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Abstract

In the present research, the cation—r interactions in acetaminophen-M complexes (M =Mn", Fe>*, Co™, Ni**, and Cu*) are
investigated using density functional theory (DFT/0B97XD) in the gas phase and solution. The results show that the absolute
values of energy are reduced in going from the gas phase to the solution. Based on the obtained data, the complexes in water
are the most stable. The natural bond orbital (NBO) and the atoms in molecules (AIM) analyses are also applied to achieve
more details about the nature of interactions. These results are useful for understanding the role of the drug-receptor inter-
actions in the complexes. According to AIM outcomes, the cation—r interactions are the closed-shell and may indicate the
partially covalent nature in the complexes. A comprehensive analysis is also performed on the conceptual DFT parameters of
the complexes to evaluate their electronic properties. Our findings show increasing the stability and decreasing the reactivity
of the complexes in the solution phase with respect to the gas phase. These interactions are ubiquitous in biological systems,
and their importance in theoretical models led us to study such important interactions. The results of this study may be useful

for the design and synthesis of a variety of supramolecular complexes with the desired properties.
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Introduction

Acetaminophen (also known as Tylenol) is the most com-
monly taken analgesic worldwide [1-3]. It is a p-aminophe-
nol derivative that is used for two main purposes. The first
is as a non-opioid analgesic for mild to moderate pain. The
second is as an antipyretic to lower fever [4—6]. There is
some evidence that acetaminophen (AC) may have beneficial
effects on blood glucose level and muscle function [7]. As it
has antioxidant benefits, it may be useful for protecting the
health of the heart and brain [8]. AC gastrointestinal side
effects are much less likely than the other drugs, but over-
dose can lead to fatal liver damage [9]. However, it is not
an anti-inflammatory drug, so it does not help reduce swell-
ing or inflammation [10]. The COX, or cyclooxygenase, is
an enzyme responsible for the synthesis of prostaglandins
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[11]. Prostaglandins are chemicals that cause inflammation
and swelling. One theory is that the AC increases the pain
threshold by inhibiting two isoforms of cyclooxygenase,
COX-1 and COX-2. It prevents the synthesis of prostaglan-
dins in the central nervous system, but it has no an anti-
inflammatory effect on peripheral nerves [12, 13].

Cation—r interactions indicate the non-covalent attrac-
tion between cations and wt-systems [14—17]. In fact, such an
interaction occurs between a cation and the permanent quad-
rupole moment of an aromatic ring. These interactions play a
major role in several fields of modern chemistry, especially
in the field of supramolecular chemistry and molecular rec-
ognition [18-23]. The electrostatic and dispersion forces and
charge-transfer/inductive effects are factors that are assumed
to contribute in the cation—x interactions. The theoretical
studies also show several features for the cation—r interac-
tions [24]: (1) the predominant contribution of the polariza-
tion term in the cation—x complexes, (2) the reduction of the
aromaticity of the ring by cation—r interactions, and (3) the
non-participation of the cation atomic orbitals in the n-type
molecular orbitals of the complexes.
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The nature and energy of cation—r interactions have
been investigated in many studies [25-31]. In 2019,
Mohammadi et al. [32] performed DFT calculations on
all the complexes formed by interaction between mono-
and divalent metal cations (Li*, Na*, K*, Be**, Mg?*, and
Ca*) with acetaminophen. Investigating the structural and
electronic effects of alkali metal and alkaline earth cations
with phenylalaninal n-system in the gas phase and solution
was done by Alirezapour et al. [33]. In 2020, the cation—=n
interactions between the anticancer drug altretamine and
some mono- and divalent metal cations, such as Lit, Na*,
K*, Be?*, Mg?*, and Ca®*, were investigated to evaluate
the stability and electronic properties of the complexes
[34]. Mohammadi et al. [35] conducted a comprehensive
study on the non-covalent interactions of the acetami-
nophen complex in the presence of various solvents. Also,
by Alirezapour et al. [36], the quantum chemical calcula-
tions were performed to investigate the effect of cation—n
interactions on the structural and electronic characteriza-
tion of the para-aminosalicylic acid complexes in 2020.

The pharmacology of metal-drug interactions may
depend on the method of management; a metal-drug com-
plex can be directed as a therapeutic agent, or the drug can
be administered and interact with metal ions in the body.
Due to the application of acetaminophen as an important
biological molecule chelating with metal ions or change
in the polarity of the medium may affect its chemical and
biological properties [37, 38]; hence, investigation of its
interactions in both the gas phase and the solution is nec-
essary. In this work, the cation—= interactions are modeled
by the Mn*, Fe**, Co*, Ni**, and Cu* cations and AC as
the n-system. The selection of these ions is mainly due
to the important role that they play in many biochemical
processes [39—41]. Since the explored cations are chosen
to have a closed-shell electronic configuration, so they are
preferred to be monovalent or divalent, because higher
oxidation states can lead to very different results. In this
research, the spin multiplicity of the complexes is consid-
ered to be the singlet; thus. they are the low spin.

