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Abstract
In the current research, a comprehensive study is performed on the non-covalent interactions of the acetaminophen complex 
in the presence of various solvents. In addition, the effect of cation–π interaction on the strength and nature of the intramo-
lecular hydrogen bond (H-bond) is explored by density functional theory method. The computations are performed using the 
M06-2X functional and the 6-311++G(d,p) basis set. The obtained results reveal that both interactions become stronger in 
the gas phase with respect to the solution phase. The “atoms in molecules” theory and the natural bond orbital method are 
also applied to get more details about the investigated interactions character. Based on the achieved outcomes, the H-bond 
of the studied complex is placed in the weak H-bond category. Our findings indicate that the intramolecular H-bond is 
strengthened by the cation–π interaction in the different solvents. Finally, the physical properties such as frontier molecular 
orbitals, energy gap, dipole moment, chemical hardness as well as electronic chemical potential are investigated to evaluate 
the electronic properties, stability and reactivity of the studied complex.
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1  Introduction

Acetaminophen (N-acetyl-p-aminophenol [APAP], paraceta-
mol) is a medication that has good analgesic and antipyretic 
properties [1, 2]. It was first made in 1877 [3]. Acetami-
nophen (AC) is available as a generic medication with trade 
names of Tylenol and Panadol [4]. It has relatively little 
anti-inflammatory activity [5–7] unlike other common anal-
gesics such as aspirin and ibuprofen. In general, AC is less 
efficacious than salicylates and other antirheumatic agents 

for problems that require anti-inflammatory treatment. AC 
overdose may be manifested by renal tubular necrosis, hypo-
glycemic coma and thrombocytopenia. Sometimes, liver 
necrosis can occur as well as liver failure [8]. One theory 
is that AC increases the pain threshold by inhibiting two 
isoforms of cyclooxygenase, COX-1 and COX-2, which are 
involved in prostaglandin (PG) synthesis. Prostaglandins are 
responsible for eliciting pain sensations [9]. AC does not 
inhibit cyclooxygenase in peripheral tissues. It blocks COX 
indirectly [10].

Non-covalent interactions are originated from interactions 
between a permanent dipole and an induced dipole or from 
an instantaneous time variable multipole and an induced 
multipole [11]. These interactions may be a combination 
of several interactions such as ion pairing, H-bonding, π–π 
interactions and cation–π interactions [12–16]. They deter-
mine material properties, orchestrate chemical reactions, 
drive molecular recognition and are active in the regulation 
of biochemical processes [17, 18]. The H-bond is the most 
popular form of non-covalent interactions, which is formed 
between a hydrogen atom attached to an electronegative 
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donor atom and a neighboring acceptor atom. It is a rela-
tively strong non-covalent interaction (4–120 kJ/mol). The 
H-bonded complexes are stabilized by electrostatic, induc-
tion (charge transfer) and dispersion energy terms. The 
electrostatic term is composed of dipole–dipole and 
dipole–charge interactions. It is the most important energy 
term and it gives to H-bonds their directionality [19, 20]. 
The concept of H-bonds has been extended to C–H···Y 
(Y = electronegative atom) and C–H····π types of H-bonds 
[11, 21]. These interactions are several kJ/mol weaker than 
classical H-bonds [22], but they are believed to be crucial 
driving forces in crystal packing [23] and in molecular 
recognition [24, 25]. The cation–π interaction, as another 
ensemble of non-covalent interactions, implies the attraction 
of a cation to the electron density associated with a π-system 
[26]. Strong forces are found between cations and a π-face 
of an aromatic ring [27]. The energy value related to the 
cation–π interactions is variable (5–80 kJ/mol). Electrostatic 
forces play a dominant role in the cation–π interaction, but 
also induced dipole, polarizability, dispersion and charge 
transfer terms are involved.

Understanding the non-covalent interactions and the 
interplay among them are of pivotal importance to the 
development of fields such as supramolecular chemistry 
and molecular recognition [28–30]. The interplay between 
non-covalent interactions can be favorable or unfavorable 
depending on the nature of the aromatic ring and the sign 
of the ion. The simultaneous presence of these interactions 
in a complex leads to the cooperativity effects that are help-
ful for understanding some biological processes [31]. Many 
research studies have been devoted to the study of the inter-
play between cation–π interactions and H-bonding [32–35]. 
There are many synergetic effects in complexes where these 
interactions exist. Experimental evidence [36] has also been 
reported from synergetic effects between several non-cova-
lent interactions.

In recent years, it has become clear that interactions with 
metal ions are important factors in the modes of action of 
many drugs. The importance of understanding the nature of 
the drugs interactions with metals which may be present in 
body fluids is now beyond dispute [37]. Our study focuses 
on the structure and relative stability of acetaminophen drug 
with a Fe2+ bivalent cation having partially filled valence d 
orbitals. The selection of this transition metal ion mainly 
comes from the important role that it plays in biochemical 
processes [38–40]. This ion interacts with the drug due to 
the increased electrostatic potential and smaller ionic radius 
in comparison with the non-transition metal ions [40, 41]. 
On the other hand, the function of biologically active mol-
ecules depends on their structure and interaction with the 
solvent, which affects biological processes [42]. In 2013, 
Issa et al. investigated the effects of iron on the pharma-
cokinetics of acetaminophen in saliva [43]. It has been 

reported that AC can be chelated with iron [44]. Sunagane 
et al. [45] found that no in vitro reaction between ferrous 
ion and AC and combined administration of AC and iron 
showed no influence on bioavailability of AC. In addition, 
other studies have shown that there is an aerobic (in the 
gastrointestinal tract) oxidation of ferrous ion to ferric ion 
caused in iron–AC in vivo reactions [46, 47]. As a result, 
the simultaneous administration of iron decreases the extent 
of absorption of AC and very slightly increases its rate of 
absorption [43].

