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1. Introduction 
 

5-Aminosalicylic acid (5-ASA), also known as 
mesalazine or mesalamine, is structurally related to 
salicylates and non-steroidal anti-inflammatory drugs 
like acetylsalicylic acid [1]. Aminosalicylates are a 
group of drugs that are commonly utilized to therapy 
intestinal diseases [2]. For instance, the ASA is used to 
treat ulcerative colitis (a condition that causes swelling 
and sores in the lining of the colon [large intestine] and 
rectum) and Crohn's disease (effective only in colonic 
diseases) [3, 4]. It acts by stopping the body from 
producing a certain substance that may cause 
inflammation. In patients with inflammatory bowel 
disease, there is increased migration of leukocytes, 
abnormal production of cytokines, amplified production 
of arachidonic acid metabolites, especially leukotriene 
B4, and augmented free radicals’ formation in inflamed 
intestinal tissue. The ASA has in-vitro and in-vivo 

pharmacological effects that inhibit leukocyte 
chemotaxis, decrease cytokine and leukotriene 
production, and scavenge free radicals [5, 6].  

Non-covalent interactions (NCIs) play a major role 
in many foremost areas of modern chemistry, from 
materials design to molecular biology [7-10]. Some of 
the main types of NCIs studied in the complexes are 
ionic bonds, hydrophobic interactions, hydrogen bonds, 
and van der Waals forces (dispersion attractions, dipole-
dipole, and dipole-induced dipole interactions). One of 
the most significant intermolecular/intramolecular weak 
interactions that have been extensively considered in 
chemistry as well as in biology is hydrogen bonding 
(HB) [11-14]. From the sum of four different forces of 
electrostatic (Eel), polarization (Epol), charge transfer 
(Ect), and dispersion (Edisp), the total energy of an HB 
system can be evaluated. The electrostatic interactions 
and polarizations are the main contributors participating 
in the strong HBs. By increasing the covalent properties, 
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the softness of HB is enhanced; and in this case, the 
vital contributors are reflected in the charge transfer and 
van der Waals force (dispersion) [15-18]. The nature of 
X and A atoms (X−H···A) plays a crucial role in the 
influence of the mentioned forces on the strength of HB. 

The cation–π interactions, as another ensemble of 
NCIs, refer to the binding of cations to π molecules [19-
24]. They play a key role in protein folding [25], ion 
selectivity [26], molecular recognition [27], self-
organized electronic materials [28] and organic 
nanodevices [29]. Several factors are assumed to affect 
the cation–π interactions. The electrostatic and 
polarization contributions are dominant in the cation–π 
interactions, while the dispersion component in these 
interactions is minimal [30, 31]. The induction term also 
recovers the interaction of the permanent multipole 
moments of one monomer with the induced multipole 
moments on the other monomer.  

The exploration of NCIs is an interesting subject 
from theoretical and experimental viewpoints [32-43]. 
The influence of cation-π interaction on intramolecular 
hydrogen bonding (IMHB) has been studied in many 
systems. For example, Mohammadi et al. [44] 
investigated NCIs in the various complexes of methyl 
salicylate and Li+, Na+, K+, Be2+, Mg2+, and Ca2+ 
cations. They observed the reducing effect of the cation-
π interaction on the IMHB in the considered complexes. 
They [45] also conducted a theoretical investigation on 
the NCIs of mesalazine complex with the presence of 
Mn+, Fe2+, Co+, Ni2+, Cu+, and Zn2+ different cations. 
The results indicated that, in most cases, the IMHB is 
weakened by the cation–π interaction in the selected 
complexes. Also, the influence of cation-π interactions 
on the strength and nature of IMHB in orthohydroxy 
benzaldehyde complexes was examined by 
Khanmohammadi et al. [46]. 

The role of metal ions in regulating the structure and 
function of small and large molecules is undeniable 
[47]. Alkali and alkaline earth metal ions are 
omnipresent in surviving systems and numerous cases 
of their central role exist in biological processes [48, 
49]. In the present study, the NCIs are considered in the 
modeling by Li+, Na+, K+, Mg2+, Ca2+ ions with ASA 
and its thio analogous (TASA) as π–systems. The 
geometrical parameters, binding energies, topological 
properties, and charge transfer quantities are examined 
to gain further insight into the effects of NCIs on the 
selected complexes. Here, the DFT calculations and the 
AIM and NBO analyses are utilized for a better 
understanding of these interactions. The effect of the 
cation–π interaction on the IMHB has also been 

investigated in the studied complexes. Finally, the DFT-
based reactivity and stability descriptors are utilized to 
estimate the electronic properties of the titled 
complexes.  

