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ABSTRACT

In this study, the structural and bonding characteristic of 1-(2,6-Dimethylphenylamino)propane-1,2-dione dioxime ligand and
its nickel (I1) complex were examined by means of quantum chemical computations. Primarily, comprehensive calculations
were performed on these compounds with semi-empirical, Density-functional theory and Hartree-Fock methods by using
different basis sets. The structural accuracy of ligand and complex were investigated by comparing the calculated values to the
bond lengths and angles measured in X-ray structures. Then, comparison of the methods was made by considering quality
factors calculated for different basis sets of each method. The theoretical structural studies on ligand and complex were carried
out by Ultraviolet-Visible, Fourier Transform Infrared and Nuclear Magnetic Resonance spectral analysis. The calculated
vibrational bands, electronic absorption spectrum and NMR chemical shifts were determined to be consistent with the
experimental results. In addition, the characteristic of the metal-ligand interactions were demonstrated by natural bond orbital
analysis.
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1. INTRODUCTION

vic-Dioximes and their metal complexes have attracted considerable attention for their electrochemical
and analytical properties and their widespread uses in many important chemical operations in the fields
of catalysis, medicine and metallurgy. vic-Dioximes ligands capable of coordinating through N,N or
N,O donor atoms form the coordination compounds having extraordinary stability and excellent
electronic properties with transition metal ions. The nickel(Il) vic-dioxime complexes which were first
discovered by Tschugaev are used in many analytical methods such as voltammetry, thermal
decomposition and spectrophotometry [1,2].

With the vast development of computational chemistry in the past decade, it is possible to describe
correctly the chemical and physical properties of organic molecules and metal complexes from first
principles using various computational techniques [3-9]. The theoretical studies on oximes and their
coordination compounds have attracted a great deal of attention in recent years. Experimental studies
on oximes and their metal complexes were crosschecked by theoretical calculations. The computational
methods provide geometry optimization in order to determine the most stable structures of these
compounds and allow to study spectroscopic properties with reproduce the experimental values in terms
of electronic transitions, chemical shifts and vibrational frequency [9]. However, there are not enough
studies on the vic-dioximes and their metal complexes in terms of the quantum chemical and
spectroscopic properties in the literature. In previous works, 1-(2,6-Dimethylphenylamino)propone-1,2-
dione dioxime ligand containing vic-dioxime group (Figure 1) and its nickel (1) complex (Figure 2) was
synthesized and characterized by Fouier Transform Infrared (FT-IR), Nuclear Magnetic Resonance
(NMR), Ultraviolet-Visible (UV-Vis.) spectral data and X-ray diffraction [10-12]. In this study,
comprehensive quantum chemical calculations were performed on these compounds. Molecular
parameters of the compounds were optimized by using Density-functional theory (DFT), Hartree-Fock
(HF) and semi-emprical methods with different basis sets. The ground state bond lengths and angles for
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the optimized structures were compared with X-ray diffraction results. The comparison of theory and
basis sets used for the calculation were carried out with the quality factor Q [13] calculated for each
method. The vibrational spectra and assignments, *H NMR spectra and electronic absorption spectra
were investigated on ligand and its complex. The results indicate that these calculations are helpful for
understanding the molecular properties of vic-dioxime ligand and its nickel (I1) complex. The atomic
charges of the ligand were calculated to investigate its possible coordination modes by natural bond
orbital (NBO) [14] analysis. The metal-ligand interactions were also explored on the basis of natural
charges and the computed second-order perturbation energies [14]. These calculations are valuable for
providing insight into molecular properties of similar vic-dioxime compounds and vic-dioxime metal
complexes.

(b)
Figure 1. (a) X-ray [10] and (b) optimized structures of vic-dioxime ligand (red= oxygen; blue = nitrogen; gray =
carbon; white = hydrogen)

(b)

Figure 2. (a) X-ray [12] and (b) optimized structures of vic-dioxime Ni(ll) complex (red= oxygen; blue = nitrogen;
gray = carbon; white = hydrogen)

