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ABSTRACT. The geometry structures of hexa-coordinated [NiLX]X complexes (X = Cl−, Br−, I−) {L = 8,9,18,19-tetrahydro-

7H,17H-dibenzo[f,o] [1,5,9,13]dioxadiaza cyclohexadecine-8,18-diol} are optimized by density functional theory (DFT) using

B3LYP/LANL2DZ. The calculated geometric parameters are in good agreement with the corresponding experimental values.

Calculation results about these complexes show that dipole moment decreases, and the energy levels of HOMOs descend from

iodo-complex to chloro-complex. The energy levels of HOMOs descend gently from iodo-complex to chloro-complex, while

the energy levels of LUMOs in the present complexes are almost similar; therefore the energy gapes between HOMOs and

LUMOs increased from iodo-complex to chloro-complex. 
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INTRODUCTION

Macrocyclic ligands, in particular, those containing

functional pendant arms and their metal complexes have

been frequently investigated due to their potential appli-

cations in different fields such as: catalysts,1−3 discovery of new

chemical sensors and optoelectronic devices,4−8 advance-

ment of bioinorganic chemistry to understand the chemistry

of metallo-protein and produce useful new biomimetic

reactions9−12 and continuing development of basic coor-

dination chemistry.13−15 It has been found that the kind of

central metal, its coordination environment, type of donor

atoms and the conformation of macrocyclic ligands can

influence these properties.16 The precise insight for syn-

thesizing such unique macrocyclic complexes is dependent

on the precise understanding about electronic structure of

these compounds which could lead to reach new compounds

with high performance in the above-mentioned applica-

tions.17−21 Therefore, molecular orbitals (particularly, HOMO

and LUMO) and their properties such as energy that are

very important parameters for quantum chemistry would

be very useful for physicists and chemists.22−26 In our pre-

vious works,27,28 we have reported the synthesis of some

nickel(II) complexes of two alcohol pendant arms mac-

rocyclic potentially hexadentate ligand(L) (Scheme 1) with

formula [NiLX]X (X = Cl−, Br−, I−) and their molecular

structures.

In the present study, we report a theoretical research on

the electronic structures of previously reported [NiLX]X

(X = Cl−, Br−, I−) complexes and the influence of coor-

dinated halides on their electronic structures, using DFT-

B3LYP/LANL2DZ.

COMPUTAIONAL DETAILS

The geometrical optimization and single point energy

calculation were carried out using GAUSSIAN0329 program.

The density functional theory (DFT) with Unrestricted

Becke’s three parameters(B3) exchange functional along

with the Lee–Yang–Parr(LYP) non-local correlation func-

tional (UB3LYP)31,32 the Los Alamos LANL2DZ31−33 effec-

tive core pseudo-potentials (ECP) and valence double Zeta

basis set.

Scheme 1. 
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RESULTS AND DISCUSSION

The octahedral [NiLX]+ (X = Cl−, Br−, I−) cation com-

plexes were optimized and the subsequent calculations

were continued by means of DFT-B3LYP. The optimized

geometry of arbitrarily chosen [NiLBr]+ cation complex is

shown in Fig. 1. Also, the ORTEP view of [NiLBr]Br com-

plex from ref 28 is brought in Fig. 1 to draw a comparison

between theoretical and experimental geometric param-

eters. Selected bond lengths and bond angles obtaining

from optimized structures of [NiLX]+ cation complexes

with those of experimentally determined by single crystal

X-ray diffraction taken from refs 27 and 28 are summarized

in Table 1. According to Table 1, most theoretical geo-

Figure 1. Optimized geometry of [NiLBr]+ by DFT-B3LYP/LANL2DZ (right) and [NiLBr]Br ORTEP view (left) from ref 28.

Table 1. Selected theoretical (by DFT-B3LYP/LANL2DZ) and experimental27,28 (by X-ray) bond lengths and bond angles of [NiLX]X (X
= Cl−, Br−, I−) complexes

[NiLCl]Cl [NiLBr]Br [NiLI]I 

Exp. Calc. Exp. Calc. Exp. Calc.

Bond Length (Å)

Ni(1)-N(1) 1.990 2.054 2.004 2.054 2.005 2.055

Ni(1)-N(2) 2.021 2.041 2.012 2.041 1.999 2.042

Ni(1)-O(1) 2.073 2.122 2.078 2.123 2.064 2.126

Ni(1)-O(2) 2.069 2.110 2.074 2.112 2.066 2.117

Ni(1)-O(3) 2.118 2.272 2.110 2.288 2.128 2.313

Ni(1)-X(1) 2.345 2.370 2.487 2.537 2.733 2.734

Angles (°)

N(1)- Ni(1)- N(2) 99.20 100.36 100.61 100.17 99.55 100.01

N(1)- Ni(1)- O(1) 88.30 85.81 88.41 85.74 87.48 85.55

N(2)- Ni(1)- O(1) 170.20 168.69 167.81 168.08 172.52 166.96

N(1)- Ni(1)- O(2) 169.30 169.49 168.04 169.01 167.28 167.97

N(2)- Ni(1)- O(2) 88.20 87.50 89.26 87.33 88.26 87.12

O(1)- Ni(1)- O(2) 83.59 85.32 80.90 85.48 84.38 85.55

N(1)- Ni(1)- O(3) 95.69 96.36 94.66 95.70 90.79 94.58

N(2)- Ni(1)- O(3) 94.44 97.15 92.45 96.60 101.09 95.70

O(1)- Ni(1)- O(3) 78.50 72.60 78.55 72.38 76.06 71.97

O(2)- Ni(1)- O(3) 75.84 75.58 78.03 75.31 77.79 74.95

N(1)- Ni(1)- X(1) 94.75 92.10 92.28 93.15 92.77 94.53

N(2)- Ni(1)- X(1) 93.65 92.70 93.34 93.83 91.10 95.19

O(1)- Ni(1)- X(1) 91.94 96.56 94.47 96.18 91.14 96.12

O(2)- Ni(1)- X(1) 92.55 94.51 93.89 94.37 97.14 94.46

O(3)-Ni (1)- X(1) 165.60 165.64 169.99 164.91 166.57 164.37
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metric parameters for [NiLX]+ species are in good agree-

ment with corresponding experimental data. The observed

remarkable deviations in some cases may rise because of

the following reasons: the selection of calculation method,

and the neglect of intermolecular interactions and crystal

packing effects. It should be pointed out that uncoordi-

nated alcohol pendant arm, coordinated alcohol pendant

arm and halides have participated in intermolecular inter-

actions according to refs 27 and 28 which are ignored in

current calculations that are based on the geometry in the

gas phase configuration of [NiLX]+ cation complexes.

Herein, in order to find out the influence of intermo-

lecular interactions, DFT-B3LYP theoretical and experi-

mental (from refs 27 and 28) intramolecular hydrogen

bond lengths between coordinated halide and uncoordi-

nated alcohol pendant arm in [NiLX]+ cation complexes

are illustrated in Table 2, and DFT-B3LYP optimized

structure involving this interaction for [NiLI]+ cation

complex is shown in Fig. 2. By comparison of these data,

it can be concluded that intramolecular hydrogen bond

interaction in gas phase is shortened in the absence of

intermolecular interactions which have been constructed

by agents such as coordinated halide and uncoordinated

alcohol pendant arm in [NiLX]+ cation complexes in the

solid phase.27,28

Frontier molecular orbitals of [NiLX]+ cation com-

plexes are investigated to find out the halide influence on

electronic structure of these complexes. The highest occu-

pied molecular orbitals (HOMO) and the lowest unoccu-

pied molecular orbitals (LUMO) of these systems are

shown in Figs. 3 and 4 and also some of the important cal-

culated structural parameters of the complexes are sum-

marized in Table 3. For clarity, orbital contributions of the

donor atoms in the coordination environment along with

nickel ion for all complexes in the Frontier MOs have also

Table 2. DFT-B3LYP theoretical and experimental intermolecular
hydrogen bond lengths (Å) between coordinated halide and unco-
ordinated alcohol pendant arm in [NiLX]X complexes

Complex 
X-ray Crystallographic

Data
UB3LYP/LANL2DZ

Data

[NiLCl]Cl 2.471 2.295

[NiLBr]Br 2.539 2.478

[NiLI]I 2.821 2.694

Figure 2. DFT-B3LYP optimized structure involving intramolec-
ular hydrogen bond between iodo and uncoordinated hydroxyl
group for [NiLI]+.

Figure 3. Plots of β-Frontier molecular orbitals for [NiLX]+

(X = Cl−, Br−, I−) cation complexes.

Figure 4. Plots of α-Frontier molecular orbitals for [NiLX]+

(X = Cl−, Br−, I−) cation complexes.
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been analyzed and shown in Table 4. 

