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Keywords Abstract: In the scope of this work the antidepressant escitalopram was

Escitalopram, surrounded by ethanol commonly referred as alcohol step by step and the possible

Drug-Alcohol Interaction, results of this invasion on escitalopram drug molecule were examined principally

B"T“TA'IM by density functional theory methods. Moreover, for analyzing hydrogen bonding
interactions, quantum theory of atoms in molecules was used. In this method, the
nature of interaction is classified whether it is covalent, partially covalent or
noncovalent. According to the results, depending on the interaction edges of the
title molecules, it was observed that the escitalopram under attack by ethanol shows
quite different interaction characteristics, chemical and electronic properties
effecting its chemical reactivity and biological activity which must be taken into
account when used together with alcohol.

Essitalopram Etanol ile Cevrelendiginde: ila¢ ve Alkoliin Etkilesimlerini ve Olas1
Sonugclarini Analiz Etmek icin QTAIM ve DFT Yaklasimi

Anahtar Kelimeler 0z: Bu galisma kapsaminda antidepresan essitalopram, yaygin olarak alkol olarak
!Essitalopram,_ o adlandirilan etanol ile adim adim ¢evrelendi ve bu ¢evrelemenin essitalopram ilag
llag-Alkol Etkilesimi, molekiili tizerindeki olasi sonuglari yogunluk fonksiyonel teorisi ile incelendi.

B’T“X'IM Ayrica hidrojen bag: etkilesimlerini analiz etmek i¢in molekiillerdeki atomlarin
kuantum teorisi kullanilmigtir. Bu ydntemde, etkilesimin dogasi kovalent, kismi
kovalent veya kovalent olmayan olarak siniflandirilir. Elde edilen sonuglara gore
etanol ile cevrelenen essitalopramin, alkolle birlikte kullanildiginda dikkate
alinmasi gereken oldukga farkli kimyasal dzellikler gosterdigi gozlemlendi.

1. Introduction Major depressive disorder is a prevalent mental

illness affecting the ever-increasing number of people

The simultaneous use of ethanol (EtOH), also known all around the world [5]. Depression appears as a

as alcohol, and medications has been continuously complex heterogeneous disorder and its pathogenesis

becoming a serious public health concern all over the includes many factors ranging from genetic to social

world [1, 2]. The underlying interaction mechanism factors, most of which are not clearly understood [6].

between medicines and alcohol is not fully Escitalopram (ESCI) is a selective serotonin reuptake

enlightened. However, it is known that inhibitor and it has been used for the treatment of
pharmacokinetic and pharmacodynamic interactions several disorders such as depression, general anxiety
play an important role [3]. Patients with high rate of and panic disorder [7, 8]. ESCI is known as a very
alcohol consumptions are considered at high risk of effective and generally well tolerated drug for the

pharmacological interactions since the use of several treatment of generalized anxiety problems [9].

medications make the pharmacokinetic and

pharmacodynamic interferences of ethanol are Quantum chemical calculations are extensively

possible [4]. However, the available data on this employed for the examination of the ground state

subject is rare. properties of different types of molecular systems in

order to understand the chemical process and
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reactivity of the examined compounds [10-12]. Within
the computational applications, density functional
theory (DFT) appears as a widely used method
offering acceptable accuracy and reliability [13, 14]. It
is clear that experimental approaches for biological
applications require extensive amount of time on
financial resources. At this point computational point
of views are very useful to obtain beforehand
information to follow more object-oriented pathways
for the experimental works. In order to analyze the
hydrogen bonding (HB) interactions, quantum theory
of atoms in molecules put forward by Bader was used
[15]. In QTAIM method by examining the Laplacian of
electron density VZp and electronic energy density H,
the nature of interaction is classified whether it is
covalent, partially covalent or noncovalent [16].