It is also noteworthy to mention that the formed com-
plexes between transition metal cations with aromatic 
hydrocarbons have been considered in various contexts. 
For example, Demircan et al. [48] investigated the struc-
tures and interaction energies for complexes formed by 
Fe2+, Co2+, Ni2+, Cu2+ and Zn2+ binding with benzene 
molecules in a wide range of methods and basis sets. The 
results displayed strong bindings between transition metal 
cations and benzene molecules. Further, in a 2009 study, Yi 
et al. demonstrated that transition metal cation–π interac-
tions also include covalent characters due to π donations 
[48, 49]. In 2002, the structural and electronic effects of the 
interaction of transition metal cations with benzene analyzed 
using quantum chemical calculations by Dobado et al. [50]. 
A theoretical investigation of the cation–π interactions in 
complexes of benzene (Bz) with cations, that is, Mz+(Bz)n 
for Mz+ = Na+, Mg2+, Fe2+ and n = 1–3 was also conducted 
in 2014 [51]. However, transition metal cations are more 
challenging for quantum chemical methods than main group 
cations since most of them have open-shell electronic struc-
tures [48].

Our objectives are divided in four parts. The first aim 
is based on a theoretical study to investigate the influence 
of cation–π interaction on the stability, binding energy and 
some structural and electronic properties of the AC complex 
in the different solvents. The second section determines the 
geometrical parameters, topological properties, population 
analysis and H-bond strength of the related complex to gain 
further insight into the intramolecular H-bond interaction in 
the selected solvents. The third goal of the evaluation of the 
AC complex is to explore the effect of cation–π interaction 
on H-bond properties. The last part refers to comprehensive 
analysis of these interactions on HOMO–LUMO data.

2 � Computational details

In this work, all computations are performed with Gauss-
ian 03 program [52] at the M06-2X level of theory using 
the 6-311++G(d,p) (385 basis functions and 623 primitive 
Gaussians) basis set. This method has been proved to be 
reliable for the study of non-covalent complexes [53–57]. 
The calculations are carried out in the presence of several 
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different solvents (water, methanol, ethanol, ether, chloro-
form and acetone) using the self-consistent reaction field 
(SCRF) method with the polarized continuum model (PCM) 
[58]. The nature of optimized geometries for local minima 
is checked with frequency calculations. In this study, the 
intramolecular H-bond energy is estimated by means of the 
Espinosa method [59]. In addition, the binding energy with 
and without the basis set superposition error (BSSE) [60] 
correction is calculated than the geometrical optimizations. 
For the analyzed system, the binding energy can be evalu-
ated from difference between the energy of complex and 
the sum of energies of the isolated species. The following 
equation is applied to calculate this energy:

Based on this formula, Ecation–π is the total energy of com-
plex and Ecation and Eπ-system are referred to the total energies 
of isolated cation and acetaminophen monomer, respec-
tively. The selected complex stability is also explored in the 
presence of various solvents and their results are compared 
with together and also with the gas phase. The stabilization 
energy (Estab) can be evaluated by the following equation:

where Etot(solvent) and Etot(gas) are the total energy of sys-
tem in the presence and in the absent of different solvents, 
respectively. The AIM analysis [61] is carried out using 
the AIM2000 program [62] generally from wave function 
obtained at the M06-2X/6-311++G(d,p) level of theory. The 
charge transfer in complex is also calculated by the natural 
bond orbital (NBO) method [63] using NBO program [64] 
under Gaussian 03 program package. Other interesting theo-
retical studies are related to the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular 
orbital (LUMO) energies obtained at the same level of 
theory to represent the electronic properties, stability and 
reactivity of the selected complex.

(1)ΔE = Ecation - � −
(

Ecation + E� - system

)

(2)Estab = Etot(solvent) − Etot(gas)

3 � Results and discussions

3.1 � Cation–π interaction

Figure 1 illustrates the full optimized structure of aceta-
minophen complex (AC∙∙∙Fe2+) at the M06-2X/6-
311++G(d,p) level of theory. Fe2+ is an open-shell system, 
with a d6 configuration, 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 [51]. 
In this study, because the spin multiplicity of the AC–Fe2+ 
complex is considered the singlet, it is the low spin. The 
most important geometrical parameters are reported in 
Table 1. It can be stated that with the exception of AC 
complex in the gas phase, our computations show a reverse 
relationship between |ΔE| and dion-π (the distance among 
the ion and the middle of aromatic ring) values for the ana-
lyzed complex. According to Table 1, the maximum and 
minimum dion-π values belong to the polar and nonpolar 
solvents, respectively. Theoretical results also demonstrate 
that the increment in the C=C bond length (dC=C) upon 
complexation is associated with increasing |ΔE| values, so 
that the degree of elongation of the double bond (C=C) is 
higher for the nonpolar solvents than the polar ones (see 
Table 1).