 
2. Quantum chemical calculations 

 
The geometry optimizations and the vibrational 

frequency calculations are performed with the ωB97XD 
method [50] and 6-311++G(d,p) basis set [51]. The 
Gaussian 09 program [52] is used to carry out all these 
calculations. The binding energies (∆E) of A (ASA or 
TASA) and B (metal ions) monomers are computed as 
the energy difference between the complexes and the 
corresponding donor–acceptor moieties. For the selected 
systems, the binding energy is defined as the following 
equation: 

 
∆E = EAB - (EA + EB)                                                    (1) 
 
where EAB is the energy of complexes, EA is the energy 
of ASA (or TASA) monomer, and EB is the energy of 
metal ions. The basis set superposition error (BSSE) 
[53] is taken into account by the counterpoise (CP) 
scheme to correct the obtained binding energies. The 
atoms in molecules (AIM) analysis [54] is applied to 
evaluate the bond critical points (BCPs) in terms of 
electron density and its Laplacian. The AIM 
calculations are performed with the AIM2000 program 
[55] on the wave functions obtained at the ωB97XD/6-
311++G(d,p) level. The population analysis is also done 
by the natural bond orbital (NBO) method [56] at the 
same level of theory. To evaluate the electronic 
properties of the considered complexes, the highest 
occupied molecular orbital (HOMO) and the lowest 
unoccupied molecular orbital (LUMO) energies are 
estimated by the ωB97XD method and the 6-
311++G(d,p) basis set. These energies are applied for 
determining the global chemical reactivity descriptors of 
complexes such as softness (S), hardness (�) [57], 
electronic chemical potential (μ) [58], electronegativity 
(χ) [59] as well as global electrophilicity power (ω) [60]. 
Using Koopman’s theorem [61] for closed-shell 
compounds, � and μ can be calculated as 
 

η =  
(I − A)

2
                                                                (2) 

 

μ =  
−(I + A)

2
                                                             (3) 
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where I and A are the ionization potential and 
electron affinity of the complexes, respectively. These 
parameters can be expressed through HOMO and 
LUMO orbital energies as I = - EHOMO and A = - ELUMO. 

 

S =  
1

2η
                                                                                 (4) 

 

ω =  
μ�

2η
                                                                        (5) 

 
Softness is a property of the molecule that measures the 
extent of chemical reactivity. It is the reciprocal of 
hardness. Moreover, the electrophilicity index 
determines the electrophilic nature of molecules. 
Finally, the molecular electrostatic potential (MEP) is 
utilized for interpreting and predicting the reactive 
behavior of the complexes in both electrophilic and 
nucleophilic attacks. 

 
 

 

3. Results and discussion 

 

3.1. Energies 

 

According to Fig. 1, the cations (M = Li+, Na+, K+, 
Mg2+, and Ca2+) are located on top of the plane of the 
aromatic ring in the studied complexes. The results 
propose that the binding strength depends on the nature 
of both the cation (radius and charge) and the π-system. 
The results of the BSSE-corrected binding energies 
(ΔEBSSE) are collected in Table 1. As shown in this 
Table, the trend in ΔEBSSE values for the ASA and 
TASA complexes is similar and obeys from π∙∙∙Mg2+ > 
π∙∙∙Ca2+ > π∙∙∙Li+ > π∙∙∙Na+ > π∙∙∙K+ order. This indicates 
that the ΔEBSSE values enhance as the size of the cations 
reduces in each group. Comparing the ΔEBSSE values 
with the charge-to-radius ratio of the cations shows a 
direct relationship between them as Mg2+ (3.077) > Ca2+ 
(2.020) > Li+ (1.667) > Na+ (1.052) > K+ (0.752). As 
seen, the cations with higher charge density interact 
more strongly with the π-systems.  

 

 
 
 
 
 
 
 
 
 
 

Fig. 1. Molecular structure of ASA∙∙∙M (a) and TASA∙∙∙M (b) complexes (M = Li+, Na+, K+, Mg2+ and Ca2+). 
 

 
In the investigated complexes, the smaller radius and 

the more positive charge are related to the divalent 
cations compared to the monovalent ones. This leads to 
the transfer of a certain amount of the electron density 
from the quasi-ring created by the formation of O-H∙∙∙O 
IMHB to the benzene ring. Thus, the more charge 
transfer from the benzene ring to the metal ions causes 
an increase in the cation–π interaction strength of 
divalent complexes. When the sulfur atom is replaced 
instead of oxygen, the ΔEBSSE values increase for the 
divalent complexes, while the opposite trend is observed 
for the monovalent ones. The greater ion radius, the less 
positive charge, and the larger metal–benzene distance 
in the mono-charge cations relative to the double-charge 
ones lead to the weaker strength of cation–π interaction 
in these systems.  