2. Computational Method

First of all, single isolated ESCI and EtOH were
optimized. Then NBO charge distributions for ESCI
was calculated in order to determine the possible
interaction points with EtOH. Four possible
interaction sites for ESCI molecule were determined
based on NBO charge distributions as seen in Figure 1.
Therefore, the sites where partially negative N, O and
F atoms are present were selected as active
interaction edges. Then for one interaction site one
EtOH molecule was brought the nearby interaction
point of ESCI and the system was optimized to find the
minimum energy configuration. This process was
carried out for four interaction sites of ESCI molecule.
After this, each time one more EtOH was added to ESCI
and the optimization process was carried out for each
system which requires many calculations to reach a
fully surrounded ESCI by EtOH with stable form of
cluster. It is worth noting that for EtOH two possible
point groups Ci1 and Cs are the case. However, the
structure belonging to Cs point group was found lower
in energy in magnitude. Henceforth, for all calculations
and interactions Cs point group was considered for
EtOH. The energies of each hydrogen bond (Exs) were
calculated using Espinosa-Molins-Lecomte equation
as following [17,18]:
Eus = 0.5 V(rBCP)

In the given equation, V(rBCP) is the value of local
potential energy density (Virial field) at the bond
critical points.
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All the hydrogens have positive NBO charges.
NBO charges of Fluorine, Nitrogen and Oxygen atoms are negative.
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Figure 1. Some important NBO charges and interaction
edges of the optimized ESCI and EtOH molecules.

The binding energies (Eb) between EtOH and ESCI
drug were calculated by using the following equations:

(1xEtOH):
Eb = EESCI&letOH - (EESCI + EEtOH(site—I,site—II,site—III or site—I1V) + EEtOH)

(2xEtOH) for site — I:

Ey = Egscigoxeton — (EESCI&EtOH(site—II) + Egton)
(2xEtOH) for site — II:

Eb = EESCI&ZxEtOH - (EESCI&EtOH(site—I) + EEtOH)
(3xEtOH) for site — I:

Ey = Egscigsxecon — (Egsciaecon site-gsite-1) + Egcon)
(3xEtOH) for site — II:

Ey = Egscigaxecon — (Egsciseton site-1ssite-nry T Egton)
(3xEtOH) for site — III:

Ey = Egscigsxeron — (Egsciaeton site-1ssite-11y + Egton)
(4xEtOH) for site — I:

Eb = EESCI&4XEtOH - (EESCI&EtOH(site—II&site—III&site—IV) + EEtOH)

(4xEtOH) for site — II:

Ey = Egscigaxecon — (Egsciseton site-1ssite-inigsite-1vy + Egton)
(4xEtOH) for site — III:

Ey = Egscigaxeron — (Egsciaston site-1ssite-11&site-1vy + Egcon)
(4xEtOH) for site — IV:

Ey = Egscigaxeton — (Egsciseton (site-1gsite-11&site—1iry T Egcon)

where all the statements like Egscizixeton, Eescig2xeton,
Egscizaxeton, Eescizaxeton present the optimized energies
of the related systems. The determination of
functionals and the basis sets effects the required
computational sources. It is clear that higher level of
functionals and basis sets mean long calculation times
and robust computational resources which are not
available for most of the researchers. In our previous
study, we reported that compared with several
solvation models, functionals and the basis sets, the
B3LYP/6-31G(d) level of theory with the polarizable
continuum model enables to get acceptable outcomes
compared to higher level of time-consuming
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computations [19]. Since water is the most plentiful
molecule in biological systems, all calculations were
carried out with B3LYP functional along with the 6-
31G(d) basis set in water media. During the
calculations the interacting atoms within a molecular
system approach each other, henceforth, their basis
functions overlay. This effect is named as basis set
superposition error (BSSE). In order to eliminate or to
reduce the BSSE effect, the counterpoise correction
method was used [20]. Calculations were carried out
with Gaussian 09 program package [21]. GaussView
was used for the creation of molecular structures and
visualization of molecular orbitals [22]. QTAIM
computations were performed using the Multiwfn
program [23].

