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Abstract  

Complexation of quinoline aza oxa this 17-crown-6 (L) with some metal cations (K+, Na+, Li+, Mg2+) was studied 

through computational methods. Hartree-Fock method was employed to identify structure and 

thermodynamical binding constant of crown and metal ions complexes. The calculations were conducted at the 

HF/6-31g and HF/Lanl2DZ levels of theory. According to the obtained data Mg2+ ion formed the most stable 

complex with crown and equilibrium binding constants of complex formation has the following order: L. K+ < L. 

Na+ <L. Li+ <L. Mg2+. In order to verify the physical properties of free crown and complexes some important 

physical properties including band gap, energy, hardness and dipole moments were obtained and discussed. 

The electron distribution over the free crown and its L. Mg2+ complex was studied which showed that in the free 

crown and its L. Mg2+ complex, Highest Occupied Molecular Orbital (HOMO) were distributed mainly over the 

sulfur atom. For both of them Lowest Unoccupied Molecular Orbital (LUMO) were distributed over aromatic 

rings. HOMO and LUMO orbitals in L. Mg2+ complex was not distributed over Mg2+ ion and the ion remained 

bare. Also, atomic charges and charge transfer between donors and acceptors were studied using natural bond 

orbital analysis (NBO). The charge of Mg2+ ion in the complex is 1.69095 e. In order to study the effect of complex 

formation and structural changes on the aromaticity of rings, Nuclear Independence Chemical Shift (NICS) and 

aromaticity were obtained and discussed. 
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Introduction 

The first reported crown ethers were prepared by Pedersen in 1967 and their host-guest properties toward metal 

ions were identified [1]. The supramolecular properties of crown ethers were enhanced by several structural 

modifications such as application of softer donor atoms, especially nitrogen and sulfur in the cavity of crown 

ether [2], insertion of side chains (lariats) [3] in the crown ether structure and synthesis o f three-dimensional 

macrocycles [4].  

Supramolecular chemistry has been developed into new fields due to the mentioned changes in the macrocycles 

and similar structures as major building blocks of supramolecular assemblies [5-7]. In this content, plenty of 

applications have been explored for the wide range of macrocyclic architectures  [8,9]. They have also played a 

significant role in the synthesis and study of challenging molecular architectures [10]. Self-assembly of 

macrocycles is an important tool for the construction of supramolecular arrays such as nanostructures [11]. In 

fact, construction of supramolecular systems occurs through host-guest or similar interactions [12].   

In continuation of our researches on the synthesis and application of crown ethers and their derivatives [13], in 

this research computational study of metal ion complexation of 17-crown–6 containing quinoline was reported.   

Computational Methods 

Gaussian 09 software package was utilized to calculate the structures and properties of the system [14]. 

GussView 5 was also used to construct input files and observe the output files [15]. At first, a crown (L) was 

optimized using semi-empirical methods (PM6) and the frequency calculation shows that the first frequency 

mode is positive and there are no imaginary structures. Aza oxa thia crown structure and complexes were 

optimized using HF/6-31g and HF/Lanl2DZ levels of theory. DFT calculations led to the destruction of molecules, 
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thus we continue calculations using HF methods. Energy minima without imaginary frequencies confirmed the 

accurate calculations. Physical properties were obtained using optimized computation and frequency 

calculations. HOMO and LUMO orbitals of crown and Mg2+ complex was obtained using output files. The natural 

bond orbital analysis was performed using Mg2+ complex output. NICS aromaticity of aromatic rings in free 

crown and complexes were also attained using optimized structures. 

Results and Discussion 

Figure 1 shows the structure for crown (L).  At first, crown (L) was optimized using semi-empirical methods (PM6) 

and the frequency calculation shows that the first frequency mode is positive with no imaginary structures. Then, 

crown (L) and its metal ion complexes were optimized using the Hartree-Fock method with HF/6-31g and 

HF/Lanl2DZ methods and basis sets. The calculated physical properties are summarized in Table 1. Total energy, 

dipole moments and frontier orbitals energies (HOMO and LUMO) were extracted from output files. The 

hardness and polarizability as well as bandgap were calculated according to the following equations.  