The HB energy (EHB) is one of the most important 
aspects of hydrogen bonding systems. Various methods 
have been proposed to calculate the EHB. The IMHB 
energies in the different configurations can be estimated 
by the Schuster method [62], related rotamers method 
(RRM) [63], and potential energy density method or 
Espinosa [64]. In this study, due to the interaction 
between different atoms in the investigated structures, it 
is not possible to accurately evaluate the hydrogen bond 
with the mentioned methods, so we use another method 
to calculate the EHB of the analyzed complexes. The 
energy of a hydrogen bond can be estimated from the 
bond length using empirical relationships or theoretical 
models that relate the bond length and energy. One 
commonly used relationship is the linear correlation 
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between hydrogen bond energy and bond length 
proposed by Gavezzotti [65]: 

 
EHB = -16.8 (1/r + 0.5d)                                                (6) 

 
where EHB is the hydrogen bond energy in kcal/mol, 

r is the hydrogen bond length in Å, and d is the sum of 
the van der Waals radii of the two atoms involved in the 
hydrogen bond. The term 0.5d accounts for the 
repulsive interactions between the atoms. 

Based on the results obtained in Table 1, the 
replacement of O by S increases the HB energies in the 
related complexes. As shown in Table 1, the EHB 
decreases in the following order: π∙∙∙K+ > π∙∙∙Na+ > 
π∙∙∙Li+ > π∙∙∙Ca2+ > π∙∙∙Mg2+, which has a reverse 
relationship with the ratio of charge-to-radius of the 
cations. The results also show that the presence of 
cation-π interaction decreases the EHB strength in the 
divalent complexes, while the reverse process is 
observed in the monovalent ones. This result can be 
explained based on the charge values on the cations. 
Because the monovalent cations have less positive 
charge concerning divalent ones, the smaller charge 

density of these cations leads to the weaker strength of 
cation–π interaction; as a result, a negligible reduction 
occurs in the π-electron density of the HB quasi-ring. 
This increases the π-electron delocalization in the HB 
unit, which makes the HB strength stronger in these 
complexes. This indicates that for stronger HBs, the 
delocalization is more important than the electrostatic 
interaction energy, which may be a typical feature of 
HBs.  

On the other hand, the strengthening of cation–π 
interactions in the divalent cations with the greater 
charge density may be due to the attraction effects 
between the cations and π-electrons of the ring that 
reduce the electron density within the HB quasi-ring and 
leads to weakening of the HB in these systems. From 
the calculated data, it can be concluded that the cation-π 
interactions in the monovalent complexes have a 
stronger influence on the HB strength with respect to 
those in the divalent complexes. However, the strongest 
cation-π interactions have the weakest HB strength and 
vice versa. As seen in Fig. 2, there are good linear 
correlations between the EHB and ΔEBSSE values in the 
studied complexes. 

 
 
                               Table 1. The BSSE-corrected binding and IMHB energies (ΔEBSSE and EHB, in kcal mol-1), the  
                               geometrical (bond lengths (d), in Å and bond angles (θ), in °) and spectroscopic descriptors (ν,  
                               in cm-1) of complexes calculated at the ωB97XD/6-311++G(d,p) level of theory. 

 ΔEBSSE dπ...M νπ...M EHB dO-H dH...O(S) θOHO(S) νO-H 

ASA∙∙∙Li+   -36.66 1.955 328.9 -32.207 0.976 1.795 141.6 3581.9 

ASA∙∙∙Na+   -24.75 2.500 191.2 -32.223 0.976 1.792 142.0 3591.5 

ASA∙∙∙K+   -18.89 2.890 115.7 -32.228 0.976 1.791 142.2 3591.9 

ASA∙∙∙Mg2+ -120.89 1.951 366.9 -32.130 0.981 1.810 138.6 3522.9 

ASA∙∙∙Ca2+   -87.51 2.331 295.7 -32.192 0.980 1.798 139.3 3529.7 

         

TASA∙∙∙Li+ -36.65 1.952 329.1 -33.258 0.982 2.085 148.7 3417.6 

TASA∙∙∙Na+ -24.64 2.496 197.0 -33.265 0.981 2.083 148.9 3433.7 

TASA∙∙∙K+ -18.83 2.883 121.3 -33.265 0.981 2.083 148.9 3447.8 

TASA∙∙∙Mg2+ -123.94 1.945 378.7 -33.162 0.987 2.110 146.7 3354.7 

TASA∙∙∙Ca2+ -89.83 2.324 311.8 -33.200 0.986 2.100 146.9 3360.7 
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Fig. 2. The correlation between the EHB and ∆EBSSE values. 
  

