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1. Introduction 
 Mesalazine (MES), alternatively referred to as 
mesalamine or 5-aminosalicylic acid, is a pharmaceutical 
agent employed in the management of inflammatory 
bowel disorders, encompassing ulcerative colitis and 
Crohn's disease [1]. It is a drug that is specific to the 
intestines and belongs to the class of aminosalicylates. 
Following oral administration, it undergoes metabolism 
in the gastrointestinal tract and primarily displays its 
effects in that region [2]; as a result, the occurrence of 
adverse reactions diminishes. The structure and 
therapeutic properties of the MES diverge significantly 
from those of 4-aminosalicylic acid (or p-aminosalicylic 
acid). The mechanism by which MES operates when 
treating inflammatory bowel disease is currently 
undiscovered; however, its functionality is hypothesized 
to involve the regulation of chemical mediators involved  

 
in the inflammatory response, specifically prostaglandins 
and leukotrienes. The MES hinders the activity of the 
cyclooxygenase enzyme in the arachidonic acid cascade, 
consequently diminishing the synthesis of prostaglandins 
involved in inflammation [3-5]. 
 The noncovalent interactions (NCIs) such as 
hydrogen bond, cation–π, anion–π, π–π, etc. have 
attracted the special attention of scientists due to their 
applications in science and technology [6, 7]. These 
interactions are very important in the chemical reactions, 
drug-receptor interactions, crystal engineering, protein 
folding, and regulation of biochemical processes [8, 9]. 
One of the most significant indicators of NCIs is the HB 
[10, 11]. The importance of HB in biological structure, 
function, and structural dynamics cannot be overstated. 
The HB is essential for life as it evolves on Earth [12]. 
The properties of X, Y and H (X–H∙∙∙Y), substituent, 
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hybridization and solvation are the key factors that affect 
the nature of HB [13]. The cation–π interactions, as an 
additional cluster of NCIs, delineate the affinity between 
a positively charged ion and the planar surface of a 
chemical compound encompassing a conjugated system 
[14-16]. The cation-π interaction typically exhibits 
greater strength compared to other NCIs associated with 
the π-system, such as π-π and π-HB [14]. The 
significance of this interaction is contingent upon the 
nature of both the π-system and the cation participating 
in the interaction [17-19]. 
 The interplay among NCIs in biological systems is 
important in areas of the supramolecular chemistry and 
molecular recognition [20]. The phenomenon of cation–
π and HB interactions has been the subject of numerous 
investigations, exploring their mutual influences. In the 
2021, Mohammadi et al. [21] conducted an evaluation on 
the impacts arising from the interplay of cation–π and 
intramolecular hydrogen bond interactions on the 
complexes formed by methyl salicylate with Li+, Na+, 
K+, Be2+, Mg2+, Ca2+ cations. Khanmohammadi et al. 
[22] directed an examination into the impact of cation-π 
interactions on the potency and characteristics of the 
intra-molecular O...H hydrogen bond within the 
orthohydroxy benzaldehyde compound, alongside a 
selection of mono- and divalent metal cations, including 
Li+, Na+, K+, Be2+, Mg2+ and Ca2+. Also, the enhancing 
effect of the cation–π interaction on the intramolecular 
hydrogen bond in the acetaminophen complex was 
analyzed in 2020 [23]. 
 There are several studies in evaluating the importance 
of interaction of metals with biomolecules [24-31]. The 
objective of this investigation is to examine the mutual 
influences between cation–π and IMHB interactions 
within the compounds created by the mesalazine 
medication and metal cations (Li+, Na+, K+, Be2+, Mg2+ 
and Ca2+). For this purpose, the parent molecule (MES) 
and the benzene (BEN) compound with the 
aforementioned cations have been selected as a 
collection of benchmark points. The DFT calculations 
are used to analyze the energetic, geometric and 
spectroscopic parameters. In addition, the AIM and NBO 
analyses are applied to evaluate the topological 
parameters and charge transfer values, respectively. 
Finally, the frontier molecular orbitals (FMOs) are 
calculated to estimate the conceptual DFT parameters 
such as energy gap, global hardness, softness, electronic 
chemical potential, electrophilicity index and 
electronegativity of the considered complexes. We hope 
that our results can provide helpful information about the 
performance of these complexes in the discovery of 
compounds with new bioactive ligands. 