Our goal is to investigate the role of cation—r interac-
tions in the energetic, geometric, spectroscopic, topologi-
cal, and molecular orbital descriptors of AC complexes.
The solute—solvent interactions are responsible for the
significant changes in the chemical and physical char-
acteristics of the solute in going from gas phase to sol-
vent phase [42, 43]. In this regard, we have studied the
influence of solvents on all complexes. For this purpose,
the DFT calculations are used and the AIM and NBO
analyses are performed. The harmonic oscillator model of
aromaticity (HOMA) index is also applied to provide bet-
ter insights into the electron delocalization and molecular
aromaticity properties in the studied complexes. Finally,
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a comprehensive analysis is performed on the conceptual
DFT parameters of the complexes to evaluate their elec-
tronic properties.

Quantum chemical calculations

The quantum chemistry package GAMESS [44] is utilized
for all computations in the present study. The geometry
of the complexes is optimized within the framework of
density functional theory (DFT/wB97XD) [45] with the
6-3114++4+G(d,p) basis set [46]. This method includes the
long-range correction with empirical atom—atom disper-
sion [47-49]; therefore, it is a suitable implement for the
analysis of non-covalent complexes. The vibrational fre-
quencies are computed on the optimized geometries at the
same level of theory. To describe the interaction between
the metal cations with the AC molecule, the binding

energy (AE,,, ) is calculated by the following equation:
AEion—at = Ecalion—n - (Ecation + Ex—system) @))]
where E,on 18 the total energy of complex, E gem 18

the energy of AC monomer, and E_,;,, is the energy of
metal ions. The counterpoise method of Boys and Bernardi
is employed to compute the basis set superposition error
(BSSE) [50]. The self-consistent reaction field (SCRF)
method with the polarized continuum model (PCM) is used
to investigate the effect of the solvent [51, 52]. The stabili-
zation energy (E,,) is estimated from the total energies to
explore the stability of complexes according to the following

equation:
Eg., = E,(solvent) — E,  (gas) )

where E,, (solvent) and E, (gas) are the total energies of
the complexes in the solvent and gas phase, respectively. The
Bader’s quantum theory of atom in molecule (QTAIM) [53]
is applied to understand the properties of chemical bonds in
the considered complexes. The AIM analysis is implemented
using the AIM2000 package [54]. The population analysis by
the natural bond orbital (NBO) method [55] is performed on
structures optimized at the ®B97XD/6-3114+4G(d,p) level
of theory. The electronic properties of complexes are esti-
mated by the frontier molecular orbitals (FMOs), i.e., the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). Finally, the aroma-
ticity of the AC ring is assessed by the harmonic oscillator
model of aromaticity (HOMA), as a geometry-based index
[56]. In this investigation, the R, and a are obtained at
the ®B97XD/6-311++G(d,p) level of theory (for CC bond:

Rypco=1.393 A and acc=89.34).
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Results and discussion
Energies

Figure 1 illustrates the structure of ACeeeM ionic complexes
with M=Mn*, Fe?*, Co*, Ni**, and Cu*. The binding ener-
gies (AE,,, ;) obtained in the gas phase and the selected
solvents are reported in Table 1. As can be seen in this table,
the binding energy of the complexes changes appreciably
when the solvent effect is applied. According to the AE; .
values calculated for all complexes, it is apparent that the
cation—r interaction strength in the gas phase is larger than
that in solution. Among the solution phase, the non-polar
solvent (chloroform) has a stronger interaction compared to
the polar solvent (water). For example, the binding energy
of the Fe** complex at the ®B97XD/6-311++G(d,p) level

using the PCM method drops from —214.73 kcal mol ™! in

Fig. 1 The model representation
for the ACeeeM complexes, with
M=Mn"*, Fe**, Co*, Ni**, and
Cu* from (a) front view and (b)
top view

the gas phase to—51.88 kcal mol™! in the chloroform and
to—19.71 kcal mol~! in the water. Our findings display that
the Ni** complex in the gas phase has the highest absolute
value of AE, , .. Unlike the gas phase, the maximum value
of AE,,, . in the solution phase is predicted to be Mn* com-
plex (see Table 1).