3.2. Molecular geometry 

 

The most important structural parameter (dπ...M) for 
investigating the cation-π interaction is given in Table 1. 
In the selected complexes, the strength of the cation-π 
interaction is described by dπ...M (the distance between 
the cation and the center of the aromatic ring). For each 
ion group (monovalent and divalent), a reverse 
relationship exists between the strength of cation-π 
interactions and the dπ...M values. In other words, the 
stronger the binding energy (|ΔEBSSE|), the shorter the 
dπ...M. Based on the obtained data, the change of the 
dπ...M in the different complexes depends on the type of 
cation. Inspection of results in Table 1 shows that the 
longest and shortest distances (dπ...M) are observed in 
the monovalent and divalent complexes, respectively. 
The substitution of O by S leads to a reduction in the 
dπ...M values of the complexes. This means that the 

cation-π interactions in the TASA complexes are 
stronger than those of the ASA.  

The strength of HB strongly changes with the 
structural parameters of the O–H···O(S) unit. The 
values obtained for the O–H bond length (dO-H), 
H·· ·O(S) distances (dH...O(S)), and OHO(S) angles 
(θOHO(S)) are listed in Table 1. Our data show that the 
increasing trend of dH...O(S) values is as π∙∙∙Mg2+ > 
π∙∙∙Ca2+ > π∙∙∙Li+ > π∙∙∙Na+ > π∙∙∙K+ > ASA (or TASA). 
As shown in Table 1, in the presence of cation-π 
interaction, the values of dO-H and dH...O 

decrease/increase, and the values of θOHO 
enhance/reduce for the monovalent/divalent complexes, 
respectively; this denotes that the strength of HB for the 
mentioned species becomes stronger/weaker, 
respectively. Similar results are also observed with the 
replacement of O by S in the studied complexes.  

 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 

Fig. 3. The correlation between the dO-H and ∆EBSSE values. 
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 Fig. 4. The correlation between the νO-H and ∆EBSSE values. 
 

 
It is obvious from Table 1 that the simultaneous 

increase of the dO-H and dH...O(S) in the complexes can be 
attributed to the electrostatic effects between the metal 
ions and the oxygen (or sulfur) atoms of the C=O(S) 
functional group connected to the phenyl ring. The 
existence of a negative charge on the oxygen (or sulfur) 
atoms causes these atoms to transfer a certain value of 
electron density to the metal ions, which makes the 
bonds longer in these complexes. Good relationships 
exist between the EHB with values of dH...O (R2 ≈ 
0.9971) and dH...S (R2 ≈ 0.9935), while there are less 
correlations among the EHB with values of dO-H in the 
ASA (R2 ≈ 0.8107) and TASA (R2 ≈ 0.9371) 
complexes. Fig. 3 also illustrates the excellent linear 
correlations between the binding energies (ΔEBSSE) and 
the dO-H values in the analyzed complexes.  

 
3.3. Vibrational analysis 

 
Another crucial aspect for evaluating the strength of 

cation-π interactions is the shift of the ion-π stretching 
frequencies (νπ...M). Table 1 displays the values of νπ...M 
calculated for the complexes. There is a direct 
relationship between the strength of cation-π 
interactions and their corresponding stretching 
frequencies. In other words, the stronger the cation–π 
interaction, the larger the shifting. As shown in Table 1, 
the frequency values obtained in the divalent complexes 
are higher than the monovalent ones. A similar behavior 
is also observed with substituting S instead of O in the 
related complexes. However, the values of the stretching 
frequencies in the TASA complexes are larger than 
those in the ASA ones. This is in agreement with the 
greater binding energies (ΔEBSSE) of these complexes in 

comparison with their corresponding values in the ASA 
species.  

The HB strength can be described with the O-H 
stretching frequencies (νO–H) in the O–H···O(S) unit. 
The results are given in Table 1. It is well-established 
that the strengthening of HB causes the frequency of O-
H stretching mode to shift to lower frequencies. With 
the replacement of O by S, it is clear that the reduced 
values of νO–H in these complexes are in good 
accordance with their obtained EHBs. In the conventional 
description of HB, the X–H⋯Y bond formation is 
associated with weakening and lengthening of the X–H 
covalent bond along with a decline in its stretching 
frequency [66]. The obtained data show that in the 
presence of cation-π interaction, the νO–H values of the 
monovalent complexes increase and those of the 
divalent structures decrease. This indicates an increment 
in the HB strength for the former cases and a reduction 
in that for the latter species. Similar results are also 
observed for the TASA complexes. Fig. 4 depicts the 
suitable linear relationships between the values of 
ΔEBSSE and νO–H in the related complexes. 

