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Abstract: In this paper, using the mPW1PW91 functional, quantum chemical calculations were used 

to explore electronic, spectroscopic properties and bonding of an antimalarial drug of chromium arene–

quinoline half sandwich complex in gas and aqueous phases. The solvent effects were examined using 

the self-consistent reaction field theory (SCRF) based on the polarizable continuum model (PCM). 

Reactivity parameters of the complex and chloroquine were compared. The molecular properties of 

these molecules were related to their biological activity. The studied complex and chloroquine's octanol-

water partition coefficient (log P) were calculated and compared. The correlation between molecular 

hardness and biological activity was illustrated. The temperature dependence of thermodynamic 

parameters of the complex was investigated. Cr-C bonds in the studied drug were illustrated using NBO 

and QTAIM analyses. 

Keywords: antimalarial drug; chromium arene–quinoline half sandwich complex; polarizable 

continuum model (PCM); NBO; QTAIM. 

© 2022 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Malaria rests very severe and difficult in great parts of the world and places a weighty 

social problem mainly on developing countries. Resistance to malaria parasites has been 

enhanced against various drugs [1, 2]. Experimental and computational investigations have 

been reported about the antimalarial activity of several molecules [3-13]. Various synthetic 

quinoline-based drugs have been provided to treat malaria. For example, chloroquine, 

mefloquine and amodiaquine are used [14]. Also, many investigations have revealed that 

organometallic complexes exhibit antimalarial activity.  

The most effective metal-based antimalarial agents are chloroquine-based metallocenes 

of Ru(II) [15] and Fe(II)[16-18]. Ferroquine [17] is the most noticeable of these complexes. 

This complex is the primary organometallic antimalarial to go on to phase IIb clinical trials 

[19]. Also, complexes containing artemisinin, chloroquine, quinine, and mefloquine with metal 

ions such as Pd(II), Pt(II) [20], Au(I) [21], and Ga(III) [22]  have been reported. Changing the 

antimalarial drug's structure by incorporating a redox-active, lipophilic metal center should 
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enhance membrane permeability and assist in the addition of the drug in the resistant parasite's 

food vacuoles, increasing its usefulness [23]. 

Organometallic analogs of chloroquine (CQ) are significant drug candidates that may 

overcome the extensive chloroquine resistance advanced by malaria parasites. For instance, the 

preparation and characterization of ferroquine have been reported [24]. The inclusive 

structure–activity relationship of ferroquine have been investigated, changing the site of the 

ferrocene unit and relating the drug candidate to analogous ruthenocene derivatives [15, 25-

27]. In another study, preparations, characterizations, and antimalarial activity of two novel 

chromium arene: [η6-N-(7-chloroquinolin-4-yl)-N′-(2-dimethylamino-methylbenzyl) ethane-

1,2-diamine]tricarbonylchromium and [η6-N-(7-chloroquinolin-4-yl)-N′-(2 

dimethylaminobenzyl)-ethane-1,2-diamine]tricarbonylchromium have been reported [28].  

Illustrations of the structure and electronic and spectroscopic properties of the various 

drugs have been reported in many pieces of research by computational investigations [29-34]. 

Also, nano-cages have reported computational studies about drug delivery [35-39].  

In the present paper, we explored the electronic, spectroscopic properties and bonding 

of an antimalarial drug of chromium arene–quinoline half sandwich complex, [η6-N-(7-

chloroquinolin-4-yl)-N′-(2-diamino-methylbenzyl) ethane-1,2-diamine]tricarbonylchromium, 

by quantum-mechanics tools.  

2. Materials and Methods 

Gaussian 09 software package was used for optimization and vibrational analysis [40]. 

The standard 6-311G (d,p) basis set [41-44] was considered for all calculations. Considered 

functional was a one-parameter hybrid functional with adapted Perdew-Wang exchange and 

correlation (mPW1PW91) [45]. This function provides better consequences in the transition 

metal complexes than B3LYP [46-49].  

The studied complex was considered in neutral and singlet states. The vibrational 

analysis confirmed the identities of the optimized structures as an energy minimum.  

For studying the solvation effect, a self-consistent reaction field (SCRF) approach was 

used through the polarizable continuum model (PCM) [50]. 