2. COMPUTATIONAL DETAILS

All of the computations were carried out with the Gaussian 09 program package and the GaussView 5
molecular visualization program [15, 16]. The molecular geometry of the vic-dioxime ligand and its
nickel (I1) complex were taken directly from the X-ray diffraction experimental results without any
restriction. The molecular structures of the ligand and complex in the ground state (in vacuo) were
optimized by density functional theory / The Becke’s three parameter hybrid functional and Lee—Yang—
Parr correlation functionals (DFT/B3LYP) [17-19] and Hartree Fock (HF) [20] methods with nine
different basis sets [3-21G, 6-31G, 6-31G(d), 6-31+G(d), 6-311+G(d), 6-311+G(2d), 6-311++G(d), 6-
311++G(2d), LANL2DZ]. The basis sets were enlarged starting from the smallest basis set 3-21G.
Besides, semi-empirical computational optimizations were made on the basis of the AM1 [21], PM3
[22] and PM6 [23] methods.

The vibrational harmonic frequencies of the title complex were calculated using the DFT/B3LYP hybrid
functional with 6-31G(d) and 6-311++G(2d) basis sets and HF method with 6-31G(d) basis set.
Vibrational band assignments were made using the Gauss-View molecular visualization program [16].
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The obtained frequencies were commented without scaling. The geometry of these compounds was fully
optimized together with that of tetramethylsilane (TMS). The theoretical *H NMR chemical shift values
were calculated within GIAO (the Gauge-Independent Atomic Orbital) approach [24] applying DFT
method with B3LYP/6-31G(d), B3LYP/6-311++G(2d) basis sets and HF method with 6-31G(d) basis
set in dimethyl sulfoxide (DMSO) solvent. The *H NMR chemical shifts are converted into the TMS scale
by subtracting the calculated absolute chemical shielding of TMS whose value as 32.16 ppm for B3LYP/6-
31G(d) level, 32.34 ppm for B3LYP/6- 311++G(2d) level and 32.89 ppm for HF/6- 31G(d) level. The
electronic absorption maximum wavelengths (Amax) in DMSO solvent were calculated using the time-
dependent DFT (TD-DFT) method at B3LYP/6-31G(d) level [25, 26]. Natural bond orbital (NBO)
analyses [27] were performed to investigate the metal-ligand interactions using the NBO 3.1 program.

3. RESULTS AND DISCUSSION
3.1. Geometry Optimization Calculations and Comparison of Different Methods

The crystal structures of the vic-dioxime ligand and its nickel (11) complex were formerly determined
using the single crystal X-ray method [11, 12]. In the complex, nickel atom was found to be coordinated
by four oxime N atoms resulting from two bidentate ligand molecules.

The computed structures for the ligand and its complex were achieved using the semi-empirical, HF and
DFT methods. These structures were compared with crystallographically obtained structures. The
accuracy was calculated as percentage error as shown in equation 1 to determine whether there was good
agreement between the calculated bond parameters and those detected from X-ray analysis. The
calculated bond length and angle errors are shown in Table 1. The molecular structures of the ligand
and its complex are shown in Figure 1 and 2, respectively.

| Calculate value — X ray value |
Error (%) = x 100% (1)
X ray value

Semi-empirical computational optimization for the ligand and its complex were performed on the basis
of the PM3, PM6 and AM1 methods. While all semi-empirical methods gave a suitable structure for the
ligand, only the PM6 method gave successful results for the complex. Among the methods used for
optimization, DFT method generally gives better results for bond parameters with less errors than other
two methods.

The quality of the reproducibility was surveyed by the quality factor Q defined equation 2 [13].

o= S g

The quality factor (Q) values are very useful in comparing the computational methods used in the
qguantum chemical calculations of a molecule. The fact that the Q value calculated for a computational
method is close to 1 indicates that the calculated bond parameters are in good agreement with those
measured by X-ray diffraction and the calculation method could be successfully reproduced the crystal
structure. It can be said that the bigger the Q value, the better the quality [13]. In order to determine the
computational method or methods which can produce the closest structures to the X-ray structures of
the ligand and complex, the quality factor (Q) values for different basis sets of DFT and HF methods
used in optimization of the ligand and its complex were calculated by using the Formula 2. The acacand
aobs iN the formula are correspond to the bond parameters (length and angle) that are calculated and detected
from X-ray analysis, respectively. The obtained Q values are shown graphically in Figure 3 and 4.
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Table 1. Calculated bond length and angle errors for vic-dioxime ligand and its Ni(ll) complex