The values of total energy (E,,), stabilization energy
(Egqp)» and relative energy (E) for all the designated
complexes are given in Table 1. Solvents play an impor-
tant role in the stability of complexes because they are able
to change the polarity of the environment. The obtained
results reveal that the complexes in water solution are the
most stable. The stability order of the complexes is as fol-
lows: Fe’* >Ni** >Mn* >Co™ > Cu®. A similar trend is
also observed in the chloroform. As can be seen in Table 1,
this stabilization enhances with increasing polarity of the
solvent. The relative energies (E,,)) are also calculated from
the difference between the E,, of complexes in the gas phase

(b)

J Hydrogen ‘ Carbon ‘ Nitrogen ‘ Oxygen

Table 1 Binding energy values

(AE,, . in kcal mol™), total Media AV Eap Eal AHyg  AGrg ASyog
energy (Ey, in eV), stabilization Gy phase Ni?*  —29535 —55024.3979 — 75817 —0959 9.332 —0.035
g::g Egtlbn‘]“e‘;‘;)a ;"’éa“ve Fe* —21473 —48368.7272 - 9.8697 —0932 9243 —0.034
thermodynamic parameters of Mnt —177.55 —45314.1854 — 37887 —1.006 9.601 —0.036
complex formation (AH, AG, Cot —80.61 —-51,618.8935 - 3.2409 -0.679 9.057 -0.033
and AS, in keal mol™") in the Cu* —4723 —58,631.4900 - 2.7817 —0.462 8.698 —0.031
fvaast;h:‘;ev:;‘fsc*‘l"“’f"rmand Chloroform (e=4.81)% Ni2* —8130 —55,029.8128 —54149 2.1668 —0.567 8.567 —0.031
FeX* —51.88 —48376.2426 —7.5154 23544 —1.033 9353 —0.035

Mnt —133.19 —45316.9576 —2.7722 10166 —0915 9.343 —0.034

Cot —3875 —51,621.2408 —2.3473 0.8936 —0.724 9.241 —0.033

Cut  —2037 —58,633.6049 —2.1149 0.6668 —0.286 8.131 —0.028

Water (e =80) Ni%* —4191 —55031.9796 —7.5817 0.0000 —0.649 8.899 —0.032

Fe** —19.71 —48378.5970 —9.8697 0.0000 —1.049 9.318 —0.035

Mnt —129.26 —45317.9741 —3.7887 0.0000 —0.867 9.233 —0.034

Cot —32.51 —51,622.1344 —3.2409 0.0000 —0.958 9.697 —0.036

Cut —1540 —58,634.2717 —2.7817 0.0000 —0.221 7.949 —0.027

*& shows dielectric constant of the solvents
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and the CHCl, relative to the water (as the most stable com-
plexes). Figure 2 illustrates chart of the stability order of the
complexes in terms of the relative energy in different media.
As shown in this figure, the AC complexes with the lowest
absolute amount of binding energy in the water solvent have
the highest stability in this solvent compared to the others.
This means that the solvent plays a key role in the stability
of these complexes.

In order to gain more insight into the properties of the
selected complexes, the thermodynamic parameters of Gibbs
free energy (AG), enthalpy (AH), and entropy (AS) are cal-
culated at room temperature (298.15 K) and one atmospheric
pressure. The results are listed in Table 1. As can be seen in
this table, the values of AG and AH of the complexes are pos-
itive and negative, respectively. Since the changes in Gibbs
free energy are positive, this implies that the formation of the
complexes is not a spontaneous process. The calculated val-
ues of AH in Table 1 also show that the formation process of
all complexes is enthalpically favored (exothermic). Hence,
AS <0 and IAHI<ITAS|. This means that the entropic factor
controls the stability of the complexes in both the gas phase
and in solution. Therefore, all the thermodynamic properties
are not only dependent on the nature of the different cations
but are also affected by environmental factors.

Geometric parameters

Table 2 shows the structural parameters of the considered
complexes in the gas phase and solutions. The values of
d;n. (the distance between cations and the center of the
aromatic ring) are important descriptors of the cation—=n

interactions strength. It can be stated that complexes with the
most |IAE,, .| value have the least interaction distance (d,,,_,)
and vice versa. Based on the obtained data, these results can
be observed in the monovalent complexes. For example, the
Cu” complex with the largest value of d,,, . has the smallest
value of AE,,, ., while the Mn™ complex with the highest
value of AE,, . has the lowest value of d,,, ,. However, a
similar correlation cannot be detected between these values
for the Ni** and Fe?* divalent complexes.

The C=C bond length (d-_c) of the AC complexes
also changes in the presence of cation-n—interactions. The
results of Table 2 show that in most cases, for each ion group
(mono- or divalent), the d-_ increase is accompanied with
enhancing the IAE; .| values. The data obtained in the gas
and chloroform phases display that the maximum value of
de_c is related to the Ni*™ complex, while the minimum
value corresponds to the Cu* complex. This indicates that
the cation—r interaction in these phases is the strongest/
weakest for the Ni?*/Cu™ complexes, respectively. Accord-
ing to the found results, the d._ values of the complexes
decrease on going from the gas phase to the solution, so
that the lowest value is observed in the water solvent. This
confirms the weaker cation-n interaction of complexes in the
solution phase with respect to the gas phase.