The partition coefficient octanol/water (c log P) [51] was estimated by the following 

formula: 

𝑐 log 𝑃 =
∆𝐺𝑠𝑜𝑙

𝑎𝑞𝑢𝑎 − ∆𝐺𝑠𝑜𝑙
𝑂𝑐𝑡𝑎𝑛𝑜𝑙

2.303 𝑅𝑇
 

Natural bond orbital analysis  [52] was performed at mPW1PW91/6-311G(d,p) level of 

theory using the NBO 3.1 program [53] implemented in the Gaussian 09 package. 

Quantum theory of atoms in molecules (QTAIM) analyses were provided on the 

optimized geometries with the identical level of theory for optimization using the Multiwfn 3.7 

software package  [54, 55].  

3. Results and Discussion 

3.1. Energetic aspects. 

The structure of the prepared antimalarial drug of chromium arene–quinoline half 

sandwich complex, [η6-N-(7-chloroquinolin-4-yl)-N′-(2-dimethylamino-methylbenzyl) 

ethane-1,2 diamine]tricarbonylchromium and chloroquine molecule is presented in Figure 1.  
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Figure 1. Structures of (a) antimalarial drug of chromium arene–quinoline half sandwich complex and (b) 

chloroquine molecule. 

We have replaced methyl substituents of amino groups of methylbenzene with 

hydrogen atoms to simplify the calculations. Therefore, we have carried out our calculations 

on the [η6-N-(7-chloroquinolin-4-yl)-N′-(2-diamino methylbenzyl) ethane-1,2-

diamine]tricarbonylchromium complex at the mPW1PW91/6-311G(d,p) level of theory in the 

gas phase and aqueous solution. The polarizable continuum model (PCM) is employed to 

assess the total energy of the studied structure in an aqueous solution. The studied complex's 

DFT-based computed total energy values are -2800.4689841 and -2800.4951294 a.u in the gas 

phase and in the aqueous solution, respectively. The DFT-based computed total energy values 

of the chloroquine molecule are -1326.072302 and -1326.0844995 a.u in the gas phase and in 

the aqueous solution, respectively. It can be observed that these drugs are more stable in an 

aqueous solution than in a gas phase. The aquation energy values of the studied complex and 

chloroquine molecule are -16.40 and -7.65 kcal/mol, respectively. Therefore, the title complex 

shows more stability in the aqueous phase than the chloroquine molecule.  

3.2. Dipole moment. 

Dipole moment is an important parameter to describe the biological characteristics 

specially attributed to the interaction with enzyme active sites of the molecules. The calculated 

dipole moment value of the title drug is 8.13 Debye in gas, indicating the polar nature of the 

studied drug. Hence, this complex with higher polarity is appropriate to bond metallically.  

The calculated dipole moment of the studied complex is 12.39 Debye in an aqueous 

solution. The larger dipole moment value in the solution phase is found in the gas phase than 
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in the gas phase. A higher dipole moment value is attributed to long-range interactions of 

solvent with the solute molecules. 

Calculated dipole moment values of the Chloroquine molecule are 6.16 and 8.42 Debye, 

in gas and aqueous phases, respectively. It can be found that the smaller values compared to 

the title complex. 

3.3. Polarizability. 

Mean polarizability <> is calculated by the following equation [56]: 

< α >=
αxx + αyy + αzz

3
 

Calculated xx, yy, and zz tensors values of the title drug are 426.60, 304.93, and 

226.96 a.u. Therefore, the mean polarizability value is 319.50 a.u.   

Polarizability value can be correlated to the hydrophobicity of a molecule and is usually 

considered a descriptor in QSAR studies [57].  

The computed mean polarizability of the studied complex is 435.7 a.u in an aqueous 

solution. It can be seen that the larger <(> value in the solution phase is greater than in the gas 

phase. 

Calculated isotropic polarizability values of the chloroquine molecule are 242.75 and 

321.48 a.u, in gas and aqueous phases, respectively. It can be seen that these values are smaller 

than the title complex. 