Deviations in bond length % Deviations in bond angles %
Ligand Nickel Complex Ligand Nickel Complex
Method Non- Around Non-hydrogen |Non- Around Non-hydrogen
hydrogen |nickel atoms except |hydrogen |nickel atoms except
atoms for nickel atoms for nickel
B3LYP/3-21G 5.73-0,14 | 2.39-2.18 4.04-0.07 5.09-0.10 |11.42-0.21 2.63-0.03
B3LYP/6-31G 451-0.46 | 0.72-0.62 2.57-0.01 1.74-0.01 |0.66-0.00 2.76-0.01
B3LYP/6-31G(d) 0.57-0.80 | 0.89-0.71 1.86-0.10 2.16-0.01 |1.21-0.00 2.02-0.09
| B3LYP/6-31+G(d) 1.69-0.16 | 1.75-1.67 1.67-0.09 1.30-0.03 |0.55-0.00 2.46-0.03
a B3LYP/6-311+G(d) 1.48-0.07 | 1.98-1.95 2.12-0.04 1.31-0.02  |[0.59-0.00 2.51-0.01
B3LYP/6-311+G(2d) 1.90-0.00 | 1.81-1.80 1.90-1.01 1.26-0.05 |0.68-0.00 2.43-0.01
B3LYP/6-311++G(d) | 1.48-0.07 | 1.98-1.96 2.11-0.06 1.30-0.02 | 0.60-0.01 2.45-0.02
B3LYP/6-311++G(2d) | 1.28-0.00 | 1.81-1.80 1.90-0.01 1.25-0.05 [0.67-0.00 2.42-0.01
B3LYP/LANL2DZ 4.23-0.14 | 1.68-1.52 2.40-0.16 1.49-0.02 |0.75-0.00 2.88-0.04
3-21G 3.37-0.07 | 1.28-1.24 4.27-0.17 6.58-0.03 | 0.66-0.03 3.53-0.24
6-31G 1.40-0.00 | 3.79-3.75 2.27-0.07 2.82-0.06 |1.91-0.00 4.61-0.09
6-31G(d) 2.39-0.00 | 3.89-3.74 3.28-0.13 1.01-0.35 [1.63-0.00 4.91-0.12
6-31+G(d) 2.46-0.00 | 4.60-3.87 2.87-0.13 0.91-0.42 |1.69-0.00 3.33-0.08
% 6-311+G(d) 2.81-0.00 | 4.92-4.02 3.34-0.20 1.08-041 [1.85-0.00 3.15-0.09
6-311+G(2d) 2.67-0.07 | 4.81-3.95 3.14-0.15 1.23-052 4.17-0.00 2.88-0.02
6-311++G(d) 2.81-0.00 | 4.92-4.03 3.34-0.20 1.06-0.42 |1.85-0.00 3.16-0.08
6-311++G(2d) 2.67-0.07 | 4.82-3.95 3.12-0.15 1.21-0.52 [1.71-0.00 2.90-0.02
LANL2DZ 1.69-0.00 | 4.08-3.98 2.46-0.01 2.18-0.29 |2.24-0.00 4.29-0.01
AM1 7.31-0.07 Failed 7.11-0.12 Failed
E PM3 5.52-0.00 Failed 8.38-0.06 Failed
“PMm6 457-029 |293-023 [ 4.01-0.01 6.67-0.12 [ 2.06-0.00 | 3.62-0.01

As can be seen in the graph in the Figure 3a where the results of the basis sets used with the DFT/B3LYP
method in ligand optimization were compared, the Q values of 6-31G(d), 6-31+G(d), 6-311+G(d), 6-
311+G(2d), 6-311++G(d), 6-311++G(2d) are very close to each other and higher than those of other
basis sets, especially for bond lengths. It can be concluded that these basis sets reproduced better bond
lengths of the ligand than other basis sets. Moreover, all basis sets except 3-21G gave similar and quite
good results for bond angles of this compound.

When the same comparison is made for the HF method (Fig 3b), it can be said that the 6-31G and
LANL2DZ basis sets with slightly higher Q values than those of others are slightly more successful in
producing bond lengths of the ligand. For bond angles, the other basis sets except 3-21G gave very
similar results.

