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In this research, the effect of different solvents on the stability order, binding energy and hydrogen bond (H-bond) strength of

Fluorouracil-Nitrosamine (FU-NA) complex is investigated by using the density functional theory. The calculations are conducted at the

MO06-2X/6-311++G(d,p) level of theory for geometry optimization of the complex and its monomers. Based on the average energies of the

H-bonds calculated, the H-bond strength in the gas phase is higher than that in the solution phase. The H-bond average energies in polar

solvents are close to each other and lower than those in the non-polar solvents. Our findings also show that when the solvent effect is

applied the binding energy of complex is significantly changed. The binding energy in the solution phase is also lower than that in the gas

phase. Therefore, the stability in the polar solvents with respect to the water as natural solvent is higher than that in the non-polar ones. The

natural bond orbital analysis and the Bader’s quantum theory of “Atoms in Molecules” are also applied to evaluate the H-bond interactions

in the selected solvents.
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INTRODUCTION

Intermolecular forces play an essential role for
explaining many phenomena in numerous areas of modern
chemistry, from molecular biology to supramolecular
chemistry [1-3]. The H-bond, in particular, is one of the
most important intermolecular interactions present in
different biological activities [4-8]. The study of H-bond
systems is a subject of great interest since they have
significant effect on the structure of compounds in the solid,
liquid and gas phases [9,10]. The H-bonds are really a
special case of dipole forces; however, they are usually
stronger than normal dipole forces between molecules [11].
For H-bonded systems, the influence of the different
solvents on the geometrical and topological parameters has

been considered in many studies. For example, Roohi et al.
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[12] investigated the structure, stability and proton transfer
in H-bonded complexes formed from interaction between
uracil and parent nitrosamine using B3LYP, B3PW91 and
MP2 methods with a wide range of basis sets. Yoosefian and
co-workers [13] showed the effect of various solvents on the
stability order, binding energy and H-bond strength of
cytosine-guanine complex by using the density functional
theory. In 2017, the nature and properties of H-bond
interactions in adenine-thymine complex analyzed with
quantum chemical calculations by Souri et al. [14]. A
study of the
anticancer drug with various nitrosamine

theoretical interaction between the 5-
fluorouracil
compounds was also conducted in 2015 [15].

The Bader’s quantum theory of “Atoms in Molecules”
(QTAIM) offers a convenient means of looking at H-
bonding interaction in various intermolecular systems [16].
One of the advantages of the AIM theory is that one can
obtain information on the concept of chemical bond and

the bond strength in terms of electron density distribution
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function [16,17]. It exploits the topological features of
electron density, and thereby, a definition of chemical
bonding through bond path and bond critical point (BCP). A
BCP (a point at which gradient vector vanishes, V p(r) = 0)
is found between the two nuclei of the molecule in
equilibrium geometry, which is considered to be connected
by a chemical bond. The topological descriptors obtained
from the AIM theory and electron localization function can
be successfully employed to distinguish weak, medium, and
strong H-bonds in various molecular systems.

Organic solvents are often used as a vehicle to dissolve
hydrophobic compounds in cell biology experiments [18-
22]. They should be highly soluble and not have a toxic
effect on the cells. For cell fixation, methanol and acetone
solvents are applied [23]. Methanol is also most commonly
used to fix frozen sections, cell culture cells or smears. This
leads to preserve the cellular architecture and frozen
tissue sections and cells. Alcohols can affect several
neurotransmitter systems and cause significant changes in
the brain. For instance, ethanol depresses the brain function,
very much in the style of an anesthetic. At low blood
concentrations, ethanol releases behaviors that are otherwise
inhibited and usually causes feelings of relaxation and good
mood which may facilitate socializing. The use of DMSO
(dimethyl sulfoxide) is in the cell’s freezing as well as
cryopreservation [24], so it is essential to know that whether
it can be effective on bonds and the structure of compounds
or not. DMSO can be also applied as a solvent for
chemopreventive agents [25]. For permeabilizing of cells
before some tests, the ether is used. It is also applied
as a constructor material in some synthetic medicinal
compounds. The chloroform can reveal the most anticancer
ability. Its extract from HDW (Hedyotis diffusa Willd)
prevents the survival of cancer cells [26]. In addition, 70%
of the cell volume is water, so it plays a vital role for all
living things.

5-Fluorouracil (5FU) is the simplest chemotherapeutic
drug which shows radio sensitizing activity [27]. This
compound belongs to the class of organic compounds
known as halopyrimidines. In other words, it is an aromatic
compound containing a halogen atom linked to a pyrimidine
ring. The 5FU is utilized for the treatment of the cancers
such as the breast, rectum, colon, stomach, or the pancreas
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[28,29]. In addition to cancer, it is also used for a variety of
other pharmaceutical purposes including porokeratosis and
psoriasis, sun damaged skin and genital warts [30-32]. The
complexity of its action mechanism, which is dependent on
whether the tissue is tumor or normal, makes the drug very
attractive for biochemical modulation regimens [33]. The
F NMR technique is widely used for in vitro detection of
this drug. In "F NMR studies of 5FU chemotherapy
[34,35], its signal often serves as an internal chemical shift
standard. Furthermore, ’F magnetic resonance spectroscopy
(”F MRS) is selected as the main tool to check 5FU and its
conversions in tumor tissue. This method is used to study
the SFU retention and its metabolism both in vitro and in
vivo [36].