3.4. Molar refractivity. 

Molar refractivity (MR) is a significant property in a quantitative structure-property 

relationship. It is directly correlated to the refractive index, molecular weight, and density of 

the steric bulk and is a factor for the lipophilicity and binding property of the studied system. 

The Lorentz-Lorentz equation is employed in the calculation of this parameter [58, 59]: 

𝑀𝑅 =
𝑛2 − 1

𝑛2 + 2
. (

𝑀𝑊

𝜌
) =

4

3
. 𝜋. 𝑁. 𝛼 

where  is the density, n is the refractive index, MW is the molecular weight, (MW/) is the 

molar volume,  is the polarizability of the molecular system, N is the Avogadro number, and 

its value depends only on the wavelength of light used to measure 'n'.  

The value of MR for the studied drug is calculated as 119.39 and 90.71 esu for title 

complex and chloroquine molecule, which are responsible for the binding property of the 

complex and can be considered for the cure of various diseases. 

3.5. Nonlinear optical properties. 

The nonlinear optical effect is due to the interactions of electromagnetic fields in 

numerous media to yield novel fields altered in phase, frequency, amplitude, or other 

propagation characteristics from the incident fields. The first-order hyperpolarizabilities of the 

title complex and chloroquine molecule are 4.463 × 10-30 and 2.50 × 10-30 e.s.u., respectively. 

Here, the first hyperpolarizability of the title complex is 1.8 times that of the chloroquine 

molecule.  
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3.6. Frontier molecular orbital analysis. 

The highest occupied molecular orbital energy (HOMO) and lowest unoccupied 

molecular orbital (LUMO) is played roles in chemical stability [60].  

Figure 2 presents plots of frontier orbitals in the studied drug. It can be observed that 

the most significant contributions of atomic orbitals in the HOMO and LUMO are arisen from 

tricarbonylchromium and chloroquinolin fragments, respectively.  

 

 

HOMO LUMO 
Figure 2. Plots of frontier orbitals in the studied chromium arene–quinoline half sandwich drug. 

The HOMO-LUMO energy gap (E = E(LUMO) – E(HOMO)) is an important stability 

index and also determines the electron transport properties. This parameter characterizes the 

kinetic stability and chemical reactivity of the molecule. 

Soft systems are large and highly polarizable, while hard systems are relatively small 

and much less polarizable.  

Frontier orbital energy and HOMO-LUMO gap values of this complex and chloroquine 

molecule are calculated in gas and aqueous phases (Table 1). It can be seen a larger HOMO-

LUMO gap in the complex than in the chloroquine molecule. It can be seen a smaller HOMO-

LUMO gap in the aqueous phase than in the gas phase.  

Table 1. Frontier orbital energy, HOMO-LUMO gap, hardness (), chemical potential (), and electrophilicity 

() values (in eV) of the studied complex and chloroquine molecule in gas and aqueous phases at 

mPW1PW91/6-311G(d,p) level of theory. 

 E(HOMO) E(LUMO) Gap    

Complex       

Gas -6.16 -1.43 4.72 2.36 -3.79 3.05 

water -6.06 -1.43 4.63 2.31 -3.75 3.04 

Chloroquine       

Gas -5.85 -1.28 4.57 2.28 -3.56 2.78 

water -5.75 -1.41 4.34 2.17 -3.58 2.96 

 

On the other hand, E(HOMO) value reveals less stability of the HOMO in the solution 

phase than in the gas phase. In the solvent, polar solvents could indeed impact the geometry 

through long-range interactions with the solute molecules, stabilizing their frontier molecular 

orbitals. There are insignificant changes in E(LUMO) in solution and gas phases. 
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Global reactivity descriptors hardness (), chemical potential (), and electrophilicity 

() parameters help us to characterize the nature and interaction of the molecule [61-64]. It can 

be noticed that the values of global reactivity descriptors, the hardness, and the electrophilicity 

values of the complex decrease in going from the gas phase to the aqueous medium (Table 1). 

But, the complex's potential chemical value increases from the gas phase to the aqueous 

medium. 