The Q values of the DFT and HF methods for same basis sets indicated that the DFT/B3LYP method
with large basis sets reproduced bond parameters of the ligand better than HF. For DFT and HF methods,
the calculated Q values generally do not change much with the enlargement of the basis sets. According
to these results, it can be said that the enlargement of the basis sets does not contribute to more accurate
production of the bond parameters.

The Q values of the basis sets used with the DFT and HF method in the calculations of the nickel
complex are presented comparatively in Figures 4a and b, respectively. For DFT/B3LYP method, Figure
4a indicates that the basis sets between 6-321G-LANL2DZ of which Q values fairly close to 1 are
reasonably successful in reproducing the bond angles around the nickel atom, while 6-31G and 6-31G(d)
gave slightly better results than the others for bond lengths around the metal atom.

For HF method, the Q values compared in Figure 4b demonstrate that 3-21G basis set is significantly
effective in production the bond angles and especially bond lengths around the metal atom according to
the large basis sets. All basis sets gave similar results for other bond parameters.
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Figure 3. Comprasion of the basis sets using the B3LYP method (a) and the HF method (b) for vic-dioxime ligand

For coordination compounds, bond lengths and angles around the central metal atom are of great
importance. The DFT method applied with the other basis sets except 3-21G is really better in
reproducing especially bond lenghts around nickel atom. than the HF method. The quality in the bond
lengths around metal atom became worse with addition of d polarization and diffusion functions to the
base sets after 3-21G for the HF method. In DFT and HF calculations, the enlargement in the basis sets
after 6-31G didn’t improve the quality in the bond angles around nickel atom.

According to total Q values of all the computational methods tested for the ligand and its Ni(Il) complex,

the DFT/B3LYP method with especially large base sets seems to be a good choice for the production of
most accurate bond parameters and the reproduce X-ray structures of vic-dioxim ligand and complex.
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Figure 4. Comprasion of the basis sets using the B3LYP method (a) and the HF method (b) for Ni(ll) complex

3.2. 'H NMR Spectroscopy

Gauge including atomic orbital (GIAO) *H NMR chemical shift values (with respect to TMS) were
computed using the DFT/B3LYP and HF methods with 6-31G(d) basis set and DFT/B3LYP method
with 6-311++G(2d) basis set. Since the experimental *H NMR spectra of the ligand and its complex
were recorded in deuterated dimethyl sulfoxide (DMSO-d6) solvent, the NMR spectra calculations were
performed in the same solvent. The theoretical *H chemical shift values of the compounds were
compared to the experimental chemical shift values. The results of these calculations are presented in

Table 2.

The deuterium exchangeable protons of the N-H and two O-H groups of the ligand showing
characteristic chemical shifts appear at a singlet at 6.96, 10.30 and 9.27 ppm, respectively in the

experimental *H NMR spectra.

Bond angles Other bond Other bond
around nickel distances angles
(b)
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The deuterium exchangeable protons of the N-H and two O-H groups of the ligand showing
characteristic chemical shifts appear at a singlet at 6.96, 10.30 and 9.27 ppm, respectively in the
experimental *H NMR spectra. These peaks were calculated as 5.60, 5.56 and 6.91 ppm at B3LYP/6-
31G(d) level, 6.16, 6.77 and 7.32 ppm at B3LYP/6-311++G(2d) level and 5.19, 4.68 and 5.81 ppm at
HF/6-31G(d)level, respectively. There are big differences between the theoretical and experimental
NMR shifts of ligand’s OH protons. The *H NMR spectrum of the diamagnetic nickel (1) complex
indicates O—H---O bridge formation resulting in a strong shift of the OH protons to lower field (15.37
ppm) compared to the free ligand [28-30]. This statement was calculated 12.38 ppm at B3LYP/6-31G(d)
level, 12.20 ppm at B3LYP/6-311++G(2d) level and 9.86 ppm at HF/6-31G(d)level. The multiple
signals between 7.11 and 6.40 ppm represent the aromatic protons of the phenyl groups of both ligand
and its complex, and they were found in the region of 7.69-7.01 ppm for all methods, as seen in Table
2. A singlet at 1.90/1.42 ppm (ligand/Ni complex) for CH; protons of the CH;—C=N- group was found
at intervals of 1.35-2.02/0.90-2.28 ppm at B3LYP/6-31G(d) level, 1.42-2.01/0.88-2.25 ppm at
B3LYP/6-311++G(2d) level and 1.38-2.40/0.78-4.61 ppm at HF/6-31G(d) level. The other computed
chemical shift values can be seen in Table 2.