Nitrosamine (NA) compounds are potent carcinogens
reported by the International Agency for Research on
Cancer [37]. They are chemical compounds with the
functional group -N-N=O, a nitroso group bonded to an
amine. The NAs are widespread in environment such as
cigarette smoke, beer, bacon and diet. Furthermore, they can
be produced in the stomach by reaction of secondary amines
and nitrite (NO,) both taken from foods, causing serious
health hazards even in trace amounts [38-41]. Most NAs are
carcinogenic. They can form DNA adduct to cause cancer in
the human body [42]. While NAs can cause cancer, SFU is a
chemotherapy drug used to various cancers, including those
linked to NAs like gastric cancer. The antitumor activity of a
drug is related to its molecular properties as well as its
interactions with different targets in cells. Because of the
importance of SFU in treating various types of cancers, the
interaction between this drug with NA compounds and the
effects of these interactions on their properties are very
important. Furthermore, these complexes can be considered
as model systems for understanding the H-bonding
interactions in biomolecules.

The main goal of this study is to investigate the effect of
different solvents on the stability order, binding energy and
H-bond strength of the FU-NA complex and their results are
compared with each other and also with the gas phase. The
geometrical parameters, topological properties and natural
bond orbital (NBO) analysis are also performed to gain
further insight into the effect of intermolecular interactions
on the H-bond strength.
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COMPUTATIONAL DETAILS

In this study, all calculations are carried out using the
Gaussian 03 program [43]. The obtained complex and their
monomers are optimized using the M06-2X [44] method
and the 6-311++G(d,p) (437 basis functions, 693 primitive
Gaussians) basis set. The vibrational frequencies are
calculated at the same level of theory on the optimized
geometries. Frequency calculations indicate that the studied
complex is in true minima (no imaginary frequency mode).
The complex formation is investigated in the presence of
various solvents with a wide range of dielectric constants
(including water, methanol, ethanol, ether, chloroform,
acetone and DMSO). The Tomasi’s polarized continuum
model (PCM) using the integral equation formalism variant
(IEFPCM) is applied to follow the effect of different
solvents [45-47]. Furthermore, the solvent effect on the
complex stability order and the H-bonds are analyzed and
their results are compared with each other and also with the
gas phase. In this study, the approximate values of the
intermolecular H-bond energies are estimated by the
Espinosa-Molins method [48]. For the FU-NA complex, the
binding energy (AE) is also calculated by evaluating the
difference between the total energies of complex and the
individual monomers, as given in Equation (1):

AE = Epyna- (Epu+ Ena) (1)
where Eryna is the total energy of complex, and Ery and
Exa are the total energies of 5-fluorouracil and nitrosamine
monomers, respectively. The binding energies are computed
with correction for the basis set superposition error (BSSE)
using the Boys-Bernardi counterpoise technique [49]. To get
more information about the nature of the investigated
interactions, a topological analysis is achieved to calculate
the electron density (p) and its second derivative (V?p) at
the bond critical point (BCP) by the AIM method
[16,50,51]. The AIM analysis is performed using the
AIM2000 program [52] on the optimized wave functions.
Additionally, the natural bond orbital (NBO) [53] analysis,
using the Gaussian 03 program, is done to better understand
the intermolecular interactions. Both the AIM and NBO
analyses are performed at the M06-2X/6-311++G(d,p) level
of theory.
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RESULTS AND DISCUSSION

Molecular Geometry and Energies

The obtained structures from the interaction between
5FU and NA are depicted in Fig. 1. For H-bond formation in
the FU-NA complex, the NA can be placed in three regions
in vicinity of the FU. According to our previous studies
[54,55], among the various H-bonding sites, the Al site of
complex has the strongest interaction (see Fig. 1). Our
findings show that the binding energies obtained for Al,
A2 and A3 sites of complexes are -36.60, -24.49 and
-25.50 kJ mol”, respectively. This means that the A1 site of
complex is more stable than the A2 and A3 sites. Therefore,
we used the most stable complex to examine the effect of
different solvents on it. As it can be seen in Fig. 1, two kinds
of H-bonding exist via the FU-NA interaction: N-H---O and
C-H:--O. It is obvious that both the FU and NA monomers
can act simultaneously as proton donors and proton
acceptors. Hence, the FU is expected to form a binary
H-bonded complex with the NA. In this study, several
different solvents representing environments of diverse
polarity are chosen. In order to investigate the geometry and
the intermolecular H-bond energy changes in the FU-NA
complex, optimization in water, methanol, ethanol, ether,
chloroform, acetone and DMSO solvents is carried out
using M06-2X method and the 6-311++G(d,p) basis set.
Furthermore, the influence of the solvent on the stability
order of the FU-NA complex and the strength of
intermolecular H-bonding is considered using the IEFPCM
method.

The most important geometrical parameters and H-bond
energies of the FU-NA complex calculated at the MO06-
2X/6-311++G(d,p) level of theory are given in Table 1. It is
well known that the H-bond distances can be considered as
a criterion of H-bