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Abstract. Coordination compounds are compounds consisting of a metal atom as a 

center surrounded by ligands, which are important in applications such as catalysts 

and pharmacological sensors. Salophen, as one of the organic ligands, is capable of 

forming complexes with various metal ions. This study uses a computational chemistry 

approach to model the geometry, electronic properties, and bond vibrations of 

compound complexes between salophen and Zn(II), Cd(II), and Hg(II) metal ions using 

the PM6 semiempirical method. Modeling results show that the metal ion radius affects 

the dihedral angle of salophen, with the largest angle occurring in the complex with 

Hg(II) ions, while the complex with Cd(II) ions tends to be close to planar. FTIR analysis 

shows that the vibrational pattern is influenced by the bond length of salophen with 

metal ions. In addition, the HOMO-LUMO gap energy of the three complexes is also 

slightly different, with the Zn-salophen complex having the smallest Egap of 0.25709 

eV.

Introduction 

Coordination compounds are compounds consisting of a 

central metal ion surrounded by ligands. These 

compounds have a wide range of applications, such as in 

the fields of catalysis (Bhat & Darensbourg., 2023), sensors 

(Gul et al., 2023), and medicine (Yunus et al., 2023). One 

type of research that is currently developing is theoretical 

modeling research (Liu et al., 2017a; Streitwieser et al., 

2010). This research uses computational chemistry 

methods to predict the properties of coordination 

compounds, such as structure, energy, and spectroscopic 

properties. 

Salophen is an organic compound that can form 

coordination compounds with various metal 

ions (Groysman et al., 2005; Meijboom et al., 2009; Mota et  

 

 

 

 

 

 

al., 2012; Wu et al., 2008). This compound has four 

lone pair electron donor atoms that can form coordination 

bonds with metal ions. Theoretical modeling with 

computational chemistry can be used to study the 

properties of salophen coordination compounds. One 

method that can be used is the PM6 semiempirical method. 

This method is faster in calculation than the ab initio 

method but can still provide accurate results. The PM6 

semiempirical method can be used to study salophene 

coordination compounds more quickly and efficiently 

(Hostaš et al., 2013; Praveen et al., 2015; Řezáč et al., 2009; 

Thiel, 2014). This research can provide evidence that this 

method can be used to provide accurate results.This 

research will be conducted using the PM6 semiempirical 

method. This method will be used to predict the structure, 

energy, and spectroscopic properties of salophen 

coordination compounds with Zinc, Cadmium, and 

Mercury metal ions. 

Salophen is a compound that has a wide range of 

potential applications. Metal-salophene compounds show 

diverse potential in various applications, especially as 

Jurnal Akta Kimia Indonesia 

INDONESIA CHIMICA ACTA 

PAPER 
View Article Online 

View Journal View Issue 

DOI: 

Received Date: 
15th November, 2023 
Accepted Date: 
20th June, 2024 
 

Cite this: Indo. Chim. Acta., 2024, 
17, 1. 

Theoretical Study of Metal Ion Impact on Geometry 

and  Bond  Vibrational  Properties  of  Salophen 

Compound 

Jurnal Akta Kimia Indonesia, [2024], [vol.17]  31-36 | 31 
This article is licensed under a Creative Commons Attribution-ShareAlike 4.0 International License. 

http://dx.doi.org/10.20956/ica.v1
7i1.31808 

Keywords: 
Salophene;  
Semiempirical; 
Metal ion. 



 

 

 

 

PAPER Indo. Chim. Acta 

View Article Online 

catalysts in redox reactions of organic compounds such as 

Fe(III)-salophene or Mn(III)-salophene (Ansari et al., 

2009). In addition, in complex with metal lanthanides, 

metal-salophene can bind to neutral molecules such as 

sugars and lipids, which can act as biomarkers for some 

cancers such as ovarian cancer (alpturk et al., 2006). In 

addition to non-redox metal ions, metal ions such as Zn(II) 

can also be used as fluorescence probes in biological 

applications (Hai et al., 2011). Different metal ions can 

have different effects on the structure and spectroscopic 

properties of salophen coordination compounds (Guino-o 

et al., 2008; Liu et al., 2017b). Based on that, its better 

understanding of the properties of these compounds with 

different ions that have different radius but similar 

electronic structure in d orbital like Zn, Cd, and Hg to help 

in the development of new applications. 