 
3.4. AIM analysis 

 
In this section, the selected complexes are considered 

for the analysis of Bader’s quantum theory of atoms in 
molecules (QTAIM) in terms of the electron density (ρ), 
its second derivative (�2

ρ) at the bond critical point 
(BCP) and the total energy density (H) which is the sum 
of the kinetic energy density (G) and the potential 
energy density (V). The existence of cation-π interaction 
in the complexes is confirmed by the presence of a 
corresponding bond path in the electron density, which 
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is located between the cations and the carbon atoms of 
the ring. The number of BCPs changes with the type of 
cation and the nature of the π-system. As shown in Fig. 
5, two BCPs, three-ring critical points (RCPs), and one 
cage critical point (CCP) are observed between the 
interacting cations with the benzene ring.  

The topological descriptors of AIM analysis are 
given in Table 2. One of the appropriate parameters for 
describing the strength of ion–π interactions is the 
electron density [67]. The results of Table 2 show that 
the trend in the ρ(r)π⋯M values is as π∙∙∙Mg2+ > π∙∙∙Ca2+ > 
π∙∙∙Li+ > π∙∙∙Na+ > π∙∙∙K+. As seen, the order of the 
calculated ρ(r)π⋯M values is similar to the values of 
ΔEBSSE obtained at the ωB97XD/6-311++G(d,p) level of 
theory (see Tables 1 and 2). The linear correlation 
coefficients (R2) for the dependence between the ρ(r)π⋯M 
and ΔEBSSE values in the ASA and TASA complexes are 
equal to 0.9820 and 0.9773, respectively. Our data also 
display that the substitution of O by S increases the 
ρ(r)π⋯M values of the complexes.  

For the analyzed systems, the values of �2
ρ(r)π⋯M 

and H(r)π⋯M are found to be positive. This indicates the 
presence of closed-shell interactions in these complexes. 
By using the negative ratio of Hamiltonian components 
(−G/V), the characteristics of NCIs can also be explored 
[68, 69]. The covalent interactions show −G/V = 0; for 

the partially covalent interactions, the value of −G/V is 
between 0.5 and 1 (0.5 < −G/V < 1), and also for the 
electrostatic interactions, −G/V ≥ 1. As observed in 
Table 2, the calculated values of −G/Vπ∙∙∙M for all 
complexes belong to the electrostatic interactions. 

The results of AIM analysis for BCPs of HB are 
listed in Table 2. In most cases, comparing the electron 
density at ρ(r)H∙∙∙O(S) with the HB energies shows a good 
relationship between them [70]. The results of Table 2 
show that the trend in (ρ(r)H⋯O) values is as ASA⋯Ca2+ 
(0.0374) > ASA⋯Mg2+ (0.0363) and ASA⋯K+ (0.0381) 
> ASA⋯Na+ (0.0379) > ASA⋯Li+ (0.0377 a.u.), which 
is in agreement with the values of dH...O. The presence 
of cation-π interaction decreases the ρ(r)H∙∙∙O values of 
the divalent complexes compared to the monovalent 
ones, which suggests a weaker HB interaction in the 
former cases relative to the latter. Similar to the ASA 
complexes, it is also found that the replacement of O by 
S increases the ρ(r)H∙∙∙S values of the single-charge 
complexes, while for the double-charge species, the 
reverse process is observed. 

For the analyzed complexes, good linear 
relationships can be observed among the ρ(r)H∙∙∙O(S) and 
ΔEBSSE values with correlation coefficients (R2) equal to 
0.8981 (ASA) and 0.9611 (TASA) (see Fig. 6). Our 
findings also display that all complexes are placed in the 
medium HBs category; because all the bonds show 
�

2
ρ(r)H∙∙∙O(S) > 0 and H(r)H∙∙∙O(S) < 0 (see Table 2). 

According to the calculated results, the obtained values 
of -G/VH∙∙∙O(S) indicate the partially covalent nature of the 
HB interactions. However, the effects of substitution of 
O by S in the selected complexes denote increasing the 
covalent nature of HBs.  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

 
Fig. 5. Typical molecular graphs obtained from AIM analysis for ASA∙∙∙M (a) and TASA∙∙∙M (b) complexes. The small red, yellow, 

green spheres, and lines correspond to bond critical points (BCPs), ring critical points (RCPs), cage critical point (CCP) and bond 
paths, respectively. 
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                     Table 2. The selected topological properties of electron density (a.u.) obtained by AIM analysis. 