The geometric changes created by the cation—-=x
interactions are in line with the spectroscopic data. The
vibrational frequencies of the ion-x (v;,, ) for AC complexes
are shown in Table 2. It is prominent that the stronger
cation—= interaction causes the vibrational frequencies
(Vo) to shift to the higher values. The data in Table 2

indicate that the relationship between AE, . and v, , . is

10n-m 0on-1

Fig.2 Chart of the stability
order in terms of relative energy

(E,y) in different media

Fe2+

_—— -_—— -_—— -_— —_——
Ni2+

® Water = Chloroform

Chloroform

Water

Mn+ Co+ Cut
AC complexes

u Gas phase
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Table 2 The geometrical

parameters (bond lengths (d), Media de_c dionn Vion-x HOMA u° (D) Polarizability
i(n A), Strftf;hi?g frequ‘;{néi&sA Gas phase Ni% 1.430 1878 41102 0.871 3.01 112.34
a’;;);’acdr?ity 1?1 d:}’: d’.l‘l’mle Fe?* 1.416 1.596 403.69 0.889 6.05 114.87
moment values (4°, in Deby), Mn™* 1.417 1.528 439.27 0.954 6.85 115.57
and polarizability (in B%) of Co* 1414 1.576 321.05 0.937 5.69 117.91
ACeeeM complexes Cu* 1.408 1.815 223.79 0.968 6.19 115.81
Chloroform Ni+ 1.424 1.725 344.47 0.862 8.06 146.01
Fe2t 1.409 1.587 406.29 0.953 10.49 140.07
Mn* 1.415 1.523 431.95 0.966 10.14 138.97
Co* 1419 1.599 311.43 0.946 8.80 144.47
Cu* 1.400 1.850 158.43 0.982 8.77 140.58
Water Ni+ 1.411 1.871 368.79 0.852 9.76 162.02
FeZt 1.408 1.580 400.36 0.968 12.77 151.00
Mn* 1.414 1.515 411.78 0.966 11.88 151.13
Co* 1.413 1.584 232.90 0.962 9.88 158.80
Cu* 1.399 1.878 159.41 0.987 10.14 152.56

consistent with the studied complexes in the gas phase;
but for the complexes of solution phase, these results are
only valid for the monovalent ones. The obtained results
also show that in most cases, the largest and smallest shifts
belong to the gas phase and solution complexes, respectively.

Aromaticity analysis

The geometric parameters of the complexes may also be
applied to describe m-electron delocalization [57]. One of
these descriptors is the geometry-based aromaticity index
[58]. In this work, the HOMA index [56] is selected to
explain the molecular aromaticity properties in complexes
and is defined according to the following:

HOMA =1 — %ZLO(ROPt —R) 3)
where, 7 is the number of bonds studied, a is a normalization
constant, R, is the optimal value of bond lengths for ideally
aromatic systems and R; stands for bond lengths taken into
consideration. The HOMA is zero for a model non-aromatic
system and it is equal to 1 for full aromatic systems.

The results of Table 2 show that in most cases, the cal-
culated values of HOMA are close to the ideal aromaticity
index (HOMA =1). Our findings in all phases also exhibit
that the Cu* complex has the greatest aromaticity, while the
least aromaticity is related to the Ni>* complex. In other
words, the NiZ*/Cu* complexes have less/more effect on
the improvement of the aromaticity, respectively. These
results prove that the aromaticity depends on the type of the
cation. It can be seen in Table 2 that the values of HOMA
enhance as the dielectric constant increases (except for Ni**
complex).

After optimization of the Ni** complex (in the gas phase),
it is observed that the Ni** cation is connected to the oxygen
atom of the carbonyl group and its structure deviates from
the planar state. This may be due to the effects of electro-
static attraction between the Ni>* ion and the electronegative
oxygen atom. In addition, in the Ni** complex, due to the
strong cation—r interaction, a distorted architecture of the
“binary-system moiety” is created in this structure, which
causes a little bit the aromaticity of the benzene ring to be
lost. This makes the cation—r interaction less efficient in this
complex [59, 60] and reduces the aromaticity of the benzene
ring relative to the others.

The dipole moment (x°) values in the gas phase and the
titled solvents are presented in Table 2. As can be seen, the
dipole moment of the complexes increases on going from
the gas phase to the solution, so that the greatest value is
observed in the water solvent. Since, the dipole moment of
different complexes depends on the polarity of the medium,
hence, their stability may be affected by such changes. Our
results show that the complexes become more stable due to
their large dipole moments. The calculated dipole moments
in the solution phase are in the range of 8.06 D-12.77 D and
the maximum and minimum values of x° correspond to the
Fe?* and Ni** complexes, respectively. Intermolecular inter-
actions in materials are also regulated by dipole moments.
For polar solvents, intermolecular interactions decrease as
dipole moments increase.