2. Computational methodology 
 Quantum chemistry package Gaussian 0٩ [32] is 
utilized to perform the calculations in the present study. 
The structures are optimized with the ωB97XD 
functional and the 6-311++G(d,p) basis set [33] to 
evaluate the interaction between the species. This 
methodology incorporates the utilization of empirical 
atom-atom dispersion to implement a long-range 
correction [34–37]. Density functional theory [38] has 
been verified to be valid for studying the non-covalent 
complexes. Harmonic vibrational frequencies are 
estimated at the same level of theory. The absence of 
imaginary frequencies reveals that the studied complexes 
have particular local minima on the PES and are 
therefore stable. The calculation of the binding energy 
(∆Eion-π) between the constituents involves the 
assessment of the disparity between the aggregate energy 
of the complexes and that of each individual monomer, 
as delineated below: 
 
ΔEion-π = Ecation–π - (Ecation + Eπ-system) + EBSSE              (1) 
 
where the total energy of the complexes, denoted as 
Ecation–π, can be expressed as the sum of the energies of 
the relaxed cations (Ecation) and the MES (or BEN) 
monomer (Eπ-system). The EBSSE is the basis set 
superposition error (BSSE) energy [39] applied to 
correct the binding energy. In order to more 
understanding about the nature of the interactions, the 
analysis of the AIM [40] is performed by the AIM2000 
program [41]. For the selected configurations, the donor-
acceptor energies and the charge transfer values are also 
estimated through the NBO analysis [42, 43]. In 
addition, the molecular orbital calculations such as the 
highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) energies 
are applied to evaluate the conceptual DFT parameters 
like softness (S), chemical hardness (η), electronic 
chemical potential (µ), electronegativity (χ) and 
electrophilicity index (ω). Finally, to predict the 
behavior and reactivity of the complexes, the 
electrostatic potential (ESP) distribution is exploited by 
the Multiwfn 3.6 program [44]. The analysis of ESP is 
typically conducted on the molecular radius of van der 
Waals (vdW), which is assessed at the 0.001 
electrons/Bohr3 isodensity surfaces. Additionally, the 
vdW surface, which is visualized using the VMD 1.9.3 
program [45], is demonstrated in terms of ESP. 
 
3. Results and discussion 
3.1. Energies 
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 In this study, the DFT calculation is performed on the 
MES∙∙∙M complexes (M = Li+, Na+, K+, Be2+, Mg2+, 
Ca2+) to investigate the interplay effects between cation-
π and IMHB interactions. To compare the results, a set 
of reference points including the parent molecule (MES) 
and the benzene complexes (BEN∙∙∙M) are also 
considered. The optimized structures of MES∙∙∙M and 
BEN∙∙∙M complexes are depicted in Scheme 1. The 
BSSE-corrected binding energies (ΔEBSSE) at the 
ωB97XD/6-311++G(d,p) level of theory are given in 
Table 1. As exemplified in this Table,  
the  
inclination in absolute values of ΔEBSSE for both MES 
and BEN complexes can be observed as π∙∙∙Be2+ > 
π∙∙∙Mg2+ > π∙∙∙Ca2+ > π∙∙∙Li+ > π∙∙∙Na+ > π∙∙∙K+.  
 One of the key factors that is effective in binding 
energies is the charge-to-radius ratio (Q/r) of the cations 
as Be2+ (6.452) > Mg2+ (3.077) > Ca2+ (2.020) > Li+ 
(1.667) > Na+ (1.052) > K+ (0.752). As observed, there is 
a direct relationship between the binding energies and 
the charge-to-radius ratio of the cations with a 
correlation coefficient (R2) equal to 0.9744 (Scheme S1 
in the supplementary section). Based on the obtained 
results, the values of binding energies (ΔEBSSE) for the 
MES and BEN complexes are in the ranges of -18.89 to -
235.90 and -17.64 to -216.15 kcal mol-1, respectively. As 
the results show, the ΔEBSSE values for the MES∙∙∙M 
complexes are higher than those of the BEN∙∙∙M series 
(see Table 1). This indicates that the coupling of cation–
π and IMHB increases the strength of the cation–π 
interactions. 
 The Espinosa method [46] is also applied to estimate 
the IMHB energy of the MES complexes. There exists a 
significant correlation between the HB energy (EHB) and 
the potential energy of electrons at the critical point of 
the bond (Vbcp), which can be expressed as EHB = 1/2 
V(bcp) [46-48]. The results in Table 1 show that the 
increasing trend of HB energies is as π∙∙∙K+ > π∙∙∙Na+ > 
π∙∙∙Li+ > π∙∙∙Ca2+ > π∙∙∙Mg2+ > π∙∙∙Be2+. As it is clear, an 
inverse relationship exists between the EHB values and 
the charge-to-radius ratio of the cations in the related 
complexes. Inspection of results in Table 1 shows that 
the presence of cation–π interaction diminishes the HB 
strength. This means that the HB energy for the MES 
complexes is lower than its monomer. Scheme S2 
reveals the correlation between the HB energies and the 
binding energies with a correlation coefficient (R2) of 
0.9311. 
 