3. Results
3.1. ESCI vs 1XEtOH, site-I to site-IV interactions

In this part of the work four interaction sites were
identified and one EtOH molecule interacted with
identified sites named as Site-I, Site-II, Site-III and Site-
IV. The optimized structures were given in Fig. 2. For
the structures S1, S2, S3 and S4, the O—H..N=C,
O—H...N, 0—H...0 and O—H...F interatomic distances
were calculated as 1.990, 1.864, 1.901 and 2.019 A,
respectively which indicates the requirements for
structurally stable interaction distances depending on
the atomic radii and partial charges at the interaction
edges. The OH stretching/bending vibrations of single
isolated EtOH molecule were calculated as 3745/1479
cml. As for the interacted structures S1, S2, S3 and S4
OH stretching/bending vibrations were computed as
3645/1492, 3284/1530, 3610/1491 and 3737/1481
cml, correspondingly. It is clear that OH stretching
vibrations were red shifted in the IR spectra. On the
other hand, OH bending vibrations showed blue shifts
in the IR spectra. While the largest red shift in the IR
spectrum was observed for S2 structure with a value
of 461 cm?, the smallest red shift was found for S4
system with a value of 8 cm1. This fact suggests that
with an IR instrument having a typical resolution of 2
cm’l, both shifts are observable and distinguishable. In
the same way, while the largest blue shift in the IR
spectrum was found for S2 structure with a value of 51
cm!, the smallest blue shift was observed for S4
system with a value of 2 cm-1. It is worth noting that
the largest and smallest shifts of OH vibrational and
bending bands occur where the interatomic distances
atthe interaction sites are the smallest and the largest,
correspondingly.

The BSSE uncorrected/corrected Eb energies were
calculated as -4.17/-2.94 (Site-I), -8.48/-5.07 (Site-II),
-6.19/-2.34 (Site-1II) and -4.14/-0.51 kcal/mol (Site-
IV). It is seen that while the strongest interaction
occurs at Site-1I, the weakest interaction occurs at Site-
IV. It is seen that upon BSSE correction Ep values tend
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to change by 29% (Site-1), 40% (Site-II), 62% (Site-III)
and 88% (Site-1V). The corrections appear at quite
high particularly where the Ev energy is smallest in
magnitude, therefore, for the possible studies carried
out at B3LYP/6-31G(d) level of theory this correction
is suggested to be considered.

J
.’,, 4
'S'nul #s’ ‘* “J
) "
* P
&
Y,
Ep = -2.94 kecal/mol J
Eg=421eV
‘\3 ‘} p ‘fp
‘ ll; |
J
8 ey
ﬁ J 'ga
I'il) =5.07 kcal/mol J
Eg =48l eV

"‘ Q. 3. J‘ J“‘ﬁ
o o
1’0

 §=3

-2.34 kcal/mol
4.26eV

Eb

o ‘5‘5 93
Wy

ﬁ’)
,,m

)J

J

-0.51 kcal/mol
4.32eV

Ep
Eg

Figure 2. Optimized structures of the single EtOH interacted
systems.
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The HOMO-LUMO, Eg value of single isolated ESCI was
calculated as 4.33 eV. The Eg value is considered as a
measure of reactivity for a given molecular system
[24]. Therefore, it can be concluded that as for Site-I,
Site-IIl and Site-IV interactions reactivities of the
interacted systems increase more or less but as for
Site-Il interacted system reactivity decreases
compared to single isolated ESCI drug molecule (Fig.
2). It is seen that each interaction site tends to produce
different reactivity conditions. At this point, it is worth
noting that the comparison of the reactivity was
carried out between single ESCI and ESCI interacted
EtOH system rather than isolated single molecules.

F = 0
LUMO =-1.578 ¢V 2
‘Y 9

? 9 ¢
? Site-ITT e 6’0 e

EHOMO =-5.769 eV

EHOMO =-5.790 ¢V ,
o, J
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Figure 3. Frontier molecular orbital maps for 1xEtOH
interacted systems.
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The HOMO-LUMO maps for any molecular system can
be considered as a tool to identify the regions where
the probability of electron donation and acceptance
are high [25]. Frontier molecular orbitals are given in
Fig. 3. For Site-I-1V interactions LUMOs are distributed
over ESCI drug molecule. No matter which site the
interaction occurs, LUMOs are only located over ESCI.
Therefore, it can be drawn that the probability of ESCI
fragments of the interacting systems behaving as
electron acceptors are higher when compared to
EtOH. In addition to that, electron affinity (EA) is
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known as -ELumo [26] which means that EA values of
the interacted systems mainly determined by the ESCI
drug molecule. HOMOs like LUMOs are distributes
mainly over ESCI only one exception which is Site-II
interaction. For Site-II interaction HOMOs are located
on EtOH and ESCI molecules at the same time. At this
point, it is worth noting that HOMO-LUMO
distributions indicate regions where electron
transitions are most likely to occur. Therefore, EtOH
can also donate electrons for Site-II type of interaction
in addition to ESCI. Since ionization potential (IP) is
known as -Enomo [26], it seen that IP and EA values
show dependence at the interaction sites and as can be
seen in Fig. 2 and Fig. 3. While S2 structure has the
highest [P, S3 has the lowest IP. Further, while the S1
shows the highest EA, S2 has the lowest EA.