For investigating the theoretical calculation of polarizability, the mean diagonal polarizability on the main axes 

was calculated as the polarizability.  

α = (1/3) (αXX+αYY+αZZ) 

More polarizability reflects less stability of a molecule or complex [16]. The bandgap is the difference between 

HOMO and LUMO orbitals. The higher band gaps between frontier orbitals show the more stability of the 

molecule or complex [17].  

Bandgap = ELUMO - EHOMO 

According to the following equation, hardness (η) is attained using ionization potential and electron affinity.   

The ionization potential and electron affinity could be obtained from the HOMO and LUMO energies  [18].  

η = (IP – EA)/2 = (ELUMO-EHOMO)/2        

EA = -ELUMO    IP = -EHOMO        

The energy of crown (L) and its metal ion complexes are reported in Table 1 and Figure 2. According to the data 

reported energy increases with the following order: L. Mg2+<L.Na+<L.Li+<La<L.K+<Lb. Mg2+ complex of crown 

(L) has the lowest energy and, as basis set comparison point of view, energy according to Lanl2DZ basis set is 

higher compared to 6-31g basis set for the crown (L). Based on the Bandgap, hardness of crown ether (L) and 

its metal ions complexes are appeared in Figure 3. According to Figure 3 and Table 1, the order of band gap is 

L. Na+>L.Li+>La>Lb>L.Mg2+>L.K+ and hardness order is L. Na+>L.Li+>La>Lb>L.Mg2+>L.K+. Band gaps of L. Na+ 

and L. K+ complexes are strongly smaller than those of other band gaps. The hardness of complexes is 

approximately similar to crown (L) (Figure 3). Similar to other physical properties, dipole moments of crown (L) 

and complexes are reported in Table 1 and Figure 4. According to the data, the orders of dipole moments are: 

L. Mg2+>L.Li+>L.Na+>L.K+>La>Lb. The calculated dipole moment of L. Mg2+ complex is the highest. The dipole 

moment of crown (L) obtained from Lanl2DZ basis set is higher compared to 6-31g basis set. 



To Chemistry Journal Vol 4 (2019) ISSN: 2581-7507                                                       http://purkh.com/index.php/tochem 

27 

 

Figure 1: Crown ether (L) structure 

Table 1: Calculated physical properties of crown (L) and its metal ion complexes 

dHard. 
Dip. 

cMom./D. 

Band 

Gap/ev 
/evLUMOE /evHOMOE Energy/A.U. Entry Row 

0.18983 3.9717 0.37966 0.08326 -0.29640 
-

1406.87919474 
La 1 

0.186125    3.9354 0.37225 0.07216 -0.30009 
-

1019.41951892 
Lb 2 

0.190935 5.2391 0.38187 -0.02749 -0.40936 
-

1414.32047006 
L.Lia 3 

0.191345 5.1302 0.38269 -0.02935 -0.41204 
-

1568.68989017 
L.Naa 4 

0.175365 4.4887 0.35073 -0.07305 -0.42378 
-

1047.20144687 
L.Kb 5 

0.18595 6.7447 0.3719 -0.16726 -0.53916 
-

1606.23015487 
L.Mga 6 

      a: HF/6-31g, b: HF/Lanl2DZ, c: Dipole Moments/Debye, d: Hardness                                                                           

         >L+>L.K+>L.Na+L. Mg2+>L.LiDipole moments  
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Figure 2: Energy of crown (L) and its metal ion complexes 

 

Figure 3: Band Gap and Hardness of crown (L) and its metal ions complexes 

 

Figure 4: Dipole moment of crown (L) and its metal ion complexes 
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Table 2: Thermal properties (ΔH and ΔG) of crown (L) and its complexes 

∆G, Hartree/Part. ΔH, Hartree/Part.d Entry 

-1406.534680 -1406.465449 aL.HF  

-1019.075628 -1019.006011 bL.HF 

-1413.971637 -1413.902151 +aL.Li 

-1568.345551 -1568.272925 +aL.Na 

-1046.861508 -1046.785086 +bL.K 

-1605.878728 -1605.810973 2+aL.Mg 

-7.248228 -7.233120 +aLi 

-161.673705 -161.656916 +aNa 

-27.720882 -27.703345 +bK 

-198.826198 -198.809349 2+aMg 

a: HF/6-31g        b: HF/Lanl2DZ 

Table 3: Thermal properties (ΔH and ΔG) of complex formation reactions  

fLogK fK 
ΔΔG, 

Kcal/mol 

ΔΔH, 

Kcal/mol 

ΔΔG, 

Hartree/Part. 