Table 2. Theoretical and experimental *H NMR chemical shifts (ppm) for vic-dioxime ligand and its Ni (1)
complex calculated at the B3LYP/6-31G(d), B3LYP/6-311++G(2d) and HF/6-31G(d)levels.

Ligand Nickel Complex
Exp. B3LYP/ B3LYP/ HF/ Exp. B3LYP/ B3LYP/ HF/
[10] 6-31G(d)  6-311++G(2d)  6-31G(d) [10] 6-31G(d)  6-311++G(2d) 6-31G(d)
01-H-02! - - - - 15.37s 12.38 12.20 9.86
01-H02 - - - 1537 s 12.38 12.20 9.86
O1-H 10.30s 5.56 6.77 4.68 - - - -
02-H 9.27s 6.91 7.32 5.81 - - - -

N1-H 6.96 5.60 6.16 5.19 8.59s 5.34 6.42 5.34

N1-H - - - - 8.59s 5.34 6.42 5.34

C3-H 6.64— 7.01 7.33 7.35 7.11- 7.10 7.39 7.36
6.40 m 7.09 m

C3-H - - - - 7.11- 7.10 7.39 7.36
7.09m

C4-H 6.64— 7.10 7.37 7.61 7.11- 7.17 7.43 7.69
6.40 m 7.09 m

C4-H - - - - 7.11- 7.17 7.43 7.17
7.09m

C5-H 6.64— 7.10 7.43 7.42 7.11- 7.14 7.43 7.36
6.40 m 7.09 m

C5-H - - - - 7.11- 7.14 7.43 7.36
7.09m

C11-Ha 1.90s 1.35 1.42 1.38 142s 0.90 0.88 0.78

C11-Hs 1.90s 1.57 1.54 1.65 142s 1.03 1.02 0.78

C11-Hc 1.90s 2.02 2.01 2.40 142s 2.28 2.25 4.61

C11-Ha - - - - 142s 0.90 0.88 0.78

C11-Hs - - - - 1.42s 1.03 1.02 0.78

C11-Hc - - - - 1425 2.28 2.25 4.61

C7-Ha 2.10s 1.98 2.28 2.06 2.20s 1.98 2.21 1.94

C7-Hs 2.10s 2.30 2.51 2.49 2.20s 2.33 2.53 2.13

C7-Hc 2.10s 2.57 2.72 2.66 2.20s 2.51 2.57 1.99

C7-Ha - - - - 2.20s 1.98 2.21 1.94

C7-Hs - - - - 2.20s 2.33 2.53 2.13

C7-Hc - - - - 2.20s 2.51 2.57 1.99

C8-Ha 2.10s 1.79 2.06 1.20 2.20s 2.02 2.19 1.94

C8-Hs 2.10s 2.16 2.32 2.24 2.20s 2.18 2.32 1.99

C8-Hc 2.10s 2.42 2.63 2.42 2.20s 231 2.47 2.13

C8-Ha - - - - 2.20s 2.02 2.19 1.94

C8-Hs - - - - 2.20s 2.18 2.32 1.99

C8-Hc - - - - 2.20s 2.31 2.47 2.13
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As can be seen from Table 2, the theoretical *H chemical shift values obtained by the DFT methods at
the GIAO/B3LYP/6-31G(d) and 6-311++G(2d) levels are similar to each other, and the these results of
both methods are, in general, closer to the experimental *H shift data than the results obtained by the HF
method at the 6-31G(d) level.

3.3. IR Spectroscopy

Harmonic vibrational frequencies of the ligand and its complex were calculated by using DFT/B3LYP
method with 6-31G(d), 6-311++G(2d) basis sets and HF method with 6-31G(d) basis set. Some primary
calculated vibrational frequencies identified by using Gauss-View molecular visualization program are
summarized in Table 3 and compared the experimental data. As can be seen from Table 3, there are
some discrepancy between theoretical and experimental frequencies values. These differences arise
from the fact that the experimental spectra of the compounds have been recorded in the solid phase,
whereas the theoretical IR spectra have been calculated in the gas phase in which the molecules are
isolated. In addition to this, the experimental values are anharmonic vibrations, in contrast, the computed
frequencies correspond to harmonic vibrations [31].