3.2. Molecular geometry 

The optimized geometrical parameters such as bond  

length and angle are given in Table 1. The distance 
among the ions and the middle of the aromatic ring 
(dπ∙∙∙M) is the most important structural parameter in 
determining the cation–π interactions. The results show 
that the dπ∙∙∙M obviously changes with the strengthening 
of the cation–π interaction. Examining the results in 
Table 1 shows that the trend in the dπ∙∙∙M values for 
alkaline-earth and alkali complexes is as π∙∙∙Ca2+ > 
π∙∙∙Mg2+ > π∙∙∙Be2+ and π∙∙∙K+ > π∙∙∙Na+ > π∙∙∙Li+, 
respectively. Our data reveal that, in most cases, the 
coupling of the IMHB and cation–π interactions reduces 
the values of dπ∙∙∙M in the MES complexes relative to their 
corresponding values in the BEN ones. This indicates 
that the presence of HB increases the strength of the 
cation-π interactions. 
 To evaluate the HB character in the presence of 
cation-π interactions, the geometrical parameters of the 
O–H⋯O unit are also investigated. The HB distances 
and their corresponding angles are key factors that affect 
the HB strength [49]. The geometrical parameters of the 
complexes are collected in Table 1. As seen in this 
Table, the dH⋯O values decrease in the following order: 
π∙∙∙Be2+ > π∙∙∙Mg2+ > π∙∙∙Ca2+ > π∙∙∙Li+ > π∙∙∙Na+ > π∙∙∙K+, 
which in accordance with the calculated EHBs. In order to 
understand the effect of cation–π interaction on the HB 
strength, the bond lengths and angles of MES complexes 
are compared with those of their monomer. According to 
the obtained results, the lowest values of dH⋯O and dO-H 
and the highest values of θOHO belong to the parent 
molecule (MES). This means that the presence of the 
cation˗π interaction weakens the HB strength. It is also 
worth mentioning that the dH⋯O and dO-H values correlate 
well with the binding energies (see Scheme S3). 
 
3.3. Spectroscopic study  

 The strength of the NCIs can also be evaluated by 
calculating the stretching frequencies. These quantities 
are strongly under the influence of cation–π interactions 
strength. As shown in Table 1, the order of the stretching 
frequencies of the cation–π contact (νπ∙∙∙M) for alkaline-
earth and alkali complexes is as π∙∙∙Be2+ > π∙∙∙Mg2+ > 
π∙∙∙Ca2+ and π∙∙∙Li+ > π∙∙∙Na+ > π∙∙∙K+, respectively. For 
the studied complexes, the comparison of the calculated 
binding energies with the νπ∙∙∙M values shows a direct 
relationship between them (see Table 1). As the results 
show, in most cases, the values of νπ∙∙∙M for the MES 
complexes are higher than the BEN series. This indicates 
that the cation–π interaction is strengthened in the MES 
complexes with respect to those of BEN. According to 
these data, the coupling of IMHB and cation–π 
interactions increases the values of νπ∙∙∙M. 
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                                                   (a)                                                                                (b) 

                
Scheme 1. Molecular structures of MES∙∙∙M (a) and BEN∙∙∙M (b) complexes (M = Li+, Na+, K+, Be2+, Mg2+, Ca2+). 

 
 

                         Table 1. The BSSE-corrected binding and IMHB energies (ΔEBSSE and EHB, in kcal mol-1), the geometrical  
                         parameters (bond lengths (d), in Å and bond angles (θ), in °) and spectroscopic data (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 θOHO νO-H 

BEN∙∙∙Li+ -35.98 1.957 342.8 ─ ─ ─ ─ ─ 

BEN∙∙∙Na+ -23.87 2.495 179.7 ─ ─ ─ ─ ─ 

BEN∙∙∙K+ -17.64 2.898 135.1 ─ ─ ─ ─ ─ 

BEN∙∙∙Be2+ -216.15 1.290 613.7 ─ ─ ─ ─ ─ 

BEN∙∙∙Mg2+ -108.78 1.956 357.3 ─ ─ ─ ─ ─ 

BEN∙∙∙Ca2+ -77.16 2.367 244.5 ─ ─ ─ ─ ─ 

MES ─ ─ ─ -11.29 0.974 1.786 144.0 3620.0 

MES∙∙∙Li+   -36.66 1.955 334.1 -10.93 0.976 1.795 141.6 3581.9 

MES∙∙∙Na+   -24.75 2.500 191.2 -11.05 0.976 1.792 142.0 3591.5 

MES∙∙∙K+   -18.89 2.890 115.7 -11.10 0.976 1.791 142.2 3591.9 

MES∙∙∙Be2+ -235.90 1.331 663.0 -10.07 0.984 1.816 137.6 3481.7 

MES∙∙∙Mg2+ -120.89 1.951 366.9 -10.34 0.981 1.810 138.6 3522.9 

MES∙∙∙Ca2+   -87.51 2.331 295.7 -10.78 0.980 1.798 139.3 3529.7 

 
In the O–H∙∙∙O unit, the O–H stretching frequency 

(νO–H) is the most significant vibrational mode that 
affects the nature of the HB. The νO–H values of the 
complexes are listed in Table 1. It is well-established 
that the formation of the X–H⋯Y bond in conventional 
HBs causes the X–H bond to expand and the 
corresponding X–H stretching vibration to shift to a 

lower frequency [50]. As shown in Table 1, the presence 
of cation˗π interactions reduces the νO-H values of the 
MES complexes relative to its monomer. This indicates 
the weakening of the HB strength in the related 
complexes. The results also display that the red shift of 
the O–H stretching frequencies of MES complexes 
relative to its monomer (Δν) is as π∙∙∙Be2+ (138) > 



Chem Rev Lett 6 (2023) 262-275 
 

266 
 

π∙∙∙Mg2+ (97) > π∙∙∙Ca2+ (90) > π∙∙∙Li+ (38) > π∙∙∙Na+ (29) 
> π∙∙∙K+ (28 cm-1). Furthermore, as depicted in Scheme 
S4, the νO–H values correlate to binding energies while 
their correlation coefficient (R2) is equal to 0.9291. 

 
3.4. AIM analysis 

In order to more understanding about the nature of 
the interaction between species, the topological 
parameters of electron density (ρ), its Laplacian (∇2ρ), 
total energy density of electrons (H), and kinetic (G) 
and potential (V) electron energy densities in term of 
bond critical points (BCPs) are investigated. The 
interactions property can be categorized as a function of 
HBCP and ∇2ρBCP [51, 52]. The strong interactions have 
the covalent character (∇2ρBCP < 0 and HBCP < 0), the 
medium interactions are partially covalent (∇2ρBCP > 0 
and HBCP < 0) and the weak interactions are mainly 
electrostatic (∇2ρBCP > 0 and HBCP > 0). The results of 
AIM analysis are reported in Table 2. As shown in this 
Table, the interaction between cations and the π-system 
is electrostatic with the values of small ρ(r)π∙∙∙M, 
�

2ρ(r)π∙∙∙M > 0 and H(r)π∙∙∙M > 0. This means that the 
electronic charges are depleted in the interatomic path, 
which indicates the nature of closed-shell interactions in 
these systems. In the case of Be2+ complexes with the 
values of �2ρ(r)π∙∙∙M > 0 and H(r)π∙∙∙M < 0, the interaction 
is partially covalent. The type of cations and the nature  

 
 
 
 
 

of the π-system are two factors that determine the 
BCPs formed in the complexes through their molecular 
graphs (see Scheme 2). As revealed in this Scheme, the 
existence of cation-π interactions in the considered 
complexes is confirmed by the corresponding bond path 
between the cations and each carbon atom of the 
aromatic ring.  

Comparing the values of ρ(r)π∙∙∙M with the binding 
energies of the complexes shows a direct relationship 
between them (see Tables 1 and 2). The correlation 
coefficient (R2) for the dependency of ΔEBSSE versus 
ρ(r)π∙∙∙M is equal to 0.9881 (see Scheme S5). The results 
in Table 2 display that the trend in values of ρ(r)π∙∙∙M is 
as π∙∙∙Be2+ > π∙∙∙Mg2+ > π∙∙∙Ca2+ > π∙∙∙Li+ > π∙∙∙Na+ > 
π∙∙∙K+. Obviously, the coupling of the cation–π and 
IMHB interactions increases the ρ(r)π∙∙∙M values in the 
MES complexes compared to the BEN, which 
emphasizes the presence of a stronger cation-π 
interaction. The character of NCIs can also be assessed 
by the -G/V ratio [53, 54]: for -G/V ≥ 1, the interaction 
is mainly electrostatic, while for 0.5 < −G/V < 1, its 
partially covalent character is defined. As seen in Table 
2, the −G/Vπ∙∙∙M values obtained for the complexes are 
greater than 1, which reveals their electrostatic nature. 
On the other hand, the−G/Vπ∙∙∙M values for the Be2+ 
complexes indicate that the interaction is partially 
covalent. 

 
 
 
 
 

 
                     
 
 
 
 
 
 
 
                                                   (a)                                                                   (b) 

 
Scheme 2. Molecular graphs commonly acquired from AIM analysis for MES∙∙∙M (a) and BEN∙∙∙M (b) complexes. 

 
The topological properties of HB critical points are 

collected in Table 2. The presence of HB interactions is 
verified by the formation of BCPs between groups of 
the proton-donating and proton-accepting objects (see 
Scheme 2a). The HBs are classified into three 
categories: the weak HBs, characterized by �2ρ(r) > 0 

and H(r) > 0; the medium HBs, described by �2ρ(r) > 0 
and H(r) < 0; and the strong HBs, depicted by �2ρ(r) < 
0 and H(r) < 0 [55]. Based on the results calculated in 
Table 2, the values of �2ρ(r)H∙∙∙O > 0 and H(r)H∙∙∙O < 0 
obtained in the complexes indicate that they may be 
placed in category of the medium HBs. As shown in 
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Table 2, the increasing trend of ρ(r)H∙∙∙O values is as 
π∙∙∙K+ > π∙∙∙Na+ > π∙∙∙Li+ > π∙∙∙Ca2+ > π∙∙∙Mg2+ > π∙∙∙Be2+, 
which is in agreement with the calculated HB energies. 
According to the results, the coexistence of IMHB and 
cation–π interactions decreases the ρ(r)H∙∙∙O values at the 
HB critical points relative to its monomer, indicating the 
weakening of the HB strength. Scheme S6 reveals a 
good correlation between the values of ρ(r)H∙∙∙O and the 
binding energies. The results also show that the 
complexes analyzed in this study are partially covalent 
in nature, because their −G/VH∙∙∙O ratio is between 0.5 
and 1 (see Table 2). 

To investigate the nature of the NCIs between 
species, the reduce density gradient (RDG) study is also 
performed using the Multiwfn program [44]. The 
binding nature and recognition of the interacting regions  

 
 

in the complexes are evaluated with the color-filled 
RDG plots. The regions of strong attractive, weak and 
repulsive interactions are marked using blue, green and 
red colors, respectively. The iso-surface maps of the 
RDG for the MES∙∙∙Mg2+ and MES···Li+ complexes are 
depicted in Scheme 3. As observed in this Scheme, the 
interaction between the ions and the aromatic ring center 
for the MES∙∙∙Mg2+ and MES···Li+ complexes is shown 
by the blue and green colors, respectively, which 
confirms the strength of cation-π interactions in these 
systems. Furthermore, the interaction region marked by 
blue color indicates the formation of a hydrogen bond 
between the proton donor and proton acceptor in the O–
H∙∙∙O unit. The red regions display strong steric effects 
in the complexes. 

 
 
 

Table 2. The chosen topological parameters of electron density (in a. u.) acquired through AIM analysis. 

   π⋯M 
 

    HB   

 ρ(r) �
2ρ(r) H(r) V(r) -G/V  ρ(r) �

2ρ(r) H(r) V(r) -G/V 

BEN∙∙∙Li+ 0.0138 0.0738  0.0039 -0.0107 1.361  ─ ─ ─ ─ ─ 

BEN∙∙∙Na+ 0.0088 0.0419  0.0024 -0.0056 1.428  ─ ─ ─ ─ ─ 

BEN∙∙∙K+ 0.0083 0.0322  0.0017 -0.0046 1.367  ─ ─ ─ ─ ─ 

BEN∙∙∙Be2+ 0.0574 0.1943 -0.0083 -0.0652 0.872  ─ ─ ─ ─ ─ 

BEN∙∙∙Mg2+ 0.0259 0.1138  0.0030 -0.0225 1.132  ─ ─ ─ ─ ─ 

BEN∙∙∙Ca2+ 0.0220 0.0774  0.0015 -0.0164 1.091  ─ ─ ─ ─ ─ 

MES  ─ ─ ─ ─ ─  0.0385 0.1291 -0.0018 -0.0360 0.949 

MES∙∙∙Li+  0.0146 0.0759  0.0038 -0.0113 1.338  0.0377 0.1260 -0.0016 -0.0348 0.953 