Polarizability is the second derivative of the energy
relating to an electric field [61]. The cation—x interactions
strongly depend on the molecular polarizability values of
the aromatic compounds [62]. The data obtained in Table 2
show that the maximum and minimum values of polarizabil-
ity belong to the solution and gas phases, respectively. This
means that the complexes produce the weaker interactions
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(AE,,,_,) in the solution phase with respect to the gas phase.
In addition, the high values of the polarizability suggest that
the contributions of electrostatic and the dispersion play an
important role in the formation energy of the interacting spe-
cies [63]. A direct relationship between the dipole moment
and the polarizability of the complexes can be observed both
in the gas phase and in solution. Hence, these results have
the same effects on the interaction of the metal cations with

the n-system.
AIM analysis

According to the quantum theory of atom in molecule
(QTAIM), the electron density (p), its Laplacian (V2p), the
total electron energy density (H), and its two components
(potential electron energy density, V, and kinetic electron
energy density, G) in term of bond critical point (BCP)
describe the chemical concepts of atom, bond, and structure.
There is a prominent relation between the Laplacian and the
energetic features of the critical point [53] as follows:

in p(r) = 2G(r) + V(r) and H(r) = G(r) + V(r) 4)

The electron density of the total system and the sum of
the principal curvatures (V2p =41, +1,+ ;) indicate the
nature of the interaction. The perpendicular curvatures (4,
and 4,) and the parallel curvature (1) of p at the BCP are
negative and positive, respectively. The ratio of I14,l/4; at
the BCPs [64—66] measures the charge concentration. The
ellipticity, &, of a bond is also expressed by the two negative
curvatures in a BCP as e=4,/1, — 1, where 11,/ <I4,|. As can
be seen in Table 3, the maximum values of the ellipticity
correspond to the AC complexes in water, having the highest
dielectric constant or polarity.

Two excessive situations can be defined by the Lapla-
cian of the electronic charge density, V2pgcp. In VZppcep>0
and V2pgp <0, the electronic density is locally depleted and
concentrated, respectively. Shared-shell interactions (cova-
lent bonds) are dominated with a negative value of VZppcp,
while closed-shell interactions (i.e., ionic and van der Waals
interactions) are reflected in a positive value of V2ppcp. For
complexes described with V2pgp>0 and Hpp <0 values,
the partially covalent nature of such interaction is observed
in these systems.

The calculated topological properties are summarized in
Table 3. As shown in this table, all the BCPs of cation—=
interaction are characterized by small values of pgcp, V2
pecp >0, Hyep<0 and 14,1/A;< 1. This means that the
cation—x interactions are the closed-shell in nature. Since,
these complexes are described with V2pgcp>0 and Hpep <0
values, therefore, they may indicate the partially covalent
nature of such interactions.

It is prominent that the value of electron density (pgcp)
represents the strength of the cation—zn interaction. For
each ion group in the gas phase, the comparison of the
pecp values with the binding energies of the complexes
displays a direct relationship between them. The results
obtained in this phase show the maximum value of ppcp
for the Ni** complex and the minimum value for the Cu*
complex. The significant changes for pyp are also observed
in the presence of solvent. The results display that when
the dielectric constant of solvent increases, the ppp values
decrease. As can be seen in Table 3, the highest value of
electron density belongs to the AC complexes in the gas
phase compared to the solution phase, which can be due to
the stronger interaction of the complexes in this phase. This
denotes that the binding strength in the solution phase is
weaker than the gas phase.

Table 3 The selected

topological properties of Media Pace Vioacr H “ v v e Vi,
electron density (in a.u.) Gasphase  Ni**  0.1101 02136 —0.0548 0.1082 —0.1630 0.664 0509 0317
obtained by AIM analysis Fe* 00892 02451 —0.0307 00919 —0.1226 0750 1.162 0223
Mn* 00894 02890 —0.0272 00995 —0.1267 0.785 0509 0.152

Co* 00872 02394 —0.0293 00892 —0.1185 0753 0521 0.208

Cu* 00536 01550 —0.0090 00477 —0.0567 0842 3.659 0237

Chloroform  NiZ*  0.0740 02112 —0.0198 00726 —0.0925 0785 2526 0.248

Fe* 00848 02279 —00280 00850 —0.1130 0752 1150 0.222

Mn* 00858 02799 —0.0246 0.0946 —0.1191 0794 0854 0.150

Co* 00861 02367 —00285 00876 —0.1161 0.755 0419 0.198

Cut 00510 0.1482 —0.0078 0.0449 —0.0527 0852 4434 0235

Water Ni%* 00858 02719 —0.0253 0.0932 —0.1185 0787 4131 0.245

Fe>* 00830 02381 —00255 00850 —0.1105 0769 1385 0.202

Mn* 00823 02540 —0.0235 0.0870 —0.1106 0787 4451 0.190

Co* 00818 02409 —00242 00844 —0.1086 0777 1329 0.202

Cu* 00484 01419 —00066 00421 —0.0487 0864 7.346 0.236
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The property of cation—n interactions can also be
investigated by the -G/V ratio [67, 68]: the interaction is
non-covalent, when -G/V > 1, and is partially covalent,
while 0.5 <-G/V < 1. The computed topological properties
for AC complexes display that these interactions have a
corresponding -G/V ratio in the range 0.664—0.864 (see
Table 3). These results also confirm that the cation—x
interaction in the considered systems is partially covalent.
Figure 3 illustrates the molecular graph of a typical
complex explored in this study. As shown in this figure,
there are four (3, — 1) BCPs between the metal ions and the
carbon atoms of the aromatic ring in this complex.