Fig. 1   Optimized structure 
of AC···Fe2+ complex at the 
M06-2X/6-311++G(d,p) level 
of theory

Hydrogen

Carbon

Nitrogen

Oxygen

Table 1   Geometrical parameters of cation–π (bond lengths (d) in 
Å), binding energies without and with the BSSE correction (ΔE and 
ΔEcorr in kJ/mol) and dielectric constant (ε) of the solvents

Media dC=C dion–π ΔE ΔEcorr ε

Water 1.415 1.762 − 27.51 − 21.22 80.0
Methanol 1.416 1.756 − 36.87 − 30.71 32.7
Ethanol 1.416 1.755 − 42.59 − 36.17 24.5
Acetone 1.417 1.754 − 47.80 − 41.34 20.7
Chloroform 1.421 1.736 − 156.68 − 151.87 4.81
Ether 1.422 1.727 − 175.03 − 168.75 4.33
Gas phase 1.428 1.737 − 836.44 − 833.71 –
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The calculated binding energies without and with the 
BSSE correction (ΔE and ΔEcorr) are given in Table 1. 
Based on PCM results, the binding energies of the inves-
tigated system considerably change in the presence of dif-
ferent solvents. Probe of results indicates that the binding 
energy of complex in the solution phase is lower than the 
obtained value in the gas phase. Table 1 shows that the dion–π 
of the studied system changes appreciably when solvent 
effects are taken into account. For dion–π, an increase in dis-
tances is observed in going from the gas phase to the solu-
tion. Hence, the binding energy of the AC complex drops 
from − 833.71 kJ mol−1 in the gas phase to − 168.75 and 
− 21.22 kJ mol−1 in the ether (as a nonpolar solvent) and in 
the water (as a polar solvent), respectively. However, Table 1 
shows that the highest/lowest binding strength is related to 
the nonpolar/polar solvents. The trend in the achieved bind-
ing energy values in different solvents is as follows:

As can be seen, the formation of AC complex in ether 
with higher binding energy is energetically more favorable 
than the other solvents. Our findings show a meaningful 

water < methanol < ethanol < acetone < chloroform < ether

relationship between the obtained binding energies and 
dielectric constant (ε) of the solvents. This dependency is 
shown in Fig. 2. It is worth mentioning that with the increase 
in the dielectric constant or polarity of the solvent, the bind-
ing energy shifts to lower values (see Table 1). The solvent 
affects the potential energy surface and is dependent on it, 
and polarity stabilizes the related comlex [65].

The computations also suggest that the type of solvent 
plays an important role in determining the stability of the 
AC complex. The values of stability energy in the different 
solvents are given in Table 2. Based on the obtained results, 
the stability in water is the most (≈ − 9.91 eV), and in ether, 
it is the least (≈ − 7.25 eV). In fact, the negative values of the 
Estab show that the solvent leads to stabilization. Table 2 also 
shows that the calculated Estab in the AC complex is consid-
erably higher than its corresponding monomer. Similar to 
the obtained Estab for the AC monomer, it can also be seen in 
different possible conformers of AC investigated by Yoose-
fian et al. [65]. This can attribute to large relatively binding 
energies of the related complex in the different solvents. In 
AC monomer, the Estab depends only on the solvation energy, 
while in the AC complex, in addition to the solvation energy, 
the intermolecular binding energy also affects the Estab. It is 
well known that the computed binding energies for transi-
tion metal cations are significantly stronger (~ 4–11 times) 
compared with main group metal cations [66]. Figure 2 
presents that the stability energy correlates with the dielec-
tric constant, while its correlation coefficient R amounts to 
0.957. This plot displays that the dielectric constants decay 
exponentially as the stability energy increases.

For AC complex in the various solvents, the dependence 
between the binding and stability energies is also considered. 
The results show an excellent linear relationship between the 
related energies. The corresponding correlation coefficient 
is equal to 0.995. Therefore, ∆E could be easily evaluated 
from Estab as: ∆E = − 82.639 Estab − 812.87. As it is apparent, 
the increase in Estab is associated with decreasing ∆E in the 
selected solvents. According to these results, it can be stated 
that although AC complex has the least binding energy in 
the polar solvents, its stability in these solvents is more than 

Estab = -0.997 ln(ɛ) - 6.0395
R = 0.957

∆E = 55.469 ln(ɛ) - 233.42
R = 0.946
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Fig. 2   Relationship between ∆E and Estab versus solvent dielectric 
constant (ε)

Table 2   Values of total energy, 
relative energy and stability 
energy (Estab) of the AC 
monomer and its complex in the 
gas phase and different solvents

Monomer Complex

Total energy
(Etot, Hartree)

Relative energy
(Er, eV)

Estab (eV) Total energy
(Etot, Hartree)

Relative energy
(Er, eV)

Estab (eV)

Water − 515.2753 − 0.0155 − 0.4221 − 1778.5030 − 0.3644 − 9.9124
Methanol − 515.2747 − 0.0150 − 0.4071 − 1778.4941 − 0.3555 − 9.6698
Ethanol − 515.2744 − 0.0147 − 0.3995 − 1778.4896 − 0.3510 − 9.5479
Acetone − 515.2742 − 0.0144 − 0.3928 − 1778.4856 − 0.3471 − 9.4400
Chloroform − 515.2703 − 0.0106 − 0.2874 − 1778.4143 − 0.2757 − 7.5002
Ether − 515.2698 − 0.0101 − 0.2740 − 1778.4051 − 0.2665 − 7.2496
Gas phase − 515.2597 0.0000 0.0000 − 1778.1386 0.0000 0.0000
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the others. Hence, the stability energy could be major factor 
to estimate the strength of these interactions.

