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Abstract
A detailed study on mesalazine⋯Fe2+ complex is performed using density functional theory calculations to show the inter-
play effects of cation–π and intramolecular hydrogen bond (IMHB) interactions in the presence of the different solvents. To 
achieve better insight on the mentioned interactions, the complex of benzene and the mesalazine analogue is chosen as a set of 
reference points. For this purpose, the analyses of atoms in molecules and natural bond orbital are applied to study the nature 
of the bonding. The results exhibit that the coexistence of IMHB and cation–π interactions decreases the IMHB strength and 
increases the cation–π interactions. The electronic properties, stability and reactivity of the studied complex in the various 
solvents are also evaluated by frontier molecular orbitals, chemical hardness as well as electronic chemical potential.

Keywords Cation–π · Intramolecular hydrogen bond · DFT · AIM · NBO

1 Introduction

Mesalazine (5-aminosalicylic acid or mesalamine), the 
active moiety of sulfasalazine (salazosulfapyridine), is avail-
able for the treatment of active ulcerative colitis of mild-to-
moderate severity [1, 2]. It is an organic compound with 
the chemical formula  C7H7NO3. Ulcerative colitis causes 
inflammation of the intestine which leads to problems such 
as ulceration and bleeding. Crohn’s disease is also a condi-
tion which causes inflammation of any part of the gastroin-
testinal system. Aminosalicylates are a group of medicines 
commonly used to treat inflammatory bowel diseases [3]. 
Mesalazine (MES) is one of the most commonly used ami-
nosalicylates. Although it is not clear exactly how MES 
works, it is thought to act on cells lining the intestine to 
change the way these cells make and release certain chemi-
cals. It allows the damaged intestine to recover and helps to 
prevent symptoms from flaring up again.

Noncovalent interactions (NCIs) such as hydrogen bond, 
cation–π, anion–π and π–π are important in the field of bio-
molecular structure and function [4–10]. The hydrogen bond 
(HB), in particular, is one of the most important interactions 
present in different biological activities [11–13]. In supra-
molecular chemistry, it has been believed that the HB is able 
to control and direct the structures of molecular assemblies 
because it is sufficiently strong and directional [13–18]. 
Cation–π interactions, as another ensemble of NCIs, are of 
prime importance in several areas of contemporary interest, 
such as chemistry, material science, biology, and allied areas 
[19–23]. This interaction is essentially electrostatic in origin 
because a positively charged cation interacts with negatively 
charged electron cloud of π-systems [24–26]. The induction 
(induced polarization) interactions are also the major source 
of the attraction in the cation–π interaction [27], and the 
contribution of the dispersion interaction is relatively small 
in these interactions.

The interplay between NCIs is effective for understanding 
some biological processes [28, 29]. Numerous theoretical 
studies have been devoted to the elucidation of the interplay 
between cation–π and HB interactions. For instance, Li et al. 
[30] evaluated the role of methyl group in the cooperativity 
between cation–π and NH⋯O hydrogen bond interactions. In 
2020, the enhancing effect of the cation–π interaction on the 
intramolecular HB in acetaminophen complex investigated 
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by Mohammadi et al. [31]. Mutual effects of the cation–π, 
anion–π and intramolecular HB in the various complexes of 
1,3,5-triamino-2,4,6-trinitrobenzene with some cations  (Li+, 
 Na+,  K+,  Mg2+,  Ca2+) and anions  (F−,  Cl−,  Br−) explored by 
Nowroozi et al. [32]. Also, Alirezapour et al. [33] analyzed 
the cation–π interactions effect on the strength and nature 
of the intramolecular HB in the various complexes of para 
aminosalicylic acid with  Cr2+,  Mn+,  Fe2+,  Co+,  Ni2+,  Cu+ 
and Zn.2+ cations. Finally, the interplay among three impor-
tant NCIs involving aromatic rings such as HB, cation–π 
and π–π interactions studied using ab initio calculations by 
Estarellas et al. [34].