ΔΔH, 
cHartree/Part. 

Entry 

86.809 866.445×10 -118.429 -127.749 -0.188729 -0.203582 +aL.Li 

63.092 631.236×10 -86.073 -94.478 -0.137166 -0.15056 +aL.Na 

29.897   7.893×1029 -40.787 -47.521 -0.064998 -0.07573 +bL.K 

238.194 2381.564×10 -324.955 -336.455 -0.51785 -0.536175 2+aL.Mg 

a: HF/6-31g b: HF/Lanl2DZ c: Hartree/Particle = 627.509 Kcal/mol 

L.K+ < L. Na+ <L. Li+ <L. Mg2+ 

Based on the data reported in Tables 2 and 3, formation constants of complexes showed the following order L. 

K+ < L. Na+ <L. Li+ <L. Mg2+. Mg2+ ion, with the crown (L) forming the most stable complex. Complex formation 

between crown and metal ions depends on the temperature, size of crown ring, radius of metal ion, types of 

donors in crown ring and molecule, charge of metal ion, solvent and three-dimensional structure of crown. In 

Fig. 5, the optimized structure of L using HF method is appeared and in Figure 6 to Figure 9 from two sides, the 

optimized structures of metal ions complexes with L are also reported. 
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Figure 5: The calculated 3D structure of crown ether (L) from two sides using HF/6-31g 

 

Figure 6: The calculated 3D structure of Li+ complex with crown ether (L) from two sides 

 

Figure 7: The calculated 3D structure of Na+ complex with crown ether (L) from two sides 
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Figure 8: The calculated 3D structure of K+ complex with crown ether (L) from two sides 

 

Figure 9: The calculated 3D structure of Mg2+ complex with crown ether (L) from two sides 

 

Figure 10: HOMO orbital of crown ether (L) from two sides 
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Figure 11:  LUMO orbital of crown ether (L) from two sides 

HOMO and LUMO orbitals of crown (L)-Mg2+ complex is reported in Figures 12 and 13. The HOMO orbital is 

strongly distributed on sulfur atom; while the LUMO orbital was extensively distributed on the quinoline ring.  

 

Figure 12:  HOMO orbital of crown ether (L) and Mg2+ complex from two sides 

 

Figure 13:  LUMO orbital of crown ether (L) and Mg2+ complex from two sides 

Natural Bond Orbital Analysis (NBO) 

NBO analysis provides an intensive tool for investigation of bonding, bonding interactions, charges on atoms 

and intramolecular and intermolecular charge delocalization in molecules and self-assembled systems. Thus, 

natural bond orbital analysis for L. Mg2+ complex was carried out; moreover, charges on atoms (Table 4) and 

interacting energies (E2) between donor (i) and acceptors (j) were reported (Table 5).  E2 (i→j)  is energy of 

delocalization and represents the charge transfer between donor (i) and acceptor (i) atoms. E2 of charge 

delocalization between donor and acceptor could be obtained using the following equation:  

E2 = ΔEij = qi F2(i,j) /(εi-εj) 
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In which, qi is equivalent to the donor orbital occupancy, εi and εj are diagonal elements (orbital energies) and 

F(i,j) are the off-diagonal elements of NBO Focks’ matrix. The natural charges of heteroatoms in Mg2+ complex 

and crown (L) were obtained from NBO analysis is appeared in Table 4. According to Table 4, Mg2+ metal ion in 

corresponding complex has charge of 1.69095 e. 