The quantum theory of atoms in molecules (QTAIM) [61, 
67] is an intent to rigorously define the atom and chemi-
cal bond from the polyelectronic wave function. Principally 
being based on Hellman–Feynman theorem [68], it shows 
that all properties of one molecule are determined by the 
electron density distribution (ρ) and its second derivative 
(∇2ρ) at the bond critical point (BCP). These properties 
are often applied as descriptors of cation–π interaction. In 
the AIM theory, strong shared-shell interatomic interac-
tions (such as covalent bonding) are characterized by local 
concentration of charge (∇2ρ(r) < 0), and thus, the BCPs of 
covalent bonds have the large ρ and negative ∇2ρ(r), whereas 
weak closed-shell interactions (such as hydrogen bonding, 
ionic bonds and van der Waals interactions) exhibit local 
depletion of charge (∇2ρ(r) > 0) and the BCPs of them have 
the small ρ and positive ∇2ρ(r).

The obtained topological parameters for AC complex in 
the gas phase and the different solvents are given in Table 3. 
The determined electron density properties for AC∙∙∙Fe2+ 
complex demonstrate that the ρBCP has low values (ranging 
from 0.0587 to 0.0669) and the ∇2ρBCP values are positive 
(ranging from 0.1813 to 0.2229). This means that the related 

complex has specification of the closed-shell interactions in 
nature. The introduction of various solvents causes the sig-
nificant changes in the topological properties upon compl-
exation. According to the average of the calculated topologi-
cal parameters in Table 3, it is clear that the enhancement of 
electron density at BCP (ρBCP) of the nonpolar solvents is 
associated with the decline of that in the polar ones. These 
results also confirm outcomes based on the geometrical data 
and the binding energies. In other words, the shorter dis-
tance (dion–π) and larger electron density (ρBCP) at ion∙∙∙π 
contact are accompanied with greater strength of cation–π 
interaction.

The obtained results in Tables 1 and 3 also show that the 
increment in |ΔE| value is accompanied with the decrease 
in ρC=C value. A reverse relationship also exists between the 
ρC=C value and its corresponding bond length. The molecu-
lar graph and the computed contour map of AC complex 
using the AIM2000 program package are shown in Fig. 3. 
As it is apparent, the AC∙∙∙Fe2+ complex is characterized by 
bond critical points formed between the Fe2+ metal cation 
and each carbon atom of AC ring. Because the studied com-
plex shows high relatively binding energy and low geometri-
cal deformation in its structure, there are only four BCPs 
between the metal and the carbon atoms. Similar to the 

Table 3   Topological properties 
of electron density (in a.u.) 
calculated at the M06-2X/6-
311++G(d,p) level of theory

Water Methanol Ethanol Acetone Chloroform Ether Gas phase

ρBCP 0.0600 0.0604 0.0604 0.0605 0.0626 0.0635 0.0669
0.0598 0.0604 0.0606 0.0607 0.0625 0.0630 0.0599
0.0604 0.0611 0.0613 0.0615 0.0638 0.0631 0.0587
0.0596 0.0602 0.0602 0.0603 0.0626 0.0645 0.0655

∇2ρBCP 0.1813 0.1832 0.1835 0.1837 0.1907 0.1906 0.2067
0.2009 0.2036 0.2048 0.2057 0.2187 0.2076 0.1855
0.1939 0.1960 0.1966 0.1970 0.2025 0.2223 0.1927
0.1933 0.1950 0.1954 0.1958 0.2056 0.2030 0.2229

ρC=C 0.2968 0.2964 0.2962 0.2961 0.2936 0.2931 0.2894

Fig. 3   a Contour map and b molecular graph of AC···Fe2+ complex obtained from M06-2X/6-311++G(d,p) wave function
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AC complex, it can also be seen on the formed complexes 
between transition metal cations with benzene [50].

The NBO analysis is able to describe the atomic com-
ponents of bonding. It is also possible using second-order 
perturbation theory (E(2)) to calculate the strength the 
donor–acceptor interaction based on all of the intuitive 
means for describing the interaction, such as orbital occu-
pancy, overlap and energy difference [63]. The results of 
NBO analysis demonstrate that the donor–acceptor interac-
tion energies, E(2), reported in Table 4 are related to domi-
nant interaction of �(C−C) → LP∗

(cation)
 which is between 

π-electrons of donor species and LP* of the cation as 
acceptor agent. As observed in this table, the donor–accep-
tor energy of the mentioned interaction decreases on pass-
ing from the gas phase to the solution phase. This trend 
is identical with |ΔE|. Table 4 also represents the values 
of NBO occupation number calculated at the M06-2X/6-
311++G(d,p) level of theory. Our findings show that, in 
most cases, the reduction (enhancement) in occupation 
number of donor (acceptor) orbitals is accompanied with 
the increase in |ΔE|, ρBCP, E(2) and also, the diminish in ρC=C 
value (see Tables 1, 3 and 4).