Fig.3 Molecular graph of AC--Mn* complex obtained from ®B97XD/6-

NBO analysis

A unique technique for assessing the delocalization effects
[69] is natural bond orbital (NBO) analysis. In this work, the
donor—acceptor interaction is estimated by the second-order
Fock matrix. For each donor NBO (i) and acceptor NBO (j),
the stabilization energy, E®, associated with the delocaliza-
tion of i —j, is calculated as follows:

(F;,)*
E®=_—g—

L
€ — &

&)

According to this formula, g; provides the orbital occu-
pancy, ¢; and ¢; correspond to diagonal elements, and F(i,j)
is the off-diagonal NBO Fock matrix element [55, 70]. In the
NBO analysis of these systems, the charge-transfer from the
n-system of AC to the metal cations can also be evaluated
as follows:

Fi)\
ch=qi< . ) (6)

Ej T &

The results of the NBO analysis are reported in Table 4.
As shown in this table, the most important interaction is
placed between the o-electrons of donor species and the
n* of cations as acceptor groups (6 — n*_,; ). The results
reveal that the absolute values of the obtained donor—accep-
tor energies, E®, are in the ranges of 2.70-13.54 kcal mol .
Based on the findings calculated in the solution phase, the
maximum and minimum values of £ belong to the Mn*
and Cu* complexes, respectively, which are directly pro-

portional to their evaluated AE;, . values. There is a good

311++G(d,p) wave function correlation between the values of E® versus d,, .. The
Table 4 Results of second.—order Media Donor orbital ~ Acceptor orbital e—e; F;; E® (0] AQ
perturbation theory analysis of J Y cr
the Fock matrix within the NBO  Gas phase ~ Ni**  6(C-C) n*(Ni2*) 128 0089 -728 0009 0989
basis Fe¥*  o(C-C) n*(Fe?™) 072 008 —1020 0.023 0951
Mn*  6(C-C) n*(Mn™) 075 0098 —13.54 0.029 0229
Cot  o(C-C) n*(Co™) 071 0093 —11.64 0.026  0.106
Cut  o(C-C) n*(Cu™) 1.08 0053 =320 0.005 0273
Chloroform  Ni**  6(C-C) n*(Ni%*) 130  0.078 -577  0.007 0.902
Fe™*  o(C-C) n*(Fe?*) 072  0.083 -972 0021 0.624
Mn*  o(C-C) n*(Mn™) 075 0097 —1276 0.027 —0.033
Cot  o(C-C) n*(Co*) 073 0081 —890 0019 —0.073
Cu*  o6(C-C) n*(Cu™) 111 0050 -279  0.004  0.200
Water Ni**  6(C-C) n*(Ni%*) 111 0069 —5.19  0.007 0.753
Fe™* o(C-C) n*(Fe™*) 071  0.078 —849  0.019 0.467
Mn*  6(C-C) n*(Mn™) 072 0087 —1051 0.023 —0.147
Cot  o(C-C) n*(Co™) 176 0107 =795  0.007 —0.209
Cut  o(C-C) n*(Cu™) 112 0050 -270 0.004  0.177

E® is in kcal/mol and other values are in a.u
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correlation coefficients (R) in the gas phase, chloroform
and water are 0.8620, 0.9855, and 0.9462, respectively (see
Fig. 4). Inspection of the results in Table 4 also reveals that
the values of E? in the solution phase diminish relative to
the gas phase, which leads to a decrease in the charge-trans-
fer between the components.

The values of charge-transfer (Qqr) calculated by Eq. (6)
lie in the ranges of 0.004 to 0.029. As observed in Table 4, the
highest and lowest Q- values are related to the Mn™ and Cu*
complexes, respectively. This quantity exhibits the significant
alterations in the presence of solvent. It is obvious that with
increasing the dielectric constant of solvent, the Q- values

reduce. For example, the Q- value of the Fe?™ complex drops
from 0.023 lel in the gas phase to 0.021 lel in the chloroform
and to 0.019 lel in the water. This implies that the charge-
transfer in the solution is lower than the gas phase and leads
to the weakening of cation—x interaction of complexes in
the first case relative to latter. For each ion group (mono- or
divalent) in the different media, there is a linear relationship
between the Q¢ values and the donor—acceptor energies, E?.
The correlation between these values is given in Fig. 5. As
shown in this figure, the correlation coefficients (R) for the
studied complexes are equal to 0.9666 (gas phase), 0.9814
(chloroform), and 0.8536 (water).