Metal ions are essential elements for healthy life to 
humans [35]. For instance, the transition-metal ions par-
ticipate in biological systems as multiplied charged ions, 
which bind more strongly to ligands due to increased elec-
trostatic potential and smaller ionic radius with respect to 
non-transition-metal ions [36]. The current paper depicts a 
comprehensive study on interaction of the MES drug with 
 Fe2+ cation in the presence of several different solvents. Our 
objective from this work is to explore the interplay effects of 
IMHB and cation–π interactions on the geometrical param-
eters, spectroscopic data, binding energies and topological 
properties. For this purpose, the DFT calculations along 
with the AIM and NBO analyses are exploited. Finally, we 
have performed an inclusive analysis of molecular orbital 
energies to evaluate the electronic properties, stability and 
reactivity of the analyzed complex.

2  Computational methods

All theoretical calculations are performed with the Gaussian 
03 software package [37] using the wB97XD method and the 
6-311++G(d,p) basis set. This method has been proved to 
be reliable for the study of noncovalent complexes [38–42]. 
The calculations are carried out in the presence of several 
different solvents (water, ethanol, acetone, chloroform, ether 
and carbon tetrachloride) using the self-consistent reaction 
field (SCRF) method with the polarized continuum model 
(PCM) [43]. Vibrational frequencies are estimated at the 
same level to verify that all the stationary points correspond 
to the true minima on the potential energy surface as well 
as to obtain the zero-point vibrational energies (ZPVE) that 
contribute to the total energy.

The binding energy, ΔE, can be evaluated from the differ-
ence between energy of the complex and sum of the energies 
of cation and π-system as given in Eq. (1):

Based on this formula,  Ecation–π is the total energy of complex 
and  Ecation and  Eπ-system are referred to the total energies of 

(1)ΔE = Ecation−� −
(

Ecation + E�−system

)

+ EBSSE

isolated cation and MES (or BEN) monomer, respectively. 
The  EBSSE is the basis set superposition error (BSSE) cor-
rected for the binding energies [44]. The obtained wave 
functions are used for the topological analysis of the electron 
density by using the AIM method [45]. These calculations 
are performed with the AIM 2000 program package [46]. 
The NBO analysis [47] is employed to evaluate the charge 
transfer process during the complex formation. Finally, the 
DFT-based global reactivity indices such as energy gap, 
softness (S), chemical hardness (η) [48], electronic chemi-
cal potential (μ) [49], electrophilicity index (ω) [50] and 
electronegativity (χ) [51] are considered with the calculation 
of the highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) energies by 
the following equations:

3  Results and discussions

In the present research, an implicit-solvent model has been 
considered in the presence of different solvents for the 
MES⋯Fe2+ complex. Implicit (continuum) solvation is a 
method to represent solvent as a continuous medium (sol-
vent molecules are replaced by a homogeneously polariz-
able medium) instead of individual “explicit” solvent mol-
ecule. The main parameter used to indicate the solvent is the 
dielectric constant (ε). Explicit models consider molecular 
details of each solvent molecule.

3.1  Energetic descriptors

In this section, we intend to investigate the interplay effects 
between cation–π and IMHB interactions on the mesalazine 
complex (MES⋯Fe2+) as a benchmark system in the differ-
ent solvents. To gain a detailed insight, the parent molecule 
(MES) and the benzene complex (BEN⋯Fe2+) are chosen 
as a set of reference points. The obtained structures for these 
complexes are shown in Fig. 1. As given in Table 1, the 
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interaction strength of the MES⋯Fe2+ and BEN⋯Fe2+ com-
plexes in different solvents is as follows:

It is clear that the strongest/weakest interactions belong 
to the  CCl4/water solvents, respectively. Hence, formation of 
these complexes in the non-polar solvents is more favorable 
with respect to the polar ones.

In this study,  Fe2+ is an open-shell system, with a  d6 con-
figuration, and there are three different spin states (singlet, 
triplet and quintet). The low-spin (LS) state is the singlet and 
the high-spin (HS) state the quintet. Because the spin multi-
plicity of the MES⋯Fe2+ complex is considered the singlet, 
hence, it is the low spin. In order to confirm the stability, 
we have also been performed the high-spin state (quintet) 
for the selected complex in the different solvents. As shown 
in Table 1, the low-spin state of the complex is more stable 
than its high-spin state.

water < ethanol < acetone < chloroform < ether < CCl4

The results of binding energy show that the presence of 
HB increases the strength of cation–π interaction. The trans-
fer of electron density from the quasi-ring created by the 
formation of HB to the benzene ring probably increases the 
strength of the cation–π interaction in the MES complex. 
The charge density on metal cations  (qion) is another factor 
that affects these interactions (see Table 1). As shown in 
this table, these values for MES complex are smaller than 
BEN one. This means that the charge transfer from the bond-
ing orbitals of the C–C bond of benzene ring to LP*cation 
(antibond lone pair) for MES complex is higher than BEN 
complex.

In the current research, the HB energy  (EHB) could be 
estimated from the properties of bond critical points. The 
simple relationship between the  EHB and the potential energy 
density V(rcp) at the critical point corresponding to H···O 
contact is assigned to be  EHB = 1/2 V(rcp) [52–54]. Our find-
ings reveal that the  EHB of the MES complex in the different 
media is lower than the parent molecule (see Table 1). This 
means that the coupling of IMHB and cation–π interactions 

Fig. 1  Molecular structure of a 
MES⋯Fe2+ and b BEN⋯Fe.2+ 
complexes at the wB97XD/6-
311++G(d,p) level of theory

Table 1  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 °), spectroscopic descriptors (ν, in cm.−1) and charge 

density on metal cation  (qion, in e) of complexes calculated at the 
wB97XD/6-311++G(d,p) level of theory

*Values in parentheses refer to the obtained binding energies in the high-spin state (quintet for the MES⋯Fe2+ complex in different solvents)

ΔEBSSE dion…π νion…π qion EHB dO–H dH…O θOHO νO–H

BEN∙∙∙Fe 2 + MES
Water  − 19.50 1.564 356.9 0.908  − 11.94 0.975 1.769 144.8 3582.2
Ethanol  − 23.52 1.566 357.8 0.886  − 11.90 0.975 1.770 144.9 3586.4
Acetone  − 24.72 1.566 349.4 0.884  − 11.89 0.975 1.770 144.9 3587.3
Chloroform  − 49.83 1.568 365.7 0.795  − 11.74 0.975 1.774 144.7 3597.6
Ether  − 53.87 1.567 349.4 0.790  − 11.71 0.975 1.775 144.6 3598.7
CCl4  − 90.38 1.570 354.2 0.706  − 11.56 0.974 1.779 144.4 3607.1
MES⋯Fe2 + MES⋯Fe2 + 
Water  − 22.28 (8.41) 1.598 417.6 0.865  − 11.63 0.981 1.770 143.0 3500.6
Ethanol  − 26.85 (5.35) 1.597 419.0 0.845  − 11.60 0.981 1.771 142.9 3497.1
Acetone  − 28.41 (4.31) 1.595 419.2 0.841  − 11.52 0.981 1.773 142.8 3502.4
Chloroform  − 58.07 (− 17.22) 1.598 418.6 0.738  − 11.58 0.983 1.772 141.9 3476.7
Ether  − 62.31 (− 21.02) 1.598 420.6 0.731  − 11.57 0.983 1.772 141.9 3475.0
CCl4  − 104.20 (− 58.28) 1.600 423.6 0.640  − 11.46 0.984 1.775 140.8 3458.5



 Theoretical Chemistry Accounts (2022) 141:38

1 3

38 Page 4 of 12

reduces the strength of HB. It can probably be due to the 
attraction effect between the  Fe2+ cation and π-electrons of 
the benzene ring that diminishes the electron density within 
the quasi-ring of HB and leads to the reduction of the  EHB. 
However, the order of the decreased HB energies of MES 
complex with respect to its corresponding monomer is as 
chloroform (0.16) > ether (0.14) >  CCl4 (0.10 kcal  mol−1) 
for the non-polar solvents and acetone (0.37) > water 
(0.31) > ethanol (0.30 kcal  mol−1) for the polar ones.

3.2  Geometric descriptors

In this section, in order to study the strength of the cation–π 
interactions, the distance among the ion and the middle 
of the aromatic ring  (dion…π) for the studied complexes is 
calculated. The  dion…π is one of structural parameters that 
can influence the strength of the cation–π interactions. A 
comparison of the strength of these interactions and  dion…π 
shows a reverse relationship between them. Based on our 
theoretical results, with the exception of MES complex in the 
polar solvents, a meaningful relationship cannot be observed 
between the computed  dion…π values and the achieved bind-
ing energies in the other complexes (see Table 1). As shown 
in this table, the obtained values of  dion…π for MES complex 
are greater than the corresponding values of BEN complex, 
which means that the presence of IMHB does not confirm 
the strengthening of the cation–π interaction of the MES 
complex in these solvents.

For investigating of the cation–π interaction influence on 
the strength of IMHB, the geometrical parameters of the 
quasi-ring created by the formation of HB are analyzed. It 
is prominent that the HB distances and the corresponding 
angles are important characteristics that can influence HB 
strength [55]. For a strong HB system, the elongation of 

the O–H bond length as proton donor, the shortening of the 
H⋯O distance as proton acceptor and the increment of the 
O–H⋯O angle are accompanied with an increase in the HB 
strength. However, the O–H⋯O interaction should be virtu-
ally designated as O···H···O (or O–H–O) since for the ener-
getic minimum the proton is placed in the middle of O···O 
distance or nearly so [56, 57] and both the H···O interactions 
are equivalent. The calculated structural parameters for MES 
complex in the different solvents are collected in Table 1.

As observed in this table, in comparison with the geo-
metrical parameters obtained for the MES complex, the 
parent molecule (MES), in most cases, has the smallest the 
 dO-H and  dH⋯O and the greatest the θOHO. On the other hand, 
the results show that the coupling of cation–π and IMHB 
interactions increases the  dO–H and  dH…O (except for non-
polar solvents) and also, decreases the θOHO values at the 
HB critical points of the MES complex. This means that 
the presence of cation–π interaction diminishes the IMHB 
strength. There is good linear relationship between the  EHB 
and  dH…O values with correlation coefficient (R2) equal to 
0.9801 (see Fig. 2). In contrast, the corresponding correla-
tion cannot be found for the  EHB and  dO–H. In other words, 
the  dH…O correlates better with the  EHB with respect to the 
 dO–H. However, as shown in Fig. 3, the  dO–H results correlate 
very well with the binding energies.

3.3  Spectroscopic descriptors

Shifting of stretching frequencies is also applied to investigate 
the mutual effects between the cation–π and IMHB interac-
tions. The ion⋯π stretching frequencies (νion…π) computed 
for all of complexes in the presence of different solvents are 
reported in Table 1. It is well-established that the stronger 
the cation–π interaction is accompanied with the larger 

Fig. 2  Correlation between the 
 dH…O and the  EHB values
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the shifting. The theoretical results show that the values of 
νion…π for the MES and BEN complexes are in the ranges of 
418–424  cm˗1 and 349–366  cm˗1, respectively. Our data dis-
play a meaningful relationship between the calculated νion…π 
values and the obtained binding energies (see Table 1). As 
revealed in this Table, the increased νion…π value for MES 
complex in the acetone solvent with respect to the correspond-
ing value of BEN complex is about 70  cm−1; as a result, the 
coexistence of the IMHB and cation–π interactions strength-
ens the cation–π interaction of the selected complex in these 
solvents.

The frequency stretching mode (νO–H) of corresponding to 
the O–H⋯O HB is also investigated to achieve better insight 
on the nature of the IMHB in the presence of the cation–π 
interactions (see Table 1). One can see the typical for conven-
tional HBs red shift of the stretching mode. The lengthening 
of the proton-donating bond as an effect of HB formation is 
accompanied with the redshift of the corresponding mode. The 
results of Table 1 show that in the presence of cation–π inter-
actions, the values of νO–H decrease. Therefore, with the cou-
pling of cation–π and IMHB interactions, the HB strength of 
MES complex diminishes with respect to the parent molecule. 
The results display that the O–H stretching frequencies (νO–H) 
for the MES complex relative to those of its monomer in the 
different solvents show red-shifted by ca.  CCl4 (149) > ether 
(124) > chloroform (121) > ethanol (89) > acetone (85) > water 
(82   cm˗1), which are well-correlated with the O–H bond 
lengths  (dO–H) upon HB formation (see Table 1). Therefore, 
the ΔνO–H can be easily evaluated from the  dO–H, as follows:

It is also interesting to note that the binding energies 
(ΔEBSSE) have excellent linear correlation with the values 
of νO–H (see Fig. 4).

Δ�O−H = 20132dO−H−19665, R
2
= 0.9832

To confirm the correlations presented in Figs. 2, 3, and 
4, we have changed the distance between  Fe2+ and benzene 
ring from 1.0 to 4.0 Å with the step size of 0.1 Å. The flex-
ible scans are performed for the MES complex in ether 
(non-polar) and water (polar) solvents. The correlations with 
Figs. S1 to S6 are shown in the Supplementary section. The 
obtained results indicate that Figs. 2, 3, and 4on the specified 
distances are satisfactory. While calculating the scan, the 
COOH functional group attached to the benzene ring comes 
out of the flat position. This causes the OH oxygen of the 
COOH group to interact with the  Fe2+ cation. Perhaps this is 
why these correlations are established in certain distances.

3.4  Topological descriptors

The AIM theory [45, 58] gives depictions of different kinds 
of the bonding and atomic interactions according to the ideas 
of descriptive chemistry. It is based on the analysis of the 
bond critical point (BCP) of electron density (ρ), its Lapla-
cian (2ρ) and the other properties such as the local kinetic 
electron energy density (G), the local potential electron 
energy density (V) and the total electron energy density (H). 
Figure 5 demonstrates the molecular graphs of the studied 
complexes in this manuscript. As shown in this figure, the 
bond paths are formed between the metal ion and the carbon 
atoms of aromatic ring.

It is well-known that the electron density properties at 
the BCPs of cation–π, ρ(r)ion…π, may be a valuable factor 
for depicting the strength of ion–π interactions [59]. The 
results of AIM analysis are summarized in Table 2. As 
observed in this table, the coupling of the quasi-ring of 
HB and benzene ring increases the ρ(r)ion…π values for 
the MES⋯Fe2+ complex with respect to the BEN⋯Fe2+ 
one. It is clear from Table 2 that the increased ρ(r)ion…π 

Fig. 3  Relation between the 
 dO–H and ΔEBSSE values
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Fig. 4  Relation between the 
νO–H and ΔEBSSE values
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Fig. 5  Typical molecular 
graphs obtained from AIM 
analysis for a MES⋯Fe2+ and 
b BEN⋯Fe.2+ complexes. The 
small red, yellow spheres, and 
lines correspond to bond critical 
points (BCPs), ring critical 
points (RCPs) and bond paths, 
respectively

Table 2  Selected topological properties of electron density (in a.u.) obtained by AIM analysis

ion⋯π HB

ρ(r) ∇2ρ(r) H(r) V(r) –G/V ρ(r) ∇2ρ(r) H(r) V(r) –G/V

BEN∙∙∙Fe2 + MES
Water 0.0816 0.2278  − 0.0251  − 0.1072 0.766 0.0401 0.1331  − 0.0024  − 0.0380 0.938
Ethanol 0.0814 0.2282  − 0.0249  − 0.1068 0.767 0.0399 0.1328  − 0.0023  − 0.0379 0.938
Acetone 0.0813 0.2276  − 0.0248  − 0.1066 0.767 0.0399 0.1328  − 0.0023  − 0.0379 0.938
Chloroform 0.0812 0.2265  − 0.0249  − 0.1064 0.766 0.0396 0.1319  − 0.0022  − 0.0374 0.941
Ether 0.0811 0.2261  − 0.0247  − 0.1060 0.767 0.0395 0.1317  − 0.0022  − 0.0373 0.942
CCl4 0.0806 0.2248  − 0.0244  − 0.1051 0.767 0.0391 0.1308  − 0.0021  − 0.0368 0.944
MES⋯Fe2 + MES⋯Fe2 + 
Water 0.0852 0.2537  − 0.0262  − 0.1158 0.774 0.0397 0.1255  − 0.0028  − 0.0370 0.924
Ethanol 0.0863 0.2353  − 0.0288  − 0.1164 0.753 0.0397 0.1253  − 0.0028  − 0.0369 0.924
Acetone 0.0865 0.2359  − 0.0289  − 0.1168 0.752 0.0395 0.1250  − 0.0027  − 0.0367 0.926
Chloroform 0.0867 0.2348  − 0.0292  − 0.117 0.751 0.0396 0.1252  − 0.0028  − 0.0369 0.925
Ether 0.0868 0.2354  − 0.0293  − 0.1174 0.751 0.0396 0.1252  − 0.0028  − 0.0368 0.925
CCl4 0.0873 0.2346  − 0.0298  − 0.1183 0.748 0.0393 0.1247  − 0.0027  − 0.0365 0.927
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values for the MES complex in comparison with the 
corresponding values of the BEN complex are as:  CCl4 
(0.0067) > ether (0.0057) > chloroform (0.0055) > acetone 
(0.0052) > ethanol (0.0049) > water (0.0036 a.u.). As can 
be seen, these changes for the MES⋯Fe2+ complex in 
the non-polar solvents are higher than the polar ones. 
There is a good relatively linear relationship between the 
ρ(r)ion…π values and the binding energies (R = 0.8068), 
which means that the effect of the HB on the ρ(r)ion…π 
values may be dependent on the type of the solvent.

The electron density at the BCP of HB (ρ(r)H⋯O) 
can also be considered as one of the indicators of HB 
strength. As can be seen in Table 2, the trend in (ρ(r)H⋯O) 
charge densities is as follows: water (0.0397) ≈ ethanol 
(0.0397) > acetone (0.0395 a.u.) for the polar solvents 
and ether (0.0396) ≈ chloroform (0.0396) >  CCl4 (0.0393 
a.u.) for the non-polar ones. This arrangement is almost 
identical to the obtained parameters of  EHB. In addition, 
the greatest ρ(r)H⋯O values are observed in the parent 
molecule with respect to those found in the MES com-
plex (except for ether and  CCl4 solvents), which indicates 
the presence of cation–π interaction decreases the IMHB 
strength. Another parameter that can affect the nature 
of NCIs is the −G/V ratio [60, 61]: for −G/V ≥ 1, the 
interaction is electrostatic, while for 0.5 < −G/V < 1, it 
is partly covalent. As observed in Table 2, the computed 
−G/Vion…π and −G/VH⋯O values prove that the analyzed 
complexes are partly covalent.

3.5  Charge transfer descriptors

The NBO analysis explains the most important orbital inter-
actions in order to clarify general structural features [62]. 
The results of NBO analysis show that the donor–accep-
tor interaction energies,  E(2), reported in Table 3 are related 
to the dominant interaction of σ(C–C) → LP*(cation), which is 
between the σ-electrons of donor species and the LP* of 
cation as acceptor agent. As shown in this table, the coex-
istence of the IMHB and cation–π interactions increases the 
donor–acceptor interaction energies,  E(2), of the MES···Fe2+ 
complex. This result can be contributed to the strengthening 
of cation–π interaction in this complex with respect to the 
BEN one. For instance, the  E(2) value for the MES⋯Fe2+ 
complex in the water solvent is higher than the correspond-
ing value of the BEN⋯Fe2+ (about 0.65 kcal  mol−1).

The value of charge transfer (Δq(CT1)) between the aro-
matic ring and a cation is easily estimated as the differ-
ence between the atomic charge of the free cation and the 
complexed cation. The theoretical results indicate that the 
simultaneous presence of cation–π and IMHB interactions 
enhances the values of Δq(CT1) for the MES complex with 
respect to the BEN one (see Table 3), which are directly 
proportional to the obtained  E(2) values. Hence, the charge 
transfer may be a helpful characteristic for evaluating the 
strength of these interactions.

In the NBO analysis of HB systems, the charge transfer 
between the lone pairs of proton acceptor and the anti-bonds 

Table 3  Values of  E(2) correspond to σ(C–C) → LP*(cation) and 
 LP(O) → σ*(O–H) interactions (in kcal mol.−1), occupation numbers of 
donor  (OND) and acceptor  (ONA) orbitals, charge density on oxygen 

atom  (qO, in e) and the charge transfers (∆q(CT), in e) of the studied 
complexes in the presence of different solvents

ion⋯π interaction HB interaction

σ(C–C) → LP*(cation) LP(O) → σ*(O–H)

E(2) ONσ(C–C) ONLP*(cation)
∆q(CT1) E(2) ONLP(O) ONσ*(O–H) qO ∆q(CT2)

BEN⋯Fe2 + MES
Water 4.35 0.9773 0.0516 1.092 15.31 1.8551 0.0383  − 0.385 –
Ethanol 4.33 0.9775 0.0516 1.114 15.27 1.8550 0.0382  − 0.384 –
Acetone 4.32 0.9775 0.0515 1.116 15.27 1.8550 0.0382  − 0.383 –
Chloroform 4.32 0.9774 0.0517 1.205 15.01 1.8548 0.0378  − 0.374 –
Ether 4.33 0.9773 0.0517 1.210 14.95 1.8547 0.0377  − 0.373 –
CCl4 4.28 0.9776 0.0518 1.294 14.70 1.8545 0.0374  − 0.363 –
MES⋯Fe2 + MES⋯Fe2 + 
Water 5.00 0.9836 0.2219 1.135 7.88 0.9185 0.0211  − 0.298 0.087
Ethanol 5.02 0.9835 0.2220 1.155 7.85 0.9183 0.0210  − 0.293 0.091
Acetone 5.04 0.9834 0.2231 1.159 7.77 0.9184 0.0209  − 0.292 0.091
Chloroform 5.10 0.9835 0.2217 1.262 7.76 0.9178 0.0210  − 0.269 0.105
Ether 5.12 0.9834 0.2222 1.269 7.75 0.9177 0.0210  − 0.265 0.108
CCl4 5.14 0.9835 0.2221 1.360 7.55 0.9175 0.0208  − 0.245 0.118
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of proton donor is the most important. Table 3 shows the 
stabilization energies,  E(2), correspond to charge transfer 
between oxygen lone pair  (LP(O)) and σ*(O–H) anti-bond 
 (LP(O) → σ*(O–H)). As given in this table, the presence of 
cation–π interaction decreases the  LP(O) → σ*(O–H) interac-
tion energies and reduces the strength of IMHB. Our results 
reveal that the highest/lowest  E(2) values belong to MES 
complex in the water/CCl4 solvents, which is in agreement 
with their  EHBs and have a good relatively linear relationship 
with the binding energies (see Fig. 6).

Table 3 also displays the charge transfer values (Δq(CT2)) 
of corresponding to the HB. For the studied complex in 
the presence of different solvents, the value of Δq(CT2) is 
determined as the difference between the atomic charge 
of the oxygen involved in HB of MES⋯Fe2+ complex and 
the charge of oxygen atom in its corresponding monomer 
with an equation as: Δq(CT2) =  qO (complex)-qO (monomer). 
As shown in this table, the least negative charge of the  qO 
belongs to the MES⋯Fe2+ complex and the most of that 
corresponds to its similar monomer. It is also apparent from 
Table 3 that the presence of cation–π interaction enhances 
the value of Δq(CT2) in the non-polar solvents and reduces it 
in the polar solvents.

3.6  Electronic descriptors

To better understand the nature of the interaction between 
MES monomer and  Fe2+ cation, we examine the electronic 
properties of its corresponding complex in the different 
media. Higher value of the HOMO of a molecule has a ten-
dency to donate electrons to appropriate acceptor molecule 
with low energy and empty molecular orbitals. The analysis 
of the wave function shows the electron excitation correla-
tion with the transition from the ground state to the first 
excited state. This can be described by an electron excitation 

from HOMO to LUMO. The energy gap  (Eg) is indicated by 
energy difference between HOMO and LUMO. The  Eg is 
one of the most important factors in determining the stability 
and reactivity of the molecules [63]. Figure 7 displays the 
plots of HOMO and LUMO for the MES and BEN com-
plexes in the water solvent.

The quantum molecular descriptors such as softness (S), 
chemical hardness (η), electronic chemical potential (μ), 
electronegativity (χ) and electrophilicity index (ω) are listed 
in Table 4. The hard molecules have a large  Eg and soft 
ones have a small  Eg. On the other hand, the high stability 
is associated with low chemical reactivity of molecules and 
vice versa [64–66]. Our findings indicate that the maximum 
and minimum values of  Eg and η belong to complexes in the 
water and  CCl4 solvents, respectively. Hence, the studied 
complexes in the water solvent are kinetically more stable 
and those in the  CCl4 solvent show the higher reactivity.

Because these complexes have the values of negative μ, 
thus they are stable (see Table 4). It is clear that the values of 
μ enhance in polar solvents and reduce in non-polar solvents. 
The χ is known as the negative of μ, as: χ = −μ. As shown 
in Table 4, the studied complexes in the non-polar solvents 
have higher electronegativity with respect to the polar ones, 
which means that they are better electron acceptors. It can 
also be stated that the least energy gap is associated with the 
most energy lowering due to electron flow between HOMO 
and LUMO and vice versa. The results display that the 
maximum and minimum electrophilicity index belongs to 
the complexes in the  CCl4 and water solvents, respectively.

From the obtained descriptors in Table 4, it can be con-
cluded that the presence of HB is accompanied with an 
increment in the S and µ values and reduction in the  Eg, 
η, χ and ω values in the MES complex with respect to the 
BEN one. The decline of the  Eg and η parameters in the 
MES complex can be attributed to the low chemical stability 

Fig. 6  Correlation between the 
 E(2) and ΔEBSSE values
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and high chemical reactivity of this complex with respect 
to BEN complex. On the other hand, with the exception of 
MES complex in the  CCl4 solvent, it can be seen that the 
coupling of cation–π and IMHB interactions leads to an 
increase in the  Eg, η, χ and ω and a decrease in the S and 

µ with respect to the parent molecule. As can be observed, 
there is a different trend for these indices in the presence of 
cation–π interactions, indicating that these interactions have 
different effects on each other.

Fig. 7  HOMO and LUMO of MES and BEN complexes in the water solvent as obtained at the wB97XD/6-311++G(d,p) level of theory

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)

MES
Water  − 7.690  − 0.007 7.684 3.842 0.130  − 3.848 3.848 1.927
Ethanol  − 7.683  − 0.001 7.682 3.841 0.130  − 3.842 3.842 1.921
Acetone  − 7.680 0.001 7.681 3.840 0.130  − 3.839 3.839 1.919
Chloroform  − 7.648 0.027 7.676 3.838 0.130  − 3.810 3.810 1.892
Ether  − 7.645 0.031 7.676 3.838 0.130  − 3.807 3.807 1.888
CCl4  − 7.621 0.053 7.674 3.837 0.130  − 3.784 3.784 1.866
BEN⋯Fe2 + 
Water  − 11.335  − 2.626 8.709 4.355 0.115  − 6.981 6.981 5.595
Ethanol  − 11.641  − 2.941 8.700 4.350 0.115  − 7.291 7.291 6.110
Acetone  − 11.716  − 3.022 8.693 4.347 0.115  − 7.369 7.369 6.247
Chloroform  − 13.379  − 4.742 8.637 4.318 0.116  − 9.061 9.061 9.505
Ether  − 13.597  − 4.969 8.628 4.314 0.116  − 9.283 9.283 9.987
CCl4  − 15.670  − 7.107 8.563 4.282 0.117  − 11.388 11.388 15.145
MES⋯Fe2 + 
Water  − 10.157  − 2.210 7.946 3.973 0.126  − 6.184 6.184 4.812
Ethanol  − 10.399  − 2.478 7.921 3.961 0.126  − 6.439 6.439 5.233
Acetone  − 10.480  − 2.554 7.926 3.963 0.126  − 6.517 6.517 5.359
Chloroform  − 11.851  − 4.097 7.755 3.877 0.129  − 7.974 7.974 8.199
Ether  − 12.044  − 4.295 7.749 3.874 0.129  − 8.170 8.170 8.613
CCl4  − 13.799  − 6.171 7.628 3.814 0.131  − 9.985 9.985 13.070
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Among reactivity descriptors, the molecular electrostatic 
potential (MEP) [67] is a real physical property, which plays 
an important role in the theoretical chemistry and is widely 
used in the different areas of science. The MEP 3D plots of 
MES and BEN complexes calculated by wB97XD method 
and 6-311++G(d,p) basis set are drawn in Fig. 8. As given 
in this figure, the electronegative oxygen atoms have the 
negative potential (indicated by red and yellow colors), and 
the positive potential site is around the  Fe2+ cation and the 
plane of the aromatic ring (indicated by deepest blue color).

4  Conclusions

The DFT calculations are performed to explore the mutual 
effects between the cation–π and IMHB interactions on the 
MES⋯Fe2+ complex in the different solvents. The MES 
molecule and the BEN⋯Fe2+ complex are selected as the 
set of reference points. These interactions are analyzed 
by the energetic, geometrical, spectroscopic, topological 
and charge transfer parameters. The results exhibit that the 
coexistence of IMHB and cation–π interactions decreases 
the IMHB strength and increases the cation–π interac-
tions. However, the type of the solvent is key factor that 
influence the NCIs of the MES complex. The AIM and 
NBO analyses also confirm these outcomes. The results of 
electronic descriptors show that there is a different trend 
in both cation–π and IMHB interactions, which indicates 
these interactions have different effects on each other. 
Thus, the interplay between cation–π and IMHB interac-
tions in the analyzed system can be important and might 
help to understand some biological processes.
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