3.7. Structural parameters. 

Calculated Cr-C and Cr-CO mean bond distances in the title drug are 2.194 and 1.837 

Å, respectively, in the gas phase. Calculated Cr-C and Cr-CO mean bond distances in the title 

drug are 2.211 and 1.823 Å, respectively, in the aqueous phase. It can be found that Cr-C bond 

distances increase in the aqueous phase. But, Cr-CO bond distances decrease in the aqueous 

phase. Little alterations in the molecular structure may influence the biological activities of the 

drugs. 

3.8. Vibrational assignments. 

The total number of atoms, N, in the title anti-malaria drug is 52. Therefore, this 

complex has 150 (3N-6) normal vibrations modes.  

The optimized geometry shows no special symmetry, so the complex fits the C1 point 

group. The computed IR spectrum of the molecule is presented in Figure 3.  

 
Figure 3. Computed IR spectrum of the studied chromium arene–quinoline half sandwich complex.  

It can be observed the most intense bands are placed at 2040.21, 2046.70, and 2096.06 

cm-1 in the gas phase. These vibrations are at 1965.68, 1969.09, and 2046.90 cm-1 in the 

aqueous phase. The vibration modes of these bands are shown in Figure 4. It can be found that 

these bands belong to symmetric and asymmetric stretching vibrations of CO ligands. It can be 

seen that the calculated wavenumber values decrease in the aqueous phase in comparison to 

the gas phase.  
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Figure 4. Vibration modes of the IR-active most intensity bands of the studied chromium arene–quinoline half 

sandwich complex.  

3.9. Thermodynamical analysis.  

The values of some thermodynamic parameters of studied chromium arene–quinoline 

half sandwich complex by mPW1PW91/6-311G(d,p) level are gathered in Table 2 (at 298.150 

K and 1.00 atm). It can be deduced that the greater thermodynamic functions in higher 

temperatures ranging from 100 to 1000 K. can be attributed to the increasing molecular 

vibrational intensities in higher temperatures [65]. These calculated thermodynamics provide 

useful data for the additional investigation on the title drug. The correlation equations between 

heat capacity (C0
p;m), entropy (S0

m), enthalpy (H0
m) changes, and temperature are: 

C0
p;m = 0.2074 T + 46.489;    R² = 0.9574 

C0
p;m = -0.0002 T2 + 0.397 T + 8.5849;  R² = 0.9997 

S0
m = 0.3264 T + 102.8;    R² = 0.9922 

 S0
m = -0.0001 T2 + 0.452 T + 77.669;  R² = 1.00 

H0
m = 0.0003 T - 2800.1;    R² = 0.9761 

H0
m = 210-7 T2 + 9  10-5 T - 2800.1;  R² = 0.9995 

Table 2. The standard statistical thermodynamic functions: heat capacity (C0
p;m), entropy (S0

m  and enthalpy 

changes H0
m for the title complex in various temperatures ranging from 100 to 1000 K at mPW1PW91/6-

311G(d,p) level of theory. 

T (K) C0
p;m S0

m H0
m 

100 47.02 120.50 -2800.06 
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T (K) C0
p;m S0

m H0
m 

200 79.72 164.49 -2800.05 

300 111.80 203.73 -2800.03 

400 140.92 240.55 -2800.01 

500 165.37 275.16 -2799.99 

600 185.20 307.49 -2799.96 

700 201.27 337.59 -2799.93 

800 214.45 365.62 -2799.90 

900 225.41 391.77 -2799.86 

1000 234.65 416.22 -2799.82 

It can be seen that quadratic formulas fit correlations between the calculated 

thermodynamic parameters and temperature. 

3.10. Partition coefficient. 

Lipophilicity is one of the key properties used to investigate the important interactions 

between a drug and its biological receptor, which is regularly valued by means of the logarithm 

of the partition coefficient (log P). The larger the log P value, the more analgesic activity and 

lipophilic characteristics. Log P values of the complex and chloroquine are equal to -4.04 and 

-1.95. As observed, the log P value of the complex is less than chloroquine.  

The biological activities of many compounds are related to hardness. Molecular 

hardness is a measure of molecular stability. It can be found that larger hardness and smaller 

log P values for title complex than chloroquine molecule. So, molecular hardness is inversely 

proportional to biological activity. 