In the experimental IR spectrum of the ligand, the strong v(OH), v(NH), v(C=N) and v(NO)
characteristic stretching vibrations bands were observed at 3457, 3380, 1648 and 963 cm™, respectively.
The calculated bands due to these stretchings were found to be 3779/3756, 3340, 1719/1675 and
1046/977/945 cm™* at the DFT/B3LYP/6-31G(d) level, 3809/3789, 3565, 1706/1657 and 1037/960/934
atthe DFT/B3LYP/6-311++G(2d) level and 4143/4129, 3832, 1962/1933 and 1182/1108/1067 at HF/6-
31G(d). The experimental FT-IR spectra of the complex displayed a weak deformation band at 1807
cm® together with the disappearance of (O—H) stretching band in the IR spectrum of free ligand. This
band is indicative of the intramolecular hydrogen-bonded bending vibrations (O—H---O) and was
calculated 1744 cm™ at the B3LYP/6-31G(d) level, 1727 at the B3LYP/6-311++G(2d) level and 1885
at HF/6-31G(d).

Table 3. Theoretical and experimental vibrational frequencies for vic-dioxime ligand and its Ni(ll) complex
calculated at the B3LYP/6-31G(d), B3LYP/6-311++G(2d) and HF/6-31G(d) levels.

Ligand Nickel Complex
Assigments® " Eyp B3LYP/ B3LYP/ HF/ Exp.  B3LYP/ B3LYP/ HF/
[10]  6-31G(d) 6-311++G(2d) 6-31G(d) [10]  6-31G(d) 6-311++G(2d) 6-31G(d)
v(O-H) 3457 3779 3809 4143 - - - 3635
3756 3789 4129
o(N-H) 3380 3567 3565 3832 3315 3543 3530 3815
0s(CH) phe. 3206 3203 3165 3382 3081 3206 3167 3385
vas(CH)pre. 3098 3185- 3147 3366 3019 3189 3149 3370
3177
vas(CHs3) 2956 3135- 3140- 3326- 2955 3161- 3130- 3336-
3113 3068 3274 3099 3067 3268
vs(CH3) 2859 3101- 3042- 3229- 2855 3052- 3029- 3229-
3042 3020 3217 3044 3023 3212
v(0-H---0) - - - 2430- 2754 2809 -
2354
5(0-H--0) - - - - 1807 1744 1727 1885
o(C=N)+ 1648 1719 1706 1962 1590 1631 1612 1752
5(0-H---0) 1675 1657 1933 1566 1549 1741
+ y(N-H)
v(N-O)+ 963 1046 1037 1182 989 1335 1304 1406
o(CHs) 977 960 1108 1223 1205 1315
945 934 1067 1113 1103 1228

2 v, stretching; J, bending vibration; y rocking; ®, wagging; s, symmetric; as, asymmetric.
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For the complex, the calculated bands at 1631/1566, 1612/1549 and 1752/1741 cm™ were assigned to
the stretching vibrations of C=N groups bound to the metal ion for the B3LYP/6-31G(d), B3LYP/6-
311++G(2d) and HF/6-31G(d).levels, respectively. The experimental »(C=N) vibration was appeared at
1590 cm™ in FT-IR. The experimental N-H and N-O stretching modes were observed at 3315 and 989
cm* and these were calculated at the region of 3530-3818 and 1406-1103 cm™* for all methods. As seen
from Table 3, the DFT levels used in this work produce results close to both each other and experimental
data.

3.4. Electronic Absorption Spectra

In previous publication, the experimental UV-Vis spectrums of the ligand and its Ni(ll) complex had
been recorded in the dimethyl sulfoxide (DMSO) solvent [10]. In this study, the electronic absorption
spectra of the compounds in the same solvation were calculated using the time-dependent DFT (TD-
DFT) method with the B3LYP/6-31G(d) level by applying the polarizable continuum model (PCM).
The major contributions of the transitions were analyzed using the Swizard program [32].

The calculated excited states, transition wavelengths (L), oscillator strengths are given in Table 4
together with experimental results. Since theoretical and experimental results are not consistent for the
HF theory, only calculated data using the DFT are given in this section.

The molecular orbital surfaces and energy levels of the ligand and complex are shown in Figure 5 (a)
and Figure 5 (b), respectively.