The values of charge transfer (Δq(CT1)) for the AC com-
plex are displayed in Table 5. The transferred charge between 
the AC ring and Fe2+ cation during complexation could be 
easily found as the difference of charges between free cation 
and complexed cation. Table 5 shows that the largest charge 
transfer occurs in the nonpolar solvents, while the smallest 
that corresponds to the polar ones. For instance, the charge 

transfer for the AC complex in gas phase is 0.812, which 
decreases to 0.524 and 0.324 in the ether and water solvents 
(see Table 5), respectively. Hence, the charge transfer values 
in the studied complex also confirm that the interaction in 
solution phases is weaker than the gas phase. In addition, the 
results indicate that the increase in |ΔE| value is associated 
with the increment in value of Δq(CT1) upon complexation. 
Therefore, the charge transfer may be a useful parameter for 
describing the strength of ion-π interactions.

3.2 � Intramolecular hydrogen bond

In this part, we intend to investigate the H-bond strength of 
AC complex in the various solvents and its result compares 
with the gas phase. Yoosefian et al. [65] performed DFT 
computational study on solvent effect, molecular conforma-
tions, energies and intramolecular H-bond strength in dif-
ferent possible nano-conformers of AC. They showed that 
from 4 different obtained conformers for AC, the represented 
structure in Fig. 1 is the most stable one with intramolecular 
C–H···O H-bonding. The optimized geometrical parameters 
of complex are presented in Table 6. It is well known that 
these parameters can be considered as one of the indica-
tors of H-bond strength [69]. For a stronger H-bond, this 
kind of complexation usually results in the elongation of 
the C–H bond length as proton donor and the shortening of 
the O···H distance as proton acceptor. The achieved results 
demonstrate that the O∙∙∙H distance (dO…H) and the C–H 
bond length (dC-H) are in the ranges of 2.093–2.146 Å and 

Table 4   NBO analyses of AC 
complex including occupation 
numbers of donor (O.N.D) and 
acceptor (O.N.A) orbitals and 
their energies (in kcal/mol) of 
some important orbitals

Media πC–C → LP*cation LPO → σ*C–H

O.N.D O.N.A E(2) O.N.D O.N.A E(2)

Water 1.5924 0.2840 42.50 1.9765 0.0146 0.90
Methanol 1.5924 0.2860 42.94 1.9764 0.0146 0.93
Ethanol 1.5924 0.2864 42.99 1.9764 0.0147 0.94
Acetone 1.5925 0.2868 43.06 1.9764 0.0147 0.95
Chloroform 1.5947 0.2937 45.27 1.9758 0.0150 1.10
Ether 1.5937 0.2951 45.97 1.9757 0.0151 1.17
Gas phase 1.5783 0.3096 45.97 1.9747 0.0141 1.22

Table 5   Results of natural bond 
orbital analysis and the charge 
transfers (∆qCT in e) at the 
M06-2X/6-311++G(d,p) level 
of theory

Media Occ ValO (%)S of LPO qO ∆q(CT1)
πC–C → LP*cation

∆q(CT2)
LPO → σ*C–H

Water 6.5328 58.49 − 0.358 0.324 0.082
Methanol 6.5327 58.42 − 0.353 0.343 0.084
Ethanol 6.5326 58.38 − 0.350 0.353 0.085
Acetone 6.5326 58.35 − 0.347 0.361 0.087
Chloroform 6.5304 57.78 − 0.310 0.500 0.100
Ether 6.5319 57.74 − 0.305 0.524 0.102
Gas phase 6.5104 56.10 − 0.203 0.812 0.142
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1.079–1.082 Å, respectively (see Table 6). As revealed in 
this table, the dO…H in the gas phase is less than the solution 
phase. This trend is reversed for the dC–H. The results show 
that these parameters in the ether and chloroform solvents 
are closed to the gas phase, because the dielectric constant 
of them is small.

In the present paper, the H-bond energies (EHB) could be 
estimated from the properties of bond critical points. The 
simple relationship between H-bond energy and the potential 
energy density V(rcp) at the critical point corresponding to 
O···H contact is assigned to be EHB = 1/2 V(rcp) [59, 70, 71]. 
According to Table 6, the H-bond strength of AC complex 
in the gas phase is higher than the solution phase, and in the 
polar solvents, it is lower than the nonpolar ones. The trend 
of the H-bond strength in different solvents is as follows:

As it can be observed, the H-bond is the strongest for the 
ether solvent and the weakest for the water solvent. This 
outcome can also be supported by the shorter dO…H and 
the larger dC˗H of this complex in the ether solvent with 
respect to the other ones. There are remarkable relationships 
between the H-bond energies and the obtained geometrical 
parameters. For instance, the linear correlation coefficients 
for the dependence between EHB versus dO…H and dC–H are 
equal to 0.999 and 0.883, respectively, with an equation as 
follows:

Besides the geometrical and energetic analyses, the the-
ory of atoms in molecules is also applied in the analysis 
of H-bonds [72–76]. As shown in Fig. 3, the place of the 
bond critical point strongly depends on electronegativity, so 
that the situation of BCP is located closer to electropositive 
atom. This leads to the increase in the BCP electronega-
tive atom distance and decrease in the BCP electropositive 
atom distance. The results of AIM analysis indicate that 
the values of charge density at the BCP of O···H (ρO…H) 
increase as: gas phase > ether > chloroform > acetone ≈ etha-
nol > methanol > water. Based on our theoretical results, this 
order is same as the achieved results by H-bond energies 

water < methanol < ethanol < acetone < chloroform < ether

EHB = −965.58 (56.043) dC−H (dO⋯H) + 1021.5 (−140.07)

(see Table 6). The Laplacian sign is also used as a criterion 
for the H-bond strength [77, 78]. The positive and nega-
tive signs of the calculated values refer to weak and strong 
H-bond interactions, respectively. The calculated electron 
density properties display that the O···H bonding has low 
ρ values and ∇2ρ of positive. These results confirm that 
H-bond of the studied complex is placed in the weak H-bond 
category. The theoretical results also prove that the order of 
∇2ρ values at BCP of O···H is in accordance with the H-bond 
energy order (see Table 6).