   π⋯M      HB   

 ρ(r) �
2
ρ(r) H(r) V(r) -G/V  ρ(r) �

2
ρ(r) H(r) V(r) -G/V 

ASA∙∙∙Li+ 0.0147 0.0775 0.0039 -0.0115 1.342  0.0377 0.1260 -0.0016 -0.0348 0.953 

ASA∙∙∙Na+ 0.0097 0.0451 0.0025 -0.0062 1.404  0.0379 0.1269 -0.0017 -0.0352 0.951 

ASA∙∙∙K+ 0.0096 0.0374 0.0019 -0.0057 1.328  0.0381 0.1274 -0.0018 -0.0354 0.950 

ASA∙∙∙Mg2+ 0.0298 0.1253 0.0027 -0.0259 1.104  0.0363 0.1211 -0.0013 -0.0329 0.960 

ASA∙∙∙Ca2+ 0.0253 0.0866 0.0013 -0.0190 1.070  0.0374 0.1241 -0.0017 -0.0343 0.952 

            

TASA∙∙∙Li+ 0.0153 0.0805 0.0040 -0.0121 1.331  0.0384 0.0650 -0.0071 -0.0305 0.766 

TASA∙∙∙Na+ 0.0098 0.0467 0.0026 -0.0065 1.402  0.0386 0.0655 -0.0072 -0.0307 0.766 

TASA∙∙∙K+ 0.0097 0.0368 0.0018 -0.0056 1.324  0.0384 0.0658 -0.0071 -0.0306 0.769 

TASA∙∙∙Mg2+ 0.0312 0.1390 0.0027 -0.0293 1.092  0.0368 0.0615 -0.0066 -0.0285 0.770 

TASA∙∙∙Ca2+ 0.0269 0.0907 0.0006 -0.0215 1.028  0.0376 0.0625 -0.0069 -0.0295 0.765 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Correlation between the ΔEBSSE and ρ(r)H...O(S) values. 
 
3.5. NBO analysis 

 

The electron populations obtained from the NBO 
analysis [56] give insight into the electronic nature of 
the complexes. The theoretical results show that the 
σ(C=C) → LP*(M) interaction is the most important among 
the studied structures. Herein, the charge is transferred 
from the π-systems toward the cations. In other words, 

σ(C=C) of the aromatic ring and the LP*(M) participate as 
donors and acceptors, respectively. The results of NBO 
analysis are collected in Table 3. As shown in this 
Table, the trend in E(2) values is as π∙∙∙Mg2+ > π∙∙∙Ca2+ > 
π∙∙∙Li+ > π∙∙∙Na+ > π∙∙∙K+, which is directly proportional 
to the calculated ρ(r)π⋯M values. There are also good 
linear relationships between the ΔEBSSE and the E(2) 

values. The correlation coefficients for ASA and TASA 

y = 2E-05x + 0/0384
R² = 0/8981

y = 2E-05x + 0/0389
R² = 0/9611

0/036

0/0365

0/037

0/0375

0/038

0/0385

0/039

-140 -120 -100 -80 -60 -40 -20 0

ρ
(r

) H
∙∙
∙O

(S
)
/ a

.u
.

ΔEBSSE / kcal mol-1

ASA∙∙∙M 

TASA∙∙∙M 



Chem Rev Lett 7 (2024) 2-16 
 

10 
 

complexes are equal to 0.9206 and 0.9462, respectively. 
The theoretical results reveal that the substitution of O 
by S increases the E(2) values in the studied complexes 
so that these values are higher in the divalent complexes 
relative to the monovalent ones.  

  From the atomic charge difference of the free 
cation and the complex, the amount of charge transfer 
(∆q(CT1)) between the aromatic ring and the cations is 
estimated. The results are given in Table 3. As seen in 
this Table, the (∆q(CT1)) values in the TASA complexes 
are higher than the ASA ones. Moreover, our findings 
show that these values are the highest for the double-
charge complexes, while the lowest values belong to the 
mono-charge ones. It is obvious from Table 3 that the 
trend in the ∆q(CT1) values is identical with the E(2) 

values.  
The results of NBO analysis corresponding to HB 

are listed in Table 3. The computations show that the 
most significant donor–acceptor interaction in the 
analyzed complexes is LPO(S) → σ*(O–H). As shown in 
Table 3, the simultaneous presence of the HB and 
cation–π interactions increases the HB strength for 
monovalent complexes, while this merging has the 
opposite effect on the HB of divalent complexes. Similar 

results have also been obtained for the TASA 
complexes. Furthermore, the correlation coefficients of 
0.9667 and 0.8051 indicate reasonable linear 
relationships between the values of ΔEBSSE and E(2) 

corresponding to HB for the ASA and TASA 
complexes, respectively (see Fig. 7). 