Research with the title "Theoretical Study of Metal Ion 

Impact on Geometry and Bond Vibrational Properties of 

Salophen Compound" needs to be done to study the effect 

of metal ions on the structure and spectroscopic properties 

of salophen coordination compounds. This research is 

expected to provide a better understanding of the 

interaction between metal ions and salophen ligands. The 

results of this research can also be used to develop 

salophen coordination compounds with desirable 

properties. 

 

Experimental 

Material and Methods 

Calculation and optimation was conducted using 

personal computer with spesification processor Intel® 

core™ i5-7200 2.5 GHz, harddisk 1000Gb, RAM 8 Gb, and 

display VGA 2 Gb. Computational calculation was 

performed using Gausssian 16 and Gaussian View 6. The 

computational method used in this study is semi-empirical 

Parameterized Method 6 (PM6) method for geometry 

optimization and calculation of molecular vibrational 

frequencies. 

 

Procedures 

The test compounds were drawn using ChemDraw 

software and safe file using mol extention. The compound 

test were salophen ligands, Zn-salophen complexes, Cd-

salophen, and Hg-salophen. After that, the initial structure 

was optimized and used Gaussian 16 with the 

semiempirical method PM6. The optimization results are 

then calculated to obtain bond vibration data. Visualization 

of compounds is done with gaussian view 6 software. The 

data results of vibration bond are represented using Excel 

to get IR spectra of compounds. 

  

Result and Discussion 

Optimized Ligand and Complex Structures 

The results of salophen ligand structure optimization are 

available in Figure 2.  In the free state, the salophen ligand 

has a planar structure. Each benzene ring in salophen has a 

dihedral angle of 0o with respect to the imine bond in the 

salophen structure. The dimensional parameters for 

salophen ligands are presented in Table 1. 

 

 
Figure 2. Optimization structure of salophen. 

 
 
Salophen which acts as a ligand has an active side to form 

complex compounds with metal ions (Zn2+, Cd2+, and Hg2+). 

The active side as a chelator on salophen is in the imine 

group (N = C) and hydroxy group (-OH). Hydroxy groups 

can act as chelators because they are slightly acidic so that 

they can interact with metal ions through their anion 

structure. Furthermore, the mildly basic imine group can 

act as a Schiff base that donates free electrons pair on the N 

atom to the metal ion. In metal complex of Zn, Cd, and Hg 

salophen, each metal form four coordination bonding with 

salophen through oxygen and nitrogen atom. The complex 

structures of [Zn(salophen)]2+, [Cd(salophen)]2+, and 

[Hg(salophen)]2+ is available in Figure 3. 

 

Table 1. Dimensional Parameter of Optimized Ligand 
Geometry. 

Optimized Geometry Parameter 

Bond Angle Bond Length Dihedral Angle 

Atom Value Atom Value Atom Value 

C7-
N1-C8 

123.6 N1-C8 1.424 
O1,C3-
C4,C7 

0o 

C14-
N2-
C13 

122o N1-C7 1.298 
C3,C4-
C7N1 

0o 

H3-
O1-C3 

112o N2-C13 1.428 
  

O1-
C3-C4 

115.8o N2-C14 1.298 
  

C3-
C4-C7 

120.2o O1-C3 1.377 
  

C4-
C7-N1 

118.1o O2-C16 1.362 
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continue from Table 1 

Optimized Geometry Parameter 

Bond Angle Bond Length Dihedral Angle 

Atom Value Atom Value Atom Value 

H16-
O2-
C16 

111.7o 
    

O2-
C16-
C15 

117.9o 
    

C16-
C15-
C14 

120.7o 
    

C15-
C14-
N2 

118.1o 
    

 

 
Figure 3. Geometry optimized result for [M(salophen)]2+ 
complex. 
 