A good feature of the NBO method is that it provides 
interesting information about the electron density transfer 
in donor → acceptor interactions [63]. The NBO calcula-
tions also confirm the presence of C–H···O H-bond in the 
AC complex. It should be mentioned that significant inter-
action of LPO → σ*C–H occurs between LPO and σ*C–H in 
the studied complex. The LPO participates as donor, and 
σ*C–H acts as acceptor. The interaction between bonding 
and antibonding molecular orbitals can be found by the 
second-order perturbation interaction energy, E(2) [79–82]. 
The results of NBO analysis are given in Table 4. As shown 
in this table, the obtained E(2) values lie in the range of 
0.9–1.22 kcal mol−1. The greatest and smallest E(2) values 
at the M06-2X/6-311++G(d,p) level of theory belong to the 
nonpolar and polar solvents, respectively. A reverse rela-
tionship also exists between the E(2) and LPO occupancy 
values. Our results reveal that the greater LPO occupancy 
is accompanied with the lowest E(2) value and vice versa. 
The outcomes also demonstrate that the occupation number 
of donor (O.N.D) and acceptor (O.N.A) orbitals for the AC 
complex in the polar solvents is approximately the same and 
does not change considerably (see Table 4); as a result, the 
polar solvents have a relatively low effect on the H-bond of 
AC complex.

The values of ValO occupation number in the different 
solvents are also explored. Our findings reveal that the ValO 
occupancy in the gas phase is equal to 6.5104 e. As given 
in Table 5, the ValO is enhanced in the presence of various 
solvents. The NBO analysis is also applied for investigat-
ing of the hybridization of LPO corresponding to spn in the 
AC complex. The results show that the s character of this 
orbital is also increased by different solvents (see Table 5). 

Table 6   Geometrical parameters 
of H-bond (bond length (d) in 
Å), topological parameters (in 
a.u.), H-bond energy (EHB in 
kJ/mol) and dipole moment (μ° 
in Deby) of the AC complex in 
different solvents

Media dC–H dO…H ρO…H ∇2ρO…H HO…H EHB μ°

Water 1.079 2.146 0.0201 0.0788 0.0023 − 19.81 11.17
Methanol 1.079 2.141 0.0203 0.0797 0.0023 − 20.07 10.93
Ethanol 1.079 2.139 0.0204 0.0802 0.0023 − 20.22 10.81
Acetone 1.079 2.136 0.0204 0.0806 0.0023 − 20.33 10.71
Chloroform 1.080 2.110 0.0214 0.0858 0.0024 − 21.84 9.15
Ether 1.080 2.101 0.0218 0.0874 0.0024 − 22.34 8.83
Gas phase 1.082 2.093 0.0219 0.0901 0.0026 − 22.75 5.01



	 Theoretical Chemistry Accounts (2020) 139:141

1 3

141  Page 8 of 13

The increase in s character leads to a decrease in the Lewis 
base (O atom) properties of AC. For the studied complex, a 
linear relationship is found among E(2) and LPO hybridiza-
tion value (see Fig. 4).

Table 5 also shows the values of charge transfer (Δq(CT2)) 
obtained for the AC complex. As shown in this table, the 
highest charge transfer belongs to the AC complex in the 
nonpolar solvents, whereas the lowest that corresponds to 
the polar ones. In fact, the greater charge density on oxygen 
atom (qO) leads to the more charge transfer of AC complex. 
Furthermore, comparing the values of E(2) and EHB versus 
the Δq(CT2) shows a direct relationship between them (see 
Tables 4, 5, 6). Thus, the charge transfer may be a valuable 
factor for depicting the strength of H-bond interactions.

In the present study, we have considered the dipole 
moment (μ°) of AC complex in both the gas phase and sol-
vent media (see Table 6). Our findings show that the greatest 
dipole moments belong to polar solvents, whereas the small-
est ones correspond to nonpolar solvents. The achieved com-
putations propose that the dissimilarity between the dipole 
moments can be related to the character of different solvents. 
Indeed, the increase in the dipole moment in the polar sol-
vents may be explained by consideration of the charge value 
on the oxygen atom (qO) with high electronegativity. It is 
worth mentioning that in the AC complex, the oxygen atom 
carries the highest/lowest negative charge in the polar/non-
polar solvents (see Table 5). On the other hand, the least and 
most positive charge exists on the hydrogen atom (involved 
in H-bond) of the polar and nonpolar solvents, respectively 
(data not reported). Therefore, the existence of the electron-
egative element in complex makes possible its interaction 
with the hydrogen atom through H-bonding formation.