Table 4: Calculated NBO charges of L. Mg2+ complex 

Atom No Natural 

Charge  

Atom No Natural 

Charge  

C 1 -0.20338 H 24 0.28087 

C 2 -0.25351 H 25 0.26851 

C 3 0.30929 H 26 0.27561 

C 4 0.17004 H 27 0.29404 

C 5 -0.09556 H 28 0.28384 

C 6 -0.18426 H 29 0.26221 

N 7 -0.72828 H 30 0.24153 

C 8 0.16665 H 31 0.25403 

C 9 -0.30917 H 32 0.26052 

C 10 -0.06319 H 33 0.30422 

S 11 0.27095 H 34 0.24646 

O 12 -0.73129 H 35 0.25362 

C 13 -0.09688 H 36 0.26187 

C 14 -0.09141 H 37 0.23365 

O 15 -0.75159   H 38 0.25836 

C 16 -0.61105 H 39 0.24323 

C 17 -0.07257 H 40 0.23757 

O 18 -0.79026 H 41 0.26007 

C 19 -0.09449 H 42 0.26090 

C 20 -0.09339 H 43 0.26665 

C 21 -0.08648   H 44 0.26384   

C 22 -0.09651 Mg 45 1.69095 

O 23 -0.76622    

E2, E(j)-E(i) and F(i,j) obtained from NBO analysis are reported in Table 5. According to Table 5, the strongest 

interactions are the intramolecular interactions of C-C bonds.  
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Table 5: NBO results of highest interactions between donors and acceptors for L.Mg2+ complex 

Donor NBO (i) Acceptor NBO (j) 
E (2) 

kcal/mol 

E(j)-E(i) 

a.u. 

F (i, j) 

a.u. 

C   9 - C 10 N   7 - C   8 70.58 0.41 0.155 

C   2 - C   3 C   1 - C   6 93.01 0.04 0.115 

C   4 - C   5 C   1 - C   6 80.58 0.06 0.116 

C   4 - C   5 C   2 - C   3 286.65 0.02 0.119 

C   4 - C   5 C   9 - C 10 103.39 0.05 0.115 

N   7 - C   8 C   4 - C   5 77.21 0.07 0.101 

Nuclear Independent Chemical Shifts (NICS) study 

In order to investigate the effect of complex formation on aromaticity of pyridine and benzene moiety of 

quinolone, NICS (0) was calculated and reported in Table 6. According to NICS (0), no significant change was 

observed in aromaticity of crown and complexes.  

Table 6: NICS (0) of crown and complexes for pyridine (P) and benzene moiety (B) of quinoline 

NICS (0), B NICS (0), P Species 

-9.1394 -6.5738 Crown (1) b 

-9.3242 -6.1232 L.Li+a 

-9.7410 -5.8928 L.Na+a 

-8.6004 -6.5876 L.K+b 

-9.8454 -6.2280 L.Mg2+a 

                                                          a: HF/6-31g, b: HF/Lanl2DZ 

Conclusions 

The complex formation of quinoline aza oxa thia 17-crown-6 (L) with some metal cations (K+, Na+, Li+, Mg2+) has 

been studied theoretically. The calculations were conducted at the HF/6-31g and HF/Lanl2DZ levels of theory. 

According to the data obtained Mg2+ ion formed the most stable complex with crown and equilibrium binding 

constants of complex formation is: L. K+ < L. Na+ <L.Li+ <L.Mg2+. The electron distribution over free crown and 

its L. Mg2+ complex was mainly over sulfur atom, using Highest Occupied Molecular Orbital (HOMO), and for 

both of them, Lowest Unoccupied Molecular Orbital (LUMO), were distributed over aromatic rings. HOMO and 

LUMO orbitals in L. Mg2+ complex was not distributed over Mg2+ ion and the ion are bare. Also, atomic charges 

and charge transfer between donors and acceptors in complex were studied using natural bond orbital analysis 

(NBO) and charge of Mg2+ ion in complex is 1.69095 e. Nuclear Independence Chemical Shift (NICS(0)) 

aromaticity for crown and complexes in two rings of quinoline (benzene and pyridine ring) were calculated and 

shows no significant change in aromaticity. 
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