 
The physical parameters of the metal ion complex 

salophen are provided in Table 2 and the ID number is 

available in Figure 3. The structures of the Zn, Cd, and Hg 

ion complexes have bond lengths that vary between M-O 

and M-N (M = metal). The longest bond length is found in 

the Cd-salophen complex which is 2.138 for M-O and 2.296 

for M-N. This is possible because Cd ions have the longest 

ionic radius compared to Zn and Hg. 

 
 

 
Figure 4. Complex metal-ligand ID number. 

 

The presence of metal ions in salophen changes some 

characteristics of the ligand. In the salophen ligand, the C=N 

double bond in the imine group has a length of 1.298. 

Furthermore, with the presence of metal ions, the length of 

the C=N bond increases to 1.329, 1.331, and 1.315 in the Zn, 

Cd, and Hg complexes, respectively. This phenomenon can 

occur because to maximize the metal chelation process, the 

bond length on the C=N side will experience stretching.  

Not only the length of the C=N bond but changes also 

occur in the dihedral angle between benzene rings on 

salophen. In salophen, each benzene ring is in a planar 

position (dihedral angle 0). The presence of Zn and Hg 

metals in salophen causes salophen to lose its planar 

structure. The dihedral angles of the Zn and Hg complexes 

are available in Table 2. The existence of dihedral angles in 

the Zn and Hg complex structure is due to the repulsion 

between electron clouds on the ligand and metal, therefore, 

an optimum position is needed to obtain a stable structure 

(lowest energy). However, unlike the Zn and Hg complexes, 

salophen can maintain its planar shape when it binds to 

Cd2+ ions. This is evidenced by its dihedral angle value of 0o. 

This is possible because the bond distance between the 

chelating atoms and the metal is quite large in the Cd-

salophen ion complex, so that the bonds in the benzene ring 

do not need to undergo twisting to get the optimum 

geometry shape.  

 

Table 2. Dimensional parameter for complex [M(salophen)]2+. 

Parameter Atom 
Complex [M(salophen)]2+ 

Zn Cd Hg 

Bond 
length (Å) 

N1-C8 1.437 1.448 1.436 

N1-C7 1.329 1.331 1.315 

N2-C13 1.437 1.448 1.436 

N2-C14 1.329 1.331 1.315 

O1-C3 1.280 1.278 1.296 

O2-C16 1.280 1.278 1.296 

M-O1 1.947 2.138 2.011 

M-O2 1.947 2.138 2.011 

M-N1 1.989 2.296 2.067 

M-N2 1.989 2.296 2.067 

Bond 
Angle (o) 

C7-N1-C8 122.4 118.8 124.5 

C7-N1-M 124.7 127.0 117.3 

C8-N1-M 111.5 114.2 112.1 

C14-N2-
C13 

122.4 118.8 124.5 

C14-N2-
M 

124.7 127.0 117.3 
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continue from Table 2 

Parameter Atom 
Complex [M(salophen)]2+ 

Zn Cd Hg 

 C13-N2-
M 

111.5 114.2 112.1 

C3-O1-
M 

124.1 134.3 111.1 

C16-O2-
M 

124.1 134.2 111.1 

O1-M-
N1 

92.5 82.3 95.3 

O1-M-
O2 

104.7 120.4 111.7 

N1-M-
N2 

85.1 74.9 82.1 

N2-M-
O2 

92.5 82.3 95.7 

Dihedral 
Angle (o) 

M,O1-
C3C2 

163.4 179.8 143.2 

M,O1-
C3C4 

18.8 0.1 42.3 

M,O2-
C16C17 

163.4 179.9 143.2 

M,O2-
C16C15 

18.8 0.1 42.3 

M,N2-
C14,C15 

0.3 0.0 18.4 

M,N2-
C8,C13 

4.8 0.0 0.1 

 

 

Infrared Spectra and Energy Level of Optimized 

Complex 

The predicted infrared (IR) vibrational spectra of the 

salophen ligand, [Zn(salophen)], [Cd(salophen)], and 

[Hg(salophen)] ions can be seen in Figure 4. IR prediction 

using semiempirical PM6 reveal typical vibration for (C-H) 

stretching, which occurs at 2539 cm-1 and its bending 

vibration showed at 809 cm-1.  Spectrum at 1600-1718 cm-1 

indicated stretching vibration of (C=C) aromatic ring. Imine 

group (C=N) stretching vibration strong band in 1479 cm-1. 