Table 3 shows the values of the charge transfer 
(∆q(CT2)) related to the HB. The values of ∆q(CT2) can be 
evaluated with an equation as Δq(CT2) = qO(S) (complex) 
- qO(S) (monomer). According to this formula, qO(S) 
(complex) is the atomic charge of the oxygen (or sulfur) 
involved in HB, and qO(S) (monomer) is the charge of the 
oxygen (or sulfur) atom in its equivalent monomer (qO = 
-0.344 and qS = -0.704). As seen in Table 3, the most 
negative atomic charges (qO(S)) belong to the 
monovalent complexes, while the least of those are 
related to the divalent ones. It is also apparent from 
Table 3 that the presence of cation-π interaction 
increases/decreases the values of Δq(CT2) for the 
divalent/monovalent complexes, respectively. This 
means that the charge transfer may be a helpful feature 
for depicting the strength of these interactions. 

  

 
 

                   Table 3. The values of E(2) correspond to σ(C=C) → LP*(M) and LPO(S) → σ*(O–H) interactions (in kcalmol-1),      
                     occupation numbers of donor (OND) and acceptor (ONA) orbitals, charge density on oxygen (sulfur) atom  
                     (qO(S), in e) and the charge transfers (∆q(CT) in e) in the studied complexes.  

  π⋯M interaction    HB interaction  

  σ(C=C) → LP*(M)    LPO(S) → σ*(O–H)  

 E(2) ONπ(C=C) ONLP*(M) ∆q(CT1)  E(2) ONLPO(S) ONσ*(O–H) qO(S) ∆q(CT2) 

ASA∙∙∙Li+ 1.25 1.974 0.028 0.373  13.49 1.847 0.036 -0.271 0.073 

ASA∙∙∙Na+ 1.21 1.977 0.014 0.147  13.66 1.849 0.036 -0.284 0.060 

ASA∙∙∙K+ 1.13 1.972 0.009 0.019  13.77 1.850 0.036 -0.292 0.052 

ASA∙∙∙Mg2+ 3.03 1.970 0.010 1.062  12.33 1.838 0.035 -0.215 0.129 

ASA∙∙∙Ca2+ 1.42 1.973 0.010 0.535  13.05 1.841 0.036 -0.231 0.113 

           

TASA∙∙∙Li+ 1.37 1.977 0.020 0.392  30.38 1.821 0.081 -0.567 0.137 

TASA∙∙∙Na+ 1.31 1.978 0.014 0.159  30.27 1.824 0.081 -0.599 0.105 

TASA∙∙∙K+ 1.25 1.971 0.010 0.026  29.86 1.826 0.080 -0.614 0.090 

TASA∙∙∙Mg2+ 3.20 1.966 0.010 1.081  28.38 1.803 0.082 -0.318 0.386 

TASA∙∙∙Ca2+ 1.53 1.969 0.010 0.554  29.51 1.807 0.083 -0.348 0.356 
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Fig. 7. Correlation between the ΔEBSSE and the E(2) corresponding to HB. 
  

  
3.6. HOMO-LUMO analysis 

 

The energy gap (Eg) between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) reveals the molecular 
electrical transport properties. The Eg is determined 
from the energy difference between the HOMO and 
LUMO as follows: Eg = ELUMO - EHOMO. The EHOMO is 
the energy of the Fermi level and the ELUMO is the first 
eigenvalue of the valance band. The HOMO and LUMO 
plots of the ASA···Li+ and TASA···Li+ complexes 
calculated at the ωB97XD/6-311++G(d,p) level of 
theory are illustrated in Fig. 8. The DFT-based 
reactivity and stability descriptors of complexes such as 
chemical hardness (η), chemical softness (S), electronic 
chemical potential (μ), electronegativity (χ) and 

electrophilicity index (ω) are obtained using the 
molecular orbital energy values (see Table 4). 

It is well known that the complexes having the large 
Eg are hard and the complexes having the small Eg are 
soft. Our findings show that the maximum and 
minimum values of η correspond to the Li+ and Mg2+ 
complexes, respectively. Therefore, the Li+ complexes 
with the larger Eg are more stable and harder, while the 
Mg2+ complexes with the lower Eg are more reactive and 
thus softer. Hence, the simultaneous presence of the HB 
and cation–π interactions leads to the high chemical 
stability and the low chemical reactivity of the ASA 
complexes. This result is due to the increase in η and 
also a decrease in S of complexes in the present study. 
The reverse results are observed for the TASA 
complexes. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8. The HOMO and LUMO of ASA···Li+ and TASA···Li+ complexes. 
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The results obtained in Table 4 also indicate that all 

the selected complexes are stable due to their negative 
electronic chemical potentials. There is a meaningful 
relationship between the values of electronegativity and 
the chemical potential as χ = -μ. As observed in Table 4, 
the best electron acceptors belong to the divalent 
complexes; because they have the highest 
electronegativity values. The electrophilicity index is 
another powerful tool for studying the reactivity of 

complexes. According to the electrophilic nature of 
molecules, the electrophilicity index (ω) is categorized 
as the weak electrophiles (ω < 0.8 eV), the medium 
electrophiles (0.8 < ω < 1.5 eV) and the strong 
electrophiles (ω > 1.5 eV) [71]. Our results confirm that 
the studied complexes are placed in the strong 
electrophiles category. In addition, the obtained data 
show the most/least values of electrophilicity for the 
divalent/monovalent complexes, respectively.  