3.2. ESCI vs 2xEtOH, the multiple site-I and site-II
interactions

In this part of the study, a situation in which Site-I and
Site-II parts of ESCI interact with EtOH compounds
simultaneously was examined. The optimized
structure was shown in Fig. 4. The calculated O—
H..N=C and O—H...N interatomic distances were
calculated as 1.990 and 1.869 A, respectively. The OH
stretching vibrations were computed as 3646 (Site-I)
and 3290 cm! (Site-II) for the examined system. OH
bending vibrations do not change compared to single
EtOH interacted ESCI and they appeared at 1492
(Site-I) and 1530 cm? (Site-II). The BSSE
uncorrected/corrected Eb energies were found as
-4.22/-2.99 (Site-1) and -8.54/-5.02 kcal/mol (Site-II).
It is seen that the strongest interaction occurs at still
Site-II. Compared to single EtOH interacted systems,
2xEtOH interaction leads an increase for Eb energies in
magnitude. EtOH molecules more strongly interacted
for 2xEtOH system. Therefore, stability of system
seems sensitive to the number of interacted EtOH
molecules. Eg value of 2xEtOH interacted system was
calculated as 4.70 eV. It is seen that reactivity of
2xEtOH interacted system is less than ESCI alone.
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Figure 4. Optimized structures of the 2xEtOH interacted
system.
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Frontier molecular orbitals for 2xEtOH interacted
system are given in Fig. 5. It is seen that LUMOs are
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distributed over ESCI and HOMOs are distributed both
ESCI and EtOH molecules. Therefore, for 2xEtOH
interacted system while only ESCI shows a high
probability as an electron acceptor, both ESCI and
(Site-1I) EtOH possess potentials as electron donors.
The EA value of the 2xEtOH interacted system was
found as 1.580 eV (Fig. 5) which is higher than the
values obtained for the single EtOH interacted
systems.
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Figure 5. Frontier molecular orbital maps for 2xEtOH
interacted ESCI system.

3.3. ESCI vs 3xEtOH, the multiple site-I, site-II and
site-III Interactions

In this part of the work one EtOH molecule interacted
with the Site-I, Site-1I and Site-III simultaneously. The
optimized structure was presented in Fig. 6. The
calculated O—H..N=C, O—H..N and O—H...0
interatomic distances were calculated as 1.991, 1.869
and 1901 A, respectively. The OH stretching
vibrations were computed as 3647 (Site-1), 3287 (Site-
1) and 3611 cm! (Site-III) for the investigated system.
OH bending vibrations appeared at 1492 (Site-I), 1530
(Site-II) and 1489 cm (Site-III). The BSSE
uncorrected/corrected Eb energies were calculated as
-4.16/-2.95 (Site-1), -8.56/-4.98 (Site-1I) and -6.24/

-2.31 kcal/mol (Site-IlI). In this configuration
additional EtOH at the Site-III, compared to 2xEtOH
system leads changes for Eb energies. The interaction
strength at Site-1 and Site-II decreases in magnitude
slightly. Eg value of 3xEtOH interacted system was
computed as 4.63 eV. It is seen that reactivity of
3xEtOH interacted system is still less than ESCI alone.

Ey (Site-I) =-2.95 kcal/mol
Eb (Site-II) = -4.98 kcal/mol

Ey (Site-IIT) = -2.31 kcal/mol
E:=4.63 eV ?)J

Figure 6. Optimized structures of the 3xEtOH interacted
system.

Frontier molecular orbitals for 3xEtOH interacted
system are given in Fig. 7. It is seen that LUMOs are
distributed only over ESCI and HOMOs are distributed
both ESCI and (Site-II) EtOH molecules. In here, unlike
Site-II EtOH, Site-I and Site-IlI interacted EtOH
molecules do not tend to accept or donate electrons.
The EA value of the 3xEtOH interacted system was
found as 1.626 eV (Fig. 7) which is higher than the
values obtained for 1xEtOH and 2xEtOH interacted

systems.
. )
Site-1 & &
Erunno =-1.626 eV ¥ .