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

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

MES∙∙∙Be2+   0.0614 0.2154 -0.0095 -0.0729 0.870  0.0357 0.1185 -0.0012 -0.0321 0.962 

MES∙∙∙Mg2+  0.0287 0.1253  0.0027 -0.0259 1.104  0.0363 0.1211 -0.0013 -0.0329 0.960 

MES∙∙∙Ca2+ 0.0244 0.0866  0.0013 -0.0190 1.070  0.0374 0.1241 -0.0017 -0.0343 0.952 
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Scheme 3. Reduced density gradient iso-surface maps of the MES∙∙∙Mg2+ (a) and MES·· ·Li+ (b) complexes. 
 
 

3.5. NBO analysis  

The natural bond orbital analysis [42, 56] considers 
the orbital interactions and the charge transfer values in 
the complexes. The results of the NBO analysis 
including the second-order perturbation energy (E(2)), 
charge transfer (ΔqCT) and occupation number of NBOs 
are given in Table 3. The obtained results show that the 
most significant interaction formed between cations and 
π-system is πC=C → LP*M. In the NBO analysis of the 
studied structures, the charge transfer between the 
bonding orbitals of benzene C=C (as electron donor) 
and the antibonding lone pair of cations (as electron 

acceptor) has a particular importance. Inspection of 
results in Table 3 shows that the trend in the E(2) values 
of the complexes is π∙∙∙Be2+ > π∙∙∙Mg2+ > π∙∙∙Ca2+ > 
π∙∙∙Li+ > π∙∙∙Na+ > π∙∙∙K+, which have greater values in 
the MES complexes compared to BEN ones. This 
indicates that the presence of the HB ring increases the 
cation–π interaction strength. 

The charge transfer (Δq(CT1)) values of the complexes 
are also listed in Table 3. The Δq(CT1) of the species is 
calculated from the difference between the atomic 
charge of the ions in the free state and the complexed. 
The data demonstrate that the existence of HB enhances 

(a) 

(b) 
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the amounts of Δq(CT1) for the divalent complexes in 
comparison with their respective magnitudes in BEN, 
while the opposite process is observed for the 
monovalent structures. In addition, as shown in Table 3, 
the values of Δq(CT1) and the charge transfer energies 
(E(2)) are in good agreement with each other.  

In the analysis of HB systems using NBO 
methodology, the transfer of charge between the lone 
pairs of the proton acceptor (LP(O)) and the antibonds of 
the proton donor (σ*(O–H)) emerges as a paramount 
aspect. The findings obtained from the NBO analysis 
conducted for the LP(O) → σ*(O–H) interaction can be 
found in Table 3. As seen in this Table, the donor–
acceptor energies decrease in the following order: π∙∙∙K+ 
> π∙∙∙Na+ > π∙∙∙Li+ > π∙∙∙Ca2+ > π∙∙∙Mg2+ > π∙∙∙Be2+. As 
the results show, the value of E(2) for the MES 
complexes is lower than that of the parent molecule. 
The presence of the IMHB and cation–π interactions, as 
determined from the acquired data, exhibits a 

diminishing effect on the strength of the HB. Scheme S7 
depicts the ΔEBSSE dependency on the values of E(2) 
corresponding to HB with a correlation coefficient (R2) 
equal to 0.928. 
     The NBO analysis is additionally utilized to examine 
the alteration in charge on the oxygen atom (qO) 
implicated in HB (see Table 3). As illustrated in this 
Table, the interaction between the cations and the MES 
system leads to a decrease in the |qO| values compared to 
its corresponding monomer (qO = -0.344). The values of 
charge transfer (Δq(CT2)) are evaluated from the 
difference between the atomic charges of the oxygen in 
free state and complexed with an equation as: Δq(CT2) = 
qO (complex) - qO (monomer). As Table 3 demonstrates, 
the divalent and monovalent complexes are correlated 
with the highest and lowest magnitudes of ǀΔq(CT2)ǀ, 
respectively. This suggests that the charge transfer may 
be a helpful quantity in elucidating the strength of these 
interactions. 

        

 

             Table 3. The values of E(2) correspond to π(C=C) → LP*(M) and LP(O) → σ*(O–H) interactions (in kcal mol-1), occupation  
             numbers of donor (OND) and acceptor (ONA) orbitals, oxygen atomic charges (q(O)) and the charge transfers (∆q(CT), in  
             e).  

  π⋯M interaction    HB interaction  

  

 π(C=C) → LP*(M)  
  

 LP(O) → σ*(O–H)  

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

BEN∙∙∙Li+ 4.17 1.6475 0.0312 0.423  ─ ─ ─ ─ ─ 

BEN∙∙∙Na+ 0.94 1.6581 0.0108 0.164  ─ ─ ─ ─ ─ 

BEN∙∙∙K+ 0.54 1.6612 0.0053 0.046  ─ ─ ─ ─ ─ 

BEN∙∙∙Be2+ 50.22 1.5119 0.2382 1.443  ─ ─ ─ ─ ─ 

BEN∙∙∙Mg2+ 13.86 1.6075 0.0925 0.956  ─ ─ ─ ─ ─ 

BEN∙∙∙Ca2+ 7.27 1.6276 0.0553 0.494  ─ ─ ─ ─ ─ 

MES  ─ ─ ─ ─  14.25 1.8541 0.0367 -0.344 ─ 

MES∙∙∙Li+  5.54 1.7334 0.0281 0.373  13.49 1.8474 0.0361 -0.271 -0.073 

MES∙∙∙Na+  1.15 1.7393 0.0089 0.147  13.66 1.8490 0.0364 -0.284 -0.060 

MES∙∙∙K+  0.71 1.7388 0.0046 0.019  13.77 1.8497 0.0365 -0.292 -0.052 

MES∙∙∙Be2+   71.8 1.6375 0.1894 1.523  11.88 1.8319 0.0350 -0.188 -0.156 

MES∙∙∙Mg2+  15.76 1.6022 0.1123 1.062  12.33 1.8379 0.0351 -0.215 -0.129 

MES∙∙∙Ca2+  9.54 1.7316 0.0486 0.535   13.05 1.8411 0.0364 -0.231 -0.113 
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3.6. HOMO–LUMO analysis 

The kinetic stability and chemical reactivity of 
compounds are also evaluated by frontier molecular 
orbitals (FMOs) [57, 58]. The HOMO and LUMO 
correspond to the capacity of donating and gaining 
electrons, respectively [59]. The discrepancy between 
the HOMO and LUMO is defined as the band gap (Eg) 
in chemistry, which plays an important role in the 
stability [60]. The HOMO and LUMO plots for the Li+ 
complexes are illustrated in Scheme 4. The reactivity 
descriptors known in terms of softness (S), chemical 
hardness (η) [61], electronic chemical potential (μ) [62], 
global electrophilicity power (ω) [63] and 
electronegativity (χ) [64] are computed according to the 
following equations:  

 
 

 
 

 
 
 
 
 

where the terms ELUMO and EHOMO are used to describe 
the lowest unoccupied molecular orbital and the highest 
occupied molecular orbital energies, respectively. The 
electrophilicity index (ω) is ascribed to the electrophilic 
characteristic of the compounds and is formulated in the 
following style: 
 

 
 

The dependence of a molecule's chemical hardness 
and softness on the energy gap is a notable 
phenomenon. Hard molecules have a large Eg, high 
stability and low reactivity, while the reverse results are 
defined for soft molecules. Analysis of the results in 
Table 4 indicates that the highest value of hardness is 
related to the Be2+ complex, while the lowest value 
corresponds to the Mg2+ one. Therefore, the maximum 
values of stability and reactivity belong to the Be2+ and 
Mg2+ complexes, respectively.  

 
 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Scheme 4. The molecular orbital diagrams of MES·· ·Li+ and BEN···Li+ complexes determined using the 
                       wB97XD/6-311++G(d,p) level of theory. 
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                  Table 4. Values of the HOMO and LUMO energies (EHOMO, 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) 

BEN∙∙∙Li+ -14.536 -3.752 10.784 5.392 0.093 -9.144 9.144 7.754 

BEN∙∙∙Na+ -13.802 -3.692 10.110 5.055 0.099 -8.747 8.747 7.568 

BEN∙∙∙K+ -13.397 -3.206 10.191 5.096 0.098 -8.301 8.301 6.762 

BEN∙∙∙Be2+ -22.011 -10.606 11.405 5.702 0.088 -16.308 16.308 23.320 

BEN∙∙∙Mg2+ -20.058 -10.730   9.328 4.664 0.107 -15.394 15.394 25.405 

BEN∙∙∙Ca2+ -19.138 -9.136 10.002 5.001 0.100 -14.137 14.137 19.981 

MES    -7.592 0.082 7.674 3.837 0.130 -3.755 3.755 1.838 

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

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

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

MES∙∙∙Be2+   -17.980 -9.930 8.049 4.025 0.124 -13.955 13.955 24.194 

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

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

 
 
 

According to the results of Table 4, all the 
complexes considered in this study are stable. This can 
be contributed to the obtained negative μ values. There 
is a meaningful relationship between the chemical 
potential and the electronegativity as: χ = − µ. Our data 
display that the best electron acceptors are the divalent 
complexes with higher values of χ. The reactivity of the 
complexes can also be predicted by the electrophilicity 
index. The electrophilicity of the complexes can be 
evaluated by the η and μ parameters. The performing a 
chemical reaction in the compounds with the values of 
lower η and higher |μ| is more appropriate; because the 
electrons transfer is easier in them [65]. The results of 
Table 4 show the maximum and minimum the 
electrophilicity values for the divalent and monovalent 
complexes, respectively. 

Our findings in Table 4 also indicate that in the 
presence of HB, the Eg, η and χ values for the MES 
complexes are lower than their corresponding values in 
the BEN, while the S, μ and ω indices show the higher 
values for these complexes. On the other hand, the 
coexistence of the cation˗π and IMHB interactions leads 
to an increase in the values of Eg, η, χ and ω, and a 
decrease in the indices of S and µ for the MES 

complexes compared to its monomer (except for Mg2+ 
and Ca2+ complexes). Obviously, with the exception of 
the ω index, the reverse results are observed for these 
descriptors in both the interactions. This means that the 
interactions influence each other in the opposite 
directions. 

 
3.7. Electrostatic potential (ESP) 

The ESP is another indicator that provides a visual 
depiction of chemically active sites and the relative 
reactivity of atoms. The donating and accepting 
tendencies of the NCIs can be attributed to the most 
positive ESP (VS,max) and the most negative ESP 
(VS,min), respectively. The VS,max and VS,min values are 
calculated using the Multiwfn program [44]. The 
electron density isosurfaces for the MES·· ·Li+ complex 
and its monomer are shown in Scheme 5. In the MES 
monomer, the VS,min value of -30.28 kcal mol-1 (global 
minimum on the surface) is closer to the oxygen atom; 
its large negative value is due to the lone pairs on this 
atom. The VS,max value of +55.47 kcal mol-1 (global 
maximum on the surface) is in the vicinity of the 
positively charged H; its large amount is due to the 
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existence of oxygen, which absorbs a great deal of 
electrons from H. 

In the MES···Li+ complex, the VS,min is +38.63 kcal 
mol-1, which is closer to the oxygen atom of the 
carboxyl group; it is the most beneficial site for the 
positively charged atoms and plays the role of the most 
probable acceptor. On the other hand, the VS,max value is 
observed on top of the Li+ cation with a value of 

+291.67 kcal mol-1, which is the most favorable place 
for the negatively charged species and acts as the most 
possible donor. These observations obviously describe 
the reason why carboxyl groups can form HB. They also 
display that cations should be ideal sites for 
electrophilic reactions. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 

  
 

 

 

 

             Scheme 5. Molecular electrostatic surface potentials of the MES·· ·Li+ complex (a) and the MES monomer (b) mapped  
             on their corresponding 0.001 au electron density isosurface along with the VS,max and VS,min values measured in units of  
             kcal mol-1. 

 

 

4. Conclusion 

     The current investigation assesses the mutual effects 
of cation-π and IMHB interactions on MES complexes 
containing Li+, Na+, K+, Be2+, Mg2+ and Ca2+ cations. 
This study aims to examine the geometrical parameters, 
binding energies, topological properties, and charge 
transfer analysis in order to compare their results with 
those of BEN complexes and the MES molecule, which 
serve as a reference point. Several relationships can be 
observed among the energetic, geometric, and 
topological variables. Based on the acquired findings, it 
can be inferred that the coupling simultaneously not 
only diminishes the intensity of the IMHB but also 
enhances the interaction between cations and π-electron 
systems. Our findings also demonstrate that the strength 
of the cation–π interactions enhances with increasing the 
charge-to-radius ratio of the cations, while the opposite 
results are observed for the IMHB interactions. These 
outcomes are also confirmed by AIM and NBO 
analyses. The findings from the analysis of molecular 
orbitals reveal that the quantum molecular descriptors 

exhibit contrasting outcomes for both the cation-π and 
HB interactions, with the exception of ω. This suggests 
that the impact of HB on the cation-π interaction differs 
from the influence of the cation-π interaction on HB. 
Therefore, the relationship between these omnipresent 
NCIs in biological systems may hold significance in 
numerous domains of supramolecular chemistry. 
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