3.3 � The effect of cation–π interaction on the C–H···O 
H‑bond

Because the objective of this section is to evaluate the 
cation–π interaction effect on the strength and nature of the 

C-H∙∙∙O intramolecular H-bond, we only focus on the com-
plex geometries which optimized in fixed dion–π (achieved at 
previous section). It can be stated that with the exception of 
AC complex in the gas phase, a direct relationship can be 
found between the equilibrium distances at both cation–π 
(dion-π) and H-bond (dO…H) interactions. This means that 
both interactions become stronger in the nonpolar solvents 
in comparison with the polar ones (see Tables 1 and 6). As 
shown in these tables, this outcome can also be confirmed by 
the obtained energies. In other words, our data prove that the 
order of calculated binding energies (∆E) is in accordance 
with the estimated H-bond energies (EHB) order. However, 
the theoretical results based on the binding energies predict 
the strongest cation–π interaction for the AC∙∙∙Fe2+ complex 
in the gas phase. Thus, the related complex in the gas phase 
has a stronger influence on the H-bond with respect to the 
solution phase, which is consistent with study of the previ-
ous sections.

The dO…H values presented here may be compared with 
|∆E| (see Tables 1 and 6). The obtained data show that the 
increment in |∆E| is associated with decreasing dO…H. 
The dependence of dO…H to ion-π interactions can also be 
investigated using qO. The increasing dO…H in the selected 
complex may be due to the decrease in qO in the presence 
of cation (see Tables 5 and 6). Thus, the dO…H changes of 
complex may be dependent on the qO changes in the differ-
ent solvents.

Theoretical results also indicate that the maximum/mini-
mum value of ρO…H is accompanied with the highest/lowest 
|ΔE| in the studied complex (see Tables 1 and 6). However, 
it can be stated that the AC complex has the values of more 
ρO…H and higher |ΔE| in the gas phase in comparison with 
the solution phase. On the other hand, in case of the various 
solvents, the highest of these values belong to the nonpo-
lar solvents with respect to the polar ones. Tables 1 and 4 
show that the E(2) energy value of corresponding to H-bond 
enhances with increasing |∆E| in the considered complex. 
The result of calculations also reveals that the increase in 
the charge transfer (∆q(CT2)) upon complexation is in agree-
ment with the increment of |∆E| value. From the obtained 
results, it can be concluded that the strength of H-bond of 
AC complex increases by cation–π interaction in the pres-
ence of different solvents.

3.4 � Electronic properties

Molecular orbitals (HOMO and LUMO) and its energy 
gap are very useful parameters in quantum chemistry. They 
are applied by the frontier electron density for predicting 
the most reactive position in π-electron systems and also 
explain several types of reaction in conjugated system [83]. 
Localization of electron density in HOMO advocates that the 
particular site is nucleophilic, whereas the site for LUMO is 
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electrophilic in nature [84]. The energy gap between HOMO 
and LUMO is a critical parameter in determining molecular 
electrical transport properties [85]. It explains the biological 
activity [86] of the molecule, which is due to the change in 
partial charge and total dipole moment [87, 88].

To understand the bonding scheme of AC∙∙∙Fe2+ com-
plex, the frontier orbitals for the titled complex in the gas 
phase are drawn and are illustrated in Fig. 5. As observed, 
the positive and negative phases are red and green, respec-
tively. For this complex, the energy values of HOMO and 
LUMO and its energy gap are computed − 16.98, − 11.30 
and 5.68 eV, respectively. These orbitals importantly overlap 
in the gas phase and decreasing energy gap between HOMO 
and LUMO explains the eventual charge transfer interaction 
taking place within the molecule. Figure 5 shows that in 
the titled complex, both the HOMO and LUMO are more 
localized on aromatic ring. Moreover, there is no electronic 
projection over other parts of this complex.

Some chemical concepts including energy gap (Eg), 
electronic chemical potential (μ) [89], chemical hardness 
(η) [90], electrophilicity index (ω) [91] and electronegativ-
ity (χ) [92] (χ is defined as the negative of μ, as follows: 
χ = − μ) known as global reactivity descriptors are listed 
in Table 7. These parameters are very significant, because 
they play a dominant role in describing the chemical reac-
tivity and the kinetic stability of molecules. They are also 
computed from HOMO and LUMO energies by using Koo-
pman’s theorem equations [93], as given below:

where EHOMO is the energy of Fermi level and ELUMO is the 
first eigenvalue of valance band. The energy gap is indicated 
by energy difference between HOMO and LUMO. It is well 
known that the chemical hardness and softness of a molecule 
depend on the energy gap. Hard molecules have a large Eg 
and soft molecules have a small one. As given in Table 7, 
the values of Eg can be arranged, respectively, as: polar sol-
vents > nonpolar solvents > gas phase. High Eg in the polar 
solvents indicates high stability and low reactivity of the AC 
complex. Table 7 shows that the energy gap of considered 
structure in the polar solvents does not change significantly. 
Hence, the stability of AC complex in these solvents is neg-
ligible. It can also be stated that the most stable structures 
have the highest chemical hardness. Our outcomes display 
that the AC complex establishes more hardness values in the 
polar solvents with respect to the other cases (see Table 7). 
Therefore, it can be concluded that the most reactive as well 
as the softest AC complex belongs to the gas phase.