J®

—

Figure 7. Frontier molecular orbital maps for 3xEtOH
interacted ESCI system.
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3.4. ESCI vs 4xEtOH, the multiple site-I, site-II, site-
III and site-IV Interactions

In here one EtOH molecule interacted with the Site-],
Site-1I, Site-IIl and Site-IV simultaneously. The
optimized structure was given in Fig. 8. The calculated
0—H..N=C, O0—H..N, O0—H..0 and O—H..F
interatomic distances were found as 1.992, 1.868,
1.906 and 2.024 A, respectively. The OH stretching
vibrations were determined as 3647 (Site-I), 3286
(Site-1I), 3610 (Site-11I) and 3741 cm! (Site-1V) for the
investigated system. At this point it is seen that
infrared vibrational bands at the interaction sites
show changes around 2-4 cm!, when compared to
single EtOH interactions with ESCI drug molecule
which means that nearly similar diagnostic IR bands
observed for 1xEtOH interacted ESCI and 4xEtOH
interacted ESCI systems. OH bending vibrations
appeared at 1492 (Site-I), 1530 (Site-II), 1490 (Site-
I1I) and 1482 cm ! (Site-1V). Itappears that OH bending
vibrations are less effected compared to OH stretching
vibrations upon interaction with ESCI drug molecule.
The BSSE uncorrected/corrected Eb energies were
calculated as -4.16/-2.95 (Site-I), -8.58/-4.91 (Site-II),
-6.15/-2.21 (Site-1II) and -4.10-/0.41 kcal/mol (Site-
IV). Eg value of 4xEtOH interacted system was
computed as 4.63 eV which is the same value with
3xEtOH interacted system and reactivity of 4xEtOH
interacted system is still stays below than ESCI alone.

9 Es (Site-I) = -2.95 keal/mol
Ey (Site-II) = -4.91 kcal/mol
Ey (Site-IIT) = -2.21 kcal/mol
Eb (Site-IV) = -0.41 kcal/mol
Ee=4.63 eV
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Figure 8. Optlmlzed structures of the 4xEtOH interacted
system.
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In Fig. 9, IR spectra of selected regions of ESCI and ESCI
interacted 4xEtOH molecule were given. It is clear that
following the EtOH interaction with ESCI drug relative
intensity of C=N stretching vibration considerably
decreases due to redistribution of charges at the
interaction sites or changes of the polarity of C=N
bond. The OH stretching vibrations can also be
followed in Fig. 9.
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Figure 9. Selected region of calculated IR spectra of ESCI and

ESCI interacted 4xEtOH

NBO charge distributions at the interaction sites were
also calculated as given in Fig. 10. The NBO charges of
oxygen and hydrogen atoms at the interaction site of
single isolated EtOH were calculated as -0.732 and
+0.486. It was observed that following the interaction
with ESCI molecule some number of electrons move
towards the oxygen atom of EtOH and as for site-II this
flow is more apparent when compared to other sites
of interaction resulting with more intense OH
stretching band for site-II interaction (Fig. 9). It was
seen that the strength of Eb interaction energy is
correlated not only the partial NBO charges but also
the distance between the interacting atoms.

Frontier molecular orbitals for 4xEtOH interacted
system are given in Fig. 11. It is seen that LUMOs are
distributed only over ESCI and HOMOs are distributed
both ESCI and (Site-II and Site-III) partially EtOH
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molecules. It is seen that particularly HOMO
distributions of the interacted system having a close
relation with electronic properties tend to change
depending on the number of interacted EtOH molecule
so the electronic properties. As the number of
interacted EtOH molecule increases the distributions
of electrons over the surface of ESCI molecule show
alterations which refers that depending on the
interaction site and the number of interacted EtOH
molecules, the chemical properties of the examined
system can be manipulated. The EA value of the
2xEtOH interacted system was found as 1.630 eV (Fig.
11) which is higher than the values obtained for the
1xEtOH, 2xEtOH and 3xEtOH interacted systems. In
general, it was observed that as the number of
interacted EtOH increases the EA values also
increased. A summary of energetic parameters for
comparison can be seen in Table 1.