 
 

                 Table 4. Values of the HOMO and LUMO energies (EHOMO and ELUMO), energy gap (Eg), chemical hardness (η),  
                 softness (S), electronic chemical potential (μ), electronegativity (χ) and electrophilicity index (ω).  

 EHOMO (eV) ELUMO (eV) Eg (eV) η (eV) S (eV-1) µ (eV) χ (eV) ω (eV) 

ASA∙∙∙Li+ -12.071 -4.344 7.726 3.863 0.129 -8.208 8.208 8.719 

ASA∙∙∙Na+ -11.618 -3.910 7.708 3.854 0.130 -7.764 7.764 7.821 

ASA∙∙∙K+ -11.377 -3.658 7.719 3.859 0.130 -7.517 7.517 7.322 

ASA∙∙∙Mg2+ -16.586 -10.110 6.478 3.239 0.154 -13.347 13.347 27.497 

ASA∙∙∙Ca2+ -16.109 -8.952 7.157 3.578 0.140 -12.530 12.530 21.939 

         

TASA∙∙∙Li+ -11.975 -4.772 7.203 3.601 0.139 -8.374 8.374 9.735 

TASA∙∙∙Na+ -11.547 -4.413 7.134 3.567 0.140 -7.980 7.980 8.927 

TASA∙∙∙K+ -11.315 -4.202 7.113 3.556 0.141 -7.758 7.758 8.462 

TASA∙∙∙Mg2+ -16.252 -9.942 6.310 3.155 0.158 -13.097 13.097 27.183 

TASA∙∙∙Ca2+ -15.891 -8.946 6.945 3.472 0.144 -12.419 12.419 22.207 

 
 
 

3.7. Molecular electrostatic potential 

  

The size, shape, and charge distribution in the 
molecules can be visualized by molecular electrostatic 
potential (MEP) maps. The values of surface 
electrostatic potentials are shown in different colors. 
The most negative site belongs to the red color, while 
the most positive site corresponds to the blue color [72-
75]. The green color represents areas with zero 
potential. The regions of attractive potential participate 
in the nucleophilic reactions, while the regions of 
repulsive potential contribute to the electrophilic 
attacks.  

The electron density isosurfaces for the ASA···Li+ 
and TASA···Li+ complexes calculated by ωB97XD 
method and 6-311++G(d,p) basis set are illustrated in 
Fig. 9. As observed in this Figure, the negative charge is 
covered with the oxygen atoms of OH and COOH 
functional groups (red and yellow colors), which have 
the greater electronegativity and the higher electron 
density. This provides the most electrophilic region in 
the complexes. On the other hand, the positive region is 
over the Li+ cation and the plane of the aromatic ring 
(blue color), which supports the most nucleophilic 
region in the complexes.  
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                                          ASA∙∙∙Li+                                                                       TASA∙∙∙Li+ 
 

Fig. 9. Electron density isosurfaces for ASA···Li+ and TASA···Li+ complexes calculated by ωB97XD method 
and 6-311++G(d,p) basis set. 

 
 

4. Conclusions 
 

In the present study, the NCIs are investigated on the 
complexes of ASA and its thio analogous (TASA) at 
the ωB97XD/6-311++G(d,p) level of theory. The 
results show that the replacement of O by S enhances 
the EHB strength in the complexes. On the other hand, 
the presence of cation-π interaction increases the HB 
energies in the monovalent complexes, while the 
reverse process is observed for the divalent ones. As a 
result, the cation-π interactions in the monovalent 
complexes have a stronger influence on the HB strength 
with respect to those in the divalent complexes. These 
results are also confirmed by the AIM analysis. For the 
studied systems, the values of �2

ρ(r)π⋯M and H(r)π⋯M 
are positive. This indicates the presence of closed-shell 
interactions in these complexes. Our findings also 
display that all species are placed in the medium HBs 
category. The results of NBO analysis show that the 
values of charge transfer are the highest for the divalent 
complexes, while the lowest values belong to the 
monovalent ones. Based on the molecular orbital data, 
the Li+ complexes with the larger energy gap are more 
stable and harder, while the Mg2+ complexes with the 
lower energy gap are more reactive and thus softer. The 
simultaneous presence of the HB and cation–π 
interactions leads to the high chemical stability in the 
ASA complexes and the high chemical reactivity in the 
TASA species. 
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