The excellent linear relationships can be found between 
the energetic parameters and hardness. For instance, 
there are good correlations between the hardness values 
of complex (η) versus the ΔE and Estab. The regression 
coefficients are equal to 0.972 and 0.991, respectively. 
The obtained relationships are shown using the following 
equations:

(3)� =

(

ELUMO − EHOMO

)

2

(4)� =

(

ELUMO + EHOMO

)

2

Fig. 5   HOMO and LUMO of AC···Fe2+ complex in the gas phase as 
obtained with M06-2X/6-311++G(d,p) level of theory

Table 7   Orbital energies 
(HOMO and LUMO), energy 
gap (Eg), hardness (η), 
electronic chemical potential 
(μ), electronegativity (χ) and 
electrophilicity index (ω) of 
AC···Fe2+ complex (in terms of 
eV) in the selected solvents

Media EHOMO ELUMO Eg η µ χ ω

Water − 9.337 − 2.261 7.076 3.538 − 5.799 5.799 4.753
Methanol − 9.484 − 2.458 7.027 3.513 − 5.971 5.971 5.074
Ethanol − 9.562 − 2.562 7.000 3.500 − 6.062 6.062 5.250
Acetone − 9.630 − 2.655 6.976 3.488 − 6.143 6.143 5.409
Chloroform − 10.925 − 4.339 6.586 3.293 − 7.632 7.632 8.844
Ether − 11.131 − 4.579 6.552 3.276 − 7.855 7.855 9.417
Gas phase − 16.980 − 11.296 5.684 2.842 − 14.138 14.138 35.168
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It is clear that by increasing the hardness, the binding 
energy diminishes and the stability enhances. For the stud-
ied complex, a direct relation is also found among electronic 
chemical potential and hardness. The outcomes demonstrate 
that the chemical potential values of the AC complex in both 
the gas phase and solution are negative; thus, all of them are 
stable (see Table 7). Besides, the AC complex reveals the most 
electronegativity value in the gas phase. Hence, it is the best 
electron acceptor in this phase.

The electrophilicity index has become an influential tool for 
the study of the reactivity of organic molecules participating 
in polar reactions [94, 95]. It encompasses the tendency of 
an electrophile to obtain an extra amount of electron density 
from the environment. The equation of electrophilicity index 
is given as follows:

The electrophilicity index (ω) permits the categorization 
of organic compounds as strong electrophiles with ω > 1.5 eV, 
moderate electrophiles with 0.8 < ω < 1.5 eV and marginal 
electrophiles with ω < 0.8 eV [96]. Table 7 shows that the 
maximum and minimum values of the electrophilicity index 
for the AC complex belong to the gas phase and the water 
solvent, respectively.

The molecular electrostatic potential (MEP) at a point 
around a molecule gives an indication of the net electrostatic 
effect produced at that point by the total charge distribution 
(electron + proton) of the molecule. The importance of MEP 
lies in the fact that it simultaneously displays molecular size, 
shape as well as positive, negative and neutral electrostatic 
potential regions in terms of color grading (see Fig. 6). In the 
MEP map, the red and blue colors correspond to the regions of 
the maximum negative and positive potentials and green color 
represents regions of zero potential.

In the present study, MEP 3D plot of the AC···Fe2+ com-
plex is drawn in Fig. 6. As shown in this figure, the electron-
egative oxygen atom is placed in negative potential area and 
the positive potential site is around the Fe2+ cation and the 
plane of the aromatic ring. The negative (red and yellow color) 
regions of MEPs are related to electrophilic reactivity, and 
the positive regions (blue color) are related to nucleophilic 
reactivity. Hence, it can be stated that the strongest attraction 
and repulsion sites belong to Fe2+ cation and oxygen atoms, 
respectively.

� = 0.0008ΔE + 3.501

� = −0.0698Estab + 2.8187

(5)� =
�2

2�

4 � Conclusions

In the present study, DFT calculations are performed to 
investigate the non-covalent interactions and to evaluate 
the cation–π interaction effect on the strength and nature 
of intramolecular H-bond in the AC complex. Based on 
PCM results, the calculated energies considerably change 
in the presence of different solvents. Our computations 
show that the interaction strength of complex in the gas 
phase is more than the solution phase, and in the polar 
solvents, it is lower than the nonpolar ones. Hence, the 
stability of studied complex increases in the solution phase 
in comparison with the gas phase. The AIM and NBO 
analyses are also employed to gain further insight into the 
established interactions in complex. The electron density 
properties demonstrate that the AC complex has specifi-
cation of the closed-shell interactions in nature. Charge 
transfer values calculated by the NBO method reveal the 
highest charge transfer for the nonpolar solvents and the 
lowest that for the polar ones. Our findings also show 
that the H-bond of studied complex is placed in the weak 
H-bond category. According to the obtained results, the 
intramolecular H-bond is strengthened by the cation–π 
interaction, so that the AC complex in the gas phase has 
a stronger influence on the H-bond with respect to the 
solution phase. The analysis of frontier molecular orbitals 
is also used to evaluate some chemical concepts such as 
energy gap, chemical hardness and softness. Comparison 
of these parameters can play vital role in stabilizing the 
selected complex. High energy gap in the polar solvents 
indicates high stability and low reactivity of the AC sys-
tem with respect to the other cases. On the other hand, the 
most reactive as well as the softest AC complex belongs 
to the gas phase.

Fig. 6   Electron density isosurface for AC···Fe2+ complex calculated 
by M06-2X method and 6-311++G(d,p) basis set
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