In the ion complex [M(salophene)]2+, almost all the 

absorbances of the salophene ligand experience a red shift 

and an increase in absorbance intensity. The absorption 

values of salophene ligand and ion complex are available in 

Table 4. the ν(C=N) of salophen ligand around 1479 cm-1 

experienced a downshift to 1343-1354 cm-1 and ν(C-O) 

aromatic downshift from 1377-1362 cm-1 to 1280-1289 

cm-1. This downshift is caused by the increase in the length 

of the C=N or C-O bond due to the presence of metal in the 

complex ion (Hasegawa et al., 2002). 

The existence of metal ions not only affects the vibration 

of the bond, but also affects the energy level possessed by 

the salophen ligand. The energy levels of salophen and ion 

complex [M(salophen)]2+ can be seen in Figure 6. In Figure 

6, the salophen ligand has a HOMO value of -0.30595 and 

LUMO -0.21532. The HOMO value of the [M(salophen)]2+ 

complex slightly increases at levels between -0.30535 to -

0.29887. The presence of Zn, Cd, and Hg metal ions does not 

give significant changes to the HOMO value. In other hand, 

the LUMO value changes significantly with the presence of 

metal ions. The LUMO value of the compound increases at 

the level of -0.04826 to -0.04093. This phenomenon can be 

explained because the filled d orbital of metal ion donates 

electron density into the empty or partially 𝜋∗ orbital of the 

ligand. The interaction stabilizes the metal-ligand bond. 

The back donation of electron density from the metal ion 

into the ligand’s 𝜋∗ orbital may raise the energy of ligand’s 

LUMO.  

 
 

 
Figure 5. Infrared (IR) spectrum for salophen and ion [M(salophen)]2+. 
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Table 3. Vibrational bond and wave number of salophen and [M(salophen)]2+ complex ion from semiempirical 
calculation. 

Vibration 
Wavenumber (cm-1) 

Salophen [Zn(salophen)]2+ [Cd(salophen)]2+ [Hg(salophen)]2+ 
V stretching (C–H) 2539, 

2703, 
2767 

2671, 2761 2641, 2762 2641, 2762 

V stretching (C=C) 
aromatic 

1653, 
1718 

1626, 1644, 1705 1606, 1628, 1711 1600, 1612, 1703 

V stretching (C=N) 1479 1343, 1464, 1500, 
1565 

1384, 1416, 
1461, 1494, 1524 

1354, 1388, 1457, 
1488 

V stretching (C-O) 
aromatic 

1083, 
1144, 
1252 

1073, 1182, 1235 1076, 1137 1223, 
1299 

1062, 1188, 1222, 
1277 

V bending (C–H) 809 804 806 806 
V stretching (O-M-O)  - 900,942 898,990 901,990 
M = metal (Zn, Cd, Hg) 

 
Figure 6. The energy levels of salophen and ion 
complex [M(salophen)]2+. 

Conclusion 

Modeling of the complex structure of salophen ion and 

Zn2+, Hg2+, and Cd2+ metals has been carried out using a 

semiempirical method. Through modeling using the PM6 

method, it was found that the radius of the metal ion affects 

the dihedral angle of the salophen ligand. Cd2+ metal has a 

dihedral angle value close to planar (0o) compared to Zn2+ 

and Hg2+ which is due to the longer bond of Cd2+ salophen 

compared to Zn2+ and Hg2+ salophen. the vibrational 

characteristics of metal-complex bonds are also influenced 

by the bond length between salophen and metal ions which 

can be seen from the modeling results of its FTIR spectra.  

In addition, the presence of metal ions can increase the 

energy gap of the salophene ligand.  
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