Table 4. Experimental and calculated electronic transitions, oscillator strengths and their assignments for vic-
dioxime ligand and its Ni(ll) complex®

Exp. (“"E)lg]“max) (iﬁlr;(; gigng th Major contributions
Ligand
290 281 0.124 H —> L (94%)
244 252 0.043 H — L+1 (69%)
248 0.035 H-1 - L (41%) H— L+1 (23%)
239.0 0.018 H — L+2 (51%) H-1 — L (33%) H-1 - L+1 (11%)
236 0.062 H-2 — L (83%)
221 222 0.042 H-4 — L (27%) H-1 — L+1(23%)
220 0.019 H-4 —»L (+26%) H-2 > L+2 (12%)
212 0.093 H-3 - L(34%) H-2 > L(7%)
210 0.017 H-5 - L (32%) H-3 — L (31%) H-4 — L(15%)
203 0.055 H-2 - L+1 (39%)  H-1 »>L+2 (33%) _ H-3 — L+0(+12%)
Nickel Complex
538 477 0.045 H— L (96%)
444 383 0.008 H-3 — L (93%)
356 369 0.009 H-1 > L+1 (76%) H-1 > L+2 (16%)
348 0.435 H-2 - L (84%)
314 319 0.036 H-5 - L+1(34%) H-11 > L (29%)
307 0.012 H-1 > L+2 (57%) H-9 - L (26%)
274 295 0.080 H-6 — L (30%) H-11 > L (21%)
203 0.055 H-6 — L (62%) H-8 - L (9%)
290 0.028 H-8 — L (63%) H-12 > L (9%)

@H : highest occupied molecular orbital (HOMO), L: lowest unoccupied molecular orbital (LUMO)

In the ligand, the vic-dioxime group plays an important role in HOMO (%52), HOMO-2 (%44), HOMO-
3 (%68), HOMO-4 (%90), HOMO-5 (%87) and LUMO (%72) molecular orbitals while HOMO-1
(%87), HOMO-2 (%51), LUMO+1 (%73) and LUMO+2 (%81) orbitals are delocalized on the phenyl
ring. The three absorption bands in the experimental spectrum of the ligand were observed at around
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221-290 nm. The absorption at 290 nm is contributed by the electron excitation from HOMO to LUMO
at 281 nm. The bands observed at 244 and 221 nm were calculated at 252, 222 nm. All these transitions

can be attributed to the m — ©* transitions [33].

LUMO+2 LUMO+1 LUMO HOMO
‘@
<)
" .&j
Pag $ J
o™ "3# i ]
e,e; 2, . v 4 3
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‘o o
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,&} “ 9
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? 2
, ‘{i‘ 2y b9
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(b)
Figure 5. Some molecular orbital surfaces and energy levels using for the vic-dioxime ligand (a) and its Ni(ll)
complex (b). (Green and red represent the positive and negative isosurfaces of molecular orbitals,

respectively)

J.a

J.J

In the nickel complex, LUMO, LUMO+1 and LUMO+2 are constructed from the d-orbitals of nickel

atom (5, 22, 27%), the p orbitals of vic-dioxime (78, 66, 58%), phenyl (5, 5, 4%) and other groups (12,

8, 10%). HOMO, HOMO-1, HOMO-2, HOMO-3, HOMO-5, HOMO-9, HOMO-11, HOMO-12 have

64, 91, 39, 11, 74, 27, 77, 43 % contrubition of vic-dioxime p orbitals. The contributions of nickel d
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orbitals to the same molecular orbitals are 23, 0, 24, 88, 2, 70, 20, 40%, respectively. HOMO-8
essentially consist of 7 orbitals of phenyl group (52 %) and the d-orbitals of metal (29%) while HOMO-
6 is composed of 86 % 7 orbitals of phenyl group. Experimentally, the absorptions at 538 (calcd. 477
nm) and 444 nm (calcd. 383 nm) attributed to HOMO — LUMO (%96) and HOMO-3 — LUMO (%93)
transitions, respectively. These absorptions can be ascribed to the MLCT (metal to ligand charge
transfer) transitions. The bands at 356 nm (calcd. 369 nm), 314 nm (calcd. 319 nm) and 274 nm (calcd.
295 nm) may be assigned mainly to LLCT (ligand to ligand charge transfer) transitions (see Table 4 for
the details).