Fig.4 The correlation between
the E® and d,,, , values 0
-2
"_.-'i
- 4
—
° .
E 5 e
o] ot
S °
= 8 y=22.235x-46.495 @ Gas phase
8 R =0.8620
= -10 %
y =28.896x- 55.863 @ Chloroform
D o R = 0.9855
.
14 L y=16.525x - 34.823 Water
R =0.9462
-16
1.45 1.55 1.65 1.75 1.85 1.95
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2 .
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-2
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= -8
3] 49
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-16
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The AQ values are also evaluated from the difference
between the charge of free cation and the charge of cation
in the complex. A look at Table 4 shows that these values
are the highest for divalent complexes and the lowest for
monovalent ones. It is also clear that the maximum/minimum
values of AQ correspond to the Ni**/Co™ complexes,
respectively. In general, the results of NBO analysis show
good correlations between the values of E®, Qcr and AQ.
According to these data, the cation—x interaction of the
complexes in the gas phase is stronger than the solution
phase, which is due to the higher donor—acceptor energy
and also the more charge transfer of the complexes in this
phase. This implies that the charge-transfer properties can
be a suitable parameter for estimating the strength of the
cation—r interactions.

Electronic properties

An important criterion for evaluating the electronic properties
of the complexes is the frontier molecular orbital (FMO)
theory. The HOMO and LUMO have the nature of nucleophilic
and electrophilic, respectively. The HOMO-LUMO energy
gap (E,), expressed as E,=E| yyo— Egomos 18 @ simple
indicator of kinetic stability. A large energy gap is related to
the higher stability and lower reactivity of a chemical system.
The plot of frontier molecular orbitals (HOMO-LUMO)
with their corresponding energy gap for the AC---Mn"
complex calculated by the ®B97XD method and the
6-311++G(d,p) basis set is illustrated in Fig. 6.

Table 5 presents the quantum molecular descriptors of the
AC complexes in the gas phase and solution. These quanti-
ties, which are identified as conceptual DFT parameters or
chemical reactivity indicators, are defined as follows:

_ E)
K= <aN VT @)
ON? /vy 1
1
S=—
2 )
2
_®
0= (10)

where p, 77, S, and @ are chemical potential [71], chemical
hardness [72], global softness, and electrophilicity index
[73], respectively. In an N-electron system, p and 7 are
characterized as the first and second derivatives of the total
energy with respect to the external potential, respectively.

LUMO PLOT

A

J

ELUMO =-4.652 eV

E, =7.874 eV

HOMO PLOT
EHO.\(O =-12.526 eV

AC...Mn-(-

Fig.6 HOMO and LUMO plot of AC--Mn* complex obtained at the
®B97XD/6-311++G(d,p) level of theory

The reciprocal of the hardness is the softness that evaluates
the easiness of charge transfer and is a key factor in
determining the polarizability of molecules. In addition,
the electrophilic nature of a molecule is related to its
electrophilicity index.

The results of Table 5 show that the values of energy gap
increase on going from the gas phase to the solution (except
for Ni** complex). This leads to increasing the stability and
decreasing the reactivity of the complexes in the solution
phase with respect to the gas phase. As energy gap enhances,
the chemical hardness also increases. A direct relationship
also exists between the chemical hardness and chemical
potential values in the studied complexes. In other words,
the value of chemical potential in the solution is higher
than that in gas phase; since these values are negative, so
all complexes are stable in the different media (see Table 5).
The electronegativity (y) [74] is defined as the negative
of chemical potential, as follows: y= — u. Increasing the
electronegativity of considered complexes in the gas phase
compared to the solution phase implies that they are better
electron acceptors in the first case relative to latter.

It is well known that large HOMO-LUMO gap means
a hard molecule and small HOMO LUMO gap means
a soft molecule. Because the soft molecules need small
energy to excitation, hence, they are more polarizable
than the hard molecules. Based on the results obtained in
Table 5, the greater chemical softness of the complexes in
the gas phase compared to the solution indicates that they
are the most reactive structures in this phase (except for
the Ni** complex). It is apparent that with decreasing the
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Table 5 Values of the HOMO

and LUMO energies (Eyono Media Enomo €V) Ergmo (€V) E,(eV) n(eV) u@V)  y (V) SEeVhH w(eV)
and Ej o), energy gap Gasphase Ni** —18.364  —11.032 7332  3.666 —14.698 14.698 0273  29.463
gf;C)trfj:zl“é;iﬁiﬁ“;jfeﬁzal Fe2* —17.681  —10750 6931 3465 —14215 14215 0289  29.157
(1), electronegativity (1), Mnt -12.526  —4.652 7.874 3937 -—8.589 8589 0.254 9.369
softness (S), and electrophilicity Cot -12.362 —5.467 6.895 3447 -8914 8.914 0.290 11.525
index (w) of AC complexes Cu* —12.381 —4.984 7397 3698 —8.683  8.683 0270  10.192
Chloroform Ni#* —11910  —5.083 6.827 3414 —8496 8496 0293  10.573