According to Figs. 3 and 4 and Tables 3 and 4, it can be

observed that the contributions of halides in α-LUMO of

the complexes are similar and β-LUMOs are different in

contribution in a few percent so that the magnitude of con-

tribution of halide approximately becomes twofold in β-

LUMOs from chloro-complex to iodo-complex. Whereas,

the contributions of halides in both α-HOMOs and β-HOMOs

are different a few, and their values increased from chloro-

complex to iodo-complex. According to Table 3, the energy

levels of HOMOs descend gently from iodo-complex to

chloro-complex, while the energy levels of LUMOs in the

present complexes are almost similar. Changing in LUMOs

energy levels throughout these complexes is little due to

the lower contribution of halides in these orbitals, whereas

changing in HOMOs energy levels including higher con-

tribution of halides is considerable. 

The spin density distribution for nickel complexes was

calculated to view the electronic structure which illustrated

similar pattern in all complexes. For example, Fig. 5 shows

Table 3. Some calculated structural parameters of [NiLX]+ (X = Cl−, Br−, I−) cation complexes

Complex
α-HOMO

(eV)
α-LUMO

(eV)
α-HOMO-α-LUMO

Gap (eV)
β-HOMO

(eV)
β-LUMO

(eV)
β-HOMO-β-LUMO

Gap (eV)

[NiLCl]Cl −9.06 −5.05 4.01 −8.98 −5.11 3.87

[NiLBr]Br −8.61 −5.08 3.53 −8.54 −5.16 3.38

[NiLI]I −8.20 −5.12 3.08 −8.13 −5.24 2.89

Table 4. Frontier molecular orbitals relative compositions of coordination environment atoms for [NiLX]+ (X = Cl−, Br−, I−) cation complexes

Complex
Composition %

Ni O1 O2 O3 N1 N2 X

α-HOMO

[NiLCl]Cl 9.69 0.86 1.13 0.49 7.35 6.45 22.30

[NiLBr]Br 9.44 1.03 1.12 0.57 6.68 5.76 25.96

[NiLI]I 8.70 1.34 1.36 0.60 5.60 5.81 27.78

α-LUMO

[NiLCl]Cl 3.58 2.36 1.12 1.14 9.00 4.50 1.50

[NiLBr]Br 3.56 2.23 1.13 1.14 8.71 4.72 1.49

[NiLI]I 3.95 2.19 1.14 1.16 8.88 4.74 1.62

β-HOMO

[NiLCl]Cl 11.25 2.63 2.64 2.93 4.11 3.31 23.04

[NiLBr]Br 11.11 2.67 2.52 2.21 4.20 3.21 26.32

[NiLI]I 10.47 2.70 2.69 1.55 3.69 3.48 27.91

β-LUMO

[NiLCl]Cl 9.34 2.87 1.66 0.86 9.79 2.17 1.35

[NiLBr]Br 11.71 2.51 2.05 0.93 8.33 2.73 2.56

[NiLI]I 15.08 2.42 2.51 1.06 6.11 4.31 4.48

Figure 5. Spin density distribution of iodo complex (a) top and (b) front view. The hydrogen atoms are omitted for clarity. Positive
and negative values are represented as green and blue surfaces, respectively.
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spin density distribution of iodo-complex. The difference

between spin density values for nickel and halogen in the

complexes is considerable (see Table 5).

Table 5 also gives the calculated dipole moment in the

nickel complexes. It should be pointed out that the dipole

moment of the complexes is controlled by the axial sec-

tion in coordination environment of the structures (O(3)−

Ni(1)−X(1), see Fig. 1) and increasing the electronegativity

of the halogen could make the dipole moments of com-

plexes increased due to higher ability of charge separation

between the nickel and halogen (Table 5).

CONCLUSIONS

Theoretical investigation by using DFT-B3LYP/LANL2DZ

in [NiLX]X (X = Cl−, Br−, I−) complexes have been carried

out. The results of structural parameters illustrate that dipole

moment decreases, the energy levels of HOMOs descend

and the energy gap between HOMO and LUMO increases

from iodo-complex to chloro-complex, while the energy lev-

els of LUMOs in the present complexes are almost similar.
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Table 5. Spin densities on nickel and halogen atoms and Dipole moment values for [NiLX]+ (X = Cl−, Br−, I−) cation complexes

Complex Spin density on nickel Spin density on halogen Dipole moment (µ) (Debye)

[NiLCl]Cl 1.616 0.144 10.58

[NiLBr]Br 1.595 0.170 11.49

[NiLI]I 1.571 0.201 12.39
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