3.11. NBO analysis. 

The Natural Bond Orbital (NBO) analysis of the antimalarial drug of chromium arene–

quinoline half sandwich complex has illustrated the character of electronic conjugation 

between the bonds in this drug.  

3.11.1. Charge distribution.  

Figure 5 indicates a bar diagram representing the charge distribution in title drugs from 

the natural population analysis (NPA). The largest negative charges (-0.67 e) are placed on the 

N atom of the amino group. 

 
Figure 5. Bar diagram representing the charge distribution in title complex from the natural population analysis 

(NPA). 
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The calculated natural charge of Cr atom is -0.026 e. this value is noticeably smaller 

than the formal charge of +1. This is an outcome of noteworthy charge donation from the 

ligands.  

According to the NBO results, the electron configuration of Cr is: 

[core]4s0.01 3d5.60 4p0.08 5s0.36 4d0.01 

The natural population of core, valence and 0.45 Rydberg are 17.97, 6.03, and 0.02, 

respectively. Therefore, the total natural population on the Cr is 24.026. This is compatible 

with the calculated natural charge in the Cr atom in the title drug -0.026 e, which matches the 

difference between 24.026 e and the total number of electrons in the isolated Cr atom (24 e). 

3.11.2. Character of natural hybrid orbital (NHO).  

The Cr-CO bonds of the title complex are formed by the interaction between spmdn 

orbital centered on the Cr ion and an sp0.55 orbital on the carbon atom of the carbonyl ligand. 

The occupancies of the electrons and polarization coefficients in these bonds are listed in Table 

3. It can be deduced a higher polarization through the carbon atom. This indicates a strong 

polarization directed toward the C atom.  

Table 3. Occupancies of the electrons and polarization coefficients in the Cr-CO bonds of title complex at 

mPW1PW91/6-311G(d,p) level of theory. 

Bond orbital Occupancy Hybrids 

BD ( 1)Cr - C  14 1.95901 0.5526 (sp0.14d 3.97)Cr + 0.8335 (sp0.55)C 

BD ( 1)Cr - C  16 1.96122 0.5545 (sp0.14d 4.04)Cr + 0.8322 (sp0.55)C 

BD ( 1)Cr  - C  18 1.96014 0.5490 (sp0.13d 3.83)Cr + 0.8358 (sp0.55)C 

3.12. Quantum Theory of Atoms in Molecules (QTAIM) analysis. 

QTAIM analysis has been provided to explore the studied drug's physical and chemical 

characterizations of the Cr-C bonds. The calculated electron density values at critical bond 

points (BCP) of the Cr-CO bond is 0.1357 a.u. Laplacian electron density of critical bond points 

(2) of Cr-CO bond is 0.4926. These positive values at the corresponding BCP reveal that 

closed-shell interactions can be expected in the Cr-CO bonds. The total electron energy density 

(H) value of BCP(Cr-O) is -0.0550 a.u. This negative value is an indicator of covalency. The 

2>0 values and H<0 values of Cr-CO bonds are well-matched with like outcomes for the M-

C bonds in organometallic complexes [66-68]. These values reveal a combination of the closed-

shell and shared interactions for the metal-ligand bonds.  

4. Conclusions 

Quantum chemical calculations in an antimalarial drug of chromium arene–quinoline 

half sandwich complex in gas and aqueous phases revealed the hardness and electrophilicity 

values of the complex were smaller in the gas phase than aqueous medium. But, the complex's 

chemical potential value increased from the gas phase to the aqueous medium. It has longer 

Cr-C and shorter bond distances in the aqueous phase compared to the gas phase. These 

variations may change the biological activities of the drugs. Molecular hardness indicated an 

inverse relation to biological activity. The most intense vibrational bands belonged to CO 

ligands' symmetric and asymmetric strength vibrations. The corresponding calculated 

wavenumber values were smaller in the aqueous phase than in the gas phase. The calculated 

log P value of the title complex was less than chloroquine. NBO calculations indicated that Cr-
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CO bonds of the title complex were formed by the interaction between spmdn orbital centered 

on the Cr ion and an sp0.55 orbital on the carbon atom of the carbonyl ligand. QTAIM results 

show that Cr-CO bonds are a mixture of shared and closed-shell interactions. 
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