Fe?t —11914  —4.240 7.673  3.837 —8.077  8.077 0.6l 8.502

Mnt -9.214 -0.878 8336 4.168 —5046 5046 0.240 3.054

Co* —8.839 —-1.785 7.054 3527 -5312 5312 0.284 4.000

Cut  -9.493 —-1372 8.121 4.060 —5433 5433 0246 3.634

Water Ni* —10.184  —3.278 6.006 3453 —6731 6731 0.290 6.561

FeX* —10.281  —2.347 7.935 3967 -6314 6314 0252 5.025

Mn* -8.256 0.278 8.534 4267 —3.989  3.989 0.234 1.865

Cot -8.043 -0.672 7371  3.685 —4357 4357 0271 2.576

Cu* -8.786 -0.326 8460 4230 —4.556  4.556 0.236 2.454

HOMO-LUMO energy gap, the softness of the complexes
increases. Correlation between the softness and the energy
gap is shown in Fig. 7.

The electrophilicity index () is categorized according
to the electrophilic nature of molecules. The weak elec-
trophiles show @ < 0.8 eV, and the medium electrophiles
demonstrate 0.8 <@ < 1.5 eV, while the strong electrophiles
exhibit w > 1.5 eV [75]. This index is a better descriptor of
chemical reactivity. It is worth mentioning that the minimum
energy gap is associated with the maximum electrophilic-
ity index. As can be seen in Table 5, the @ index decreases
from the gas phase to the solution. This indicates that the
electrophilic nature of these complexes in the solution phase
is less than the gas phase.

Molecular electrostatic potential (MPE) maps can
visualize the size, shape, charge distribution, and the
active sites of electronic systems in the intermolecular
interactions. The electron density isosurface of the
AC---Mn* complex calculated by the ®B97XD method and
the 6-311++4+G(d,p) basis set is illustrated in Fig. 8. The
regions of attractive/repulsion potentials appear in red/
blue colors, respectively. As observed in Fig. 8, the oxygen
atoms of the carbonyl and hydroxyl groups (red color) with
the higher electronegativity and larger electron density
participate in electrophilic attacks, while the Mn* cation
and the plane of the aromatic ring (blue color) with positive
electrostatic potential, participate in nucleophilic attacks.

Fig.7 Correlation between the
softness (S) and the energy gap 0.298
(Eg) for the AC---M complexes
e y =-0.0373x + 0.5469 ® Gas phase
0.29 (-. R2=0.9975
0282 °. y=-0.0354x+0.5336 @ Chloroform
- "*.:, R2=0.9982
20274 . y =-0.034x + 0.523 Water
wn & R2=0.9964
0.266 R
RN
0.258
0.25
6.5 6.8 7.1 7.4 7.7 8 8.3
E,/eV
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Fig.8 Electron density isosurface of AC:-Mn* complex calculated
by ®B97XD method and 6-311++G(d,p) basis set

Conclusions

In the present study, we have considered the interaction of
AC drug with the metal cations (Mn*, Fe**, Co*, Ni?*, and
Cu™) in the gas phase and solution. The results show that
the cation—m interaction strength in the gas phase is larger
than that in solution. Our findings also display that the
Ni’*/Mn" complexes have the highest absolute values of
AE,,,_. in the gas/solution phases, respectively. Based on
the obtained data, the complexes in water solution are the
most stable. The stability order of the complexes is as fol-
lows: Fe>* >Ni’** >Mn* >Co" >Cu™. A similar trend is
also observed in the chloroform. This stabilization enhances
with increasing polarity of the solvent. According to the cal-
culated HOMA values, the Cu* complex has the greatest
aromaticity and the least aromaticity is related to the Ni>*
complex. A direct relationship between the dipole moment
and the polarizability of the complexes can be observed both
in the gas phase and in solution. Hence, these results have
the same effects on the interaction of the metal cations with
the mt-system.

The results of AIM analysis show that the cation-x
interactions are the closed-shell in nature. Since, the stud-
ied complexes are described with V2pgcp>0 and Hyep <0
values, therefore, they may indicate the partially covalent
nature of such interactions. Our data also indicate that the
highest values of ppp belong to the complexes in the gas
phase compared to the solution phase, which can be due
to the stronger interaction of the complexes in this phase.
This denotes that the binding strength in the solution phase
is weaker than the gas phase. The results of NBO analysis
show good correlations between the values of E?, Qcr, and
AQ. According to these data, the cation—r interaction of
the complexes in the gas phase is stronger than the solution

phase, which is due to the higher donor—acceptor energy
and also the more charge transfer of the complexes in this
phase. It is also clear that the values of E, and 7 increase on
going from the gas phase to the solution (except for the Ni>*
complex). This leads to increasing the stability and decreas-
ing the reactivity of the complexes in the solution phase with
respect to the gas phase. In addition, the greater chemical
softness of the complexes in the gas phase compared to the
solution indicates that they are the most reactive structures
in this phase.
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