3.5 .The Natural Bond Orbital (NBO) Analysis

The Natural Bond Orbital (NBO) analysis is a helpful tool to investigate the electrons movement
between ligand and metal atom [34]. The attractive metal-ligands interactions were studied based upon
natural atomic charges and the computed second-order perturbation energies [14]. Charges on all atoms
of the ligand and its complex were calculated from natural population analysis (NPA) and are listed in
Table 5. This donor—acceptor interaction between Ni and the ligands in the complex were quantitatively
described by using the interaction stabilization energy (E®) which resulted from the second order
perturbation theory analysis of Fock matrix in NBO basis (see Table 6).

Table 5. Selected natural atomic charges (e) for the vic-dioxime ligand and its Ni(ll) complex

Atom Ligand Ni Complex
Ni - 0.77026
N1(N1) -0.66020 -0.63427
N2(N2)) -0.19778 -0.26306
N3(N37) -0.12567 -0.09145
01(01) -0.60439 -0.62504
02(02) 0.58322 -0.53030

As can also be seen from natural atomic charges in the table 5, the binding sites of the vic-dioxime ligand
are favorably N atoms of the oxime groups. The charges on the N1(amine) atoms in both the complex
and the free ligand are close to each other. The difference between the charge of the N3 (oxime) atom
in the complex and in the free ligand can be taken into account as an approximation of the charge transfer
from the N3 atom to metal. But N2 (oxime) atom coordinated to nickel atom in the complex has a greater
amount of negative charge than its charge in the ligand. The reason of this may be the increase density
of electrons on N2=C9 oxime group together with the interaction of LP N1(amine) — N2=C9 (oxime)
[E®=99.81 kcal/mol]. The computed natural charge on the Ni atom in the complex is equal to 0.77026
e and less than +2 required for Ni*2. This indicates stronger donating from ligands in the nickel complex.

In the complex, the donor-acceptor interactions between Ni*? and the ligands are as follows:
a) o donation from lone pairs (LP) of N(oxime) atoms to unfilled p and d valence orbitals of Ni*?

b) donation from the N=C(oxime) and N=O(oxime) bonding orbitals to unfilled s and d valence
orbitals of Ni*?

c) back- donation from occupied d orbitals of Ni*? to anti-bonding orbitals of the N=C(oxime) and
N=0O(oxime) bonds

The major component of the charge transfer interactions is o-donation from the lone pairs of N(oxime)
atoms. As can be seen from Table 6, this interactions is larger than the N=C(oxime) — Ni and
N-O(oxime) — Ni donations. The calculated second-order perturbation energies demonstrate the lesser
importance of Ni — ligand back donation in the vic-dioxime nickel complex.
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Table 6. The computed charge transfer interactions in the vic-dioxime Ni(Il) complex

E®@ (kcal/mol)

N2-01(oxime) — Ni

1.71

N3-02(oxime) — Ni 2.00
N2=C9(oxime) — Ni 4.48
N3=C10(oxime) — Ni 3.95
LP N2(oxime) — Ni 68.73
LP N3(oxime)— Ni 54.75
LP Ni —» N2=C9(oxime) 1.82
LP Ni — N3=C10(oxime) 2.49
LP Ni—~> N2-O1(oxime) 1.91
LP Ni —» N3-02(oxime) 1.18

4. CONCLUSIONS

The geometry optimization of 1-(2,6-Dimethylphenylamino)propone-1,2-dione dioxime ligand and its
nickel (I1) complex were carried out using twenty one computational methods. The calculated results
were compared with the non-hydrogen bond lengths and angles measured in X-ray structures. The DFT
methods generally reproduced better crystal structures of the ligand and complex than HF methods and
they gave very good results especially for metal-ligand bond lengths according to HF methods. The
theoretical results demonstrate that the vibrational frequency and chemical shift values calculated by
DFT methods are in good concordant with the experimental data. The electronic properties of the ligand
and its complex were researched by using the TD-DFT method. The calculated data disclose that the
electronic transitions are mainly assigned to ©1 — n* for the ligand and MLCT and LLCT for its complex.
The natural charges on ligand and its nickel (I1) complex were derived from natural bond orbital (NBO)
analysis. The general view of the natural charges attribute to a large amount of charge donation from
ligands to Ni, when compared Ni — ligands back donation.
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