20.803 10497 40370 ‘ J4520 -0.819 ,
o 00-¢ | ,j:‘u Q
f“j -0.407 { S@90- 009,
5 » o 7
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Site-I Site-1T
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‘/.+o 502 #’; JJAPMSS N
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Figure 10. NBO charges at interaction sites
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Figure 11. Frontier molecular orbital maps for 4xEtOH
interacted ESCI system.

Table 1. A summary of energetic parameters for comparison

Examined systems Ev Eromo Evumo Ee
(kcal/mol) (eV)

1xEtOH (Site-I) -2.94 -5.790 -1.578 421
1xEtOH (Site-II) -5.07 -6.278 -1.465 4.81
1xEtOH (Site-III) -2.34 -5.769 -1.508 4.26
1xEtOH (Site-IV) -0.51 -5.790 -1.469 432
2xEtOH (Site-I) -2.99

2xEtOH (Site-11) -5.02 -6.278 -1.580 .70
3xEtOH (Site-I) -2.95

3xEtOH (Site-1I) -4.98 -6.261 -1.626 4.63
3xEtOH (Site-111) -2.31

4xEtOH (Site-]) -2.95

4xEtOH (Site-1I) -491

4xEtOH (Site-I1I) -2.21 -6.263 -1.630 4.63
4xEtOH (Site-1V) -0.41

ESCI - -5.788 -1.461 433
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Figure 12. Molecular topographic maps at the interaction
sites (the electron density at bond critical points is depicted
as orange spheres).
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At this point it seems useful to discuss the QTAIM
parameters to enlighten the nature of interaction
(Table 2 and Fig. 12). For Site-I interaction, electron
density p, Laplacian electron density VZp, and
electronic energy density H in atomic units were
calculated as 0.025, 0.080 and 0.240 (x10-3) which
refers an Eug energy of -6.09 kcal/mol. Further, both
positive V2p and H values refer that the interaction is
noncovalent in nature. As for Site-II interaction, p, V2p,
and H values were calculated as 0.040, 0.096 and -3.47
(x10-3) with an Ens energy of -9.73 kcal/mol.
Positive V2p and negative H values imply that the
interaction is partially covalent in nature. For Site-III
interaction, p, V2p, and H values were found as 0.029,
0.088 and -1.23 (x10-3) with an Ens energy of -7.68
kcal/mol. Again, here like Site-II interaction positive
V2p and negative H values indicate that the interaction
is partially covalent in nature for Site-III interacted
system. Finally, as for Site-1V interaction p, VZp, and H
values were found as 0.019, 0.068 and -0.74 (x10-3)
with an Ens energy of -5.76 kcal/mol referring a
partially covalent interaction.

Table 2. Some important QTAIM parameters of 4xEtOH
interacted ESCI system.

4xEtOH  p(r) V2p(r) H(r)x10-3 Eus

(au) (au) (a.u) (kcal/mol)
Site-1 0.025 0.080 0.240 -6.09
Site-1I 0.040 0.096  -3.47 -9.73
Site-I1I 0.029 0.088 -1.23 -7.68
Site-1V 0.019 0.068 -0.74 -5.76
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4. Discussion and Conclusion

In the framework of this study, an extensive DFT
investigation of ESCI interacted EtOH were carried out
based on mainly DFT and QTAIM approaches.
Structural stabilities of the examined systems were
evaluated particularly regarding the binding energies
of the interacted systems. Further, electronic
properties and some important diagnostic vibrational
bands were discussed. In summary following results
can be summed up:

L. Electron acceptance or donation properties referred
also as HOMO-LUMOs of ESCI drug molecule show
dependence in which site the interaction with EtOH
occurs. Likewise, it was observed that the interaction
energy or the strength of the interaction between ESCI
and EtOH changes depend on the interaction site of
ESCI molecule.

IL. It was found that as the number of interacted EtOH
increases, electron affinity of the system increases.
Therefore, the number of available interaction site of
ESCI plays an important role for determining chemical
properties of the examined systems.

III. It was seen that Eg or reactivity characteristics of
ESCI drug strongly depends on the interaction site and
the number of interacted EtOH molecule which
indicates that the chemistry or biological activity of
ESCl is affected by the presence of EtOH.

IV. QTAIM results indicate that partially covalent and
noncovalent interactions are possible between EtOH
and ESCI drug molecule.
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