.723
Cd 1.239 1.253 550-454d9-9650-3550.01 550-424d9-9550-3650.01
N2 -0.515 -0.625
N3 -0.881 -0.895
Table 6. Vertical and adiabatic ionization potentials (in eV).
[Pya) L2-Co L2-Ni L2-Cu L2-Zn L2-Pd L2-Cd
B3LYP 6.993 6.450 7.325 6.694 6.421 6.639
(6.857) (6.422) | (6.855) (6.585) (6.34) (6.542)
CAM-B3LYP 7.537 6.884 7.673 7.256 6.887 7.238
(7.374) | (6.778) | (7.047) | (7.129) (6.791) (7.102)
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Figure 1. Structure of the complex bis {N-[5-(methoxyphenyl)-1,3,4-oxadiazole-2-
yllethanimidamidato}Cu(ll) (C11H11N402)2Cu.

Figure 2. Structure of the ligand L=(C11H11N40;), N-[5-(methoxyphenyl)-1,3,4-oxadiazole-2-
yl]lethanimidamidato.
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Figure 3. Energy levels and shapes of the relevant frontier orbitals of L,-Pd.
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Figure 4. Calculated absorption spectra of the ligand L=(C11H11N402) and L,-M (M=Co, Ni, Cu,
Zn, Pd, Cd) complexes using B3LYP and CAM-B3LYP functionals.
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Figure 5. Isosurface of the electron density difference between the excited and ground states
for some of the main peaks of L,-Pd and L,-Cu complexes. Red colored regions correspond to
the depletion of the electron density during the transition while the blue regions correspond
to the accumulation of electrons (isovalue = 0.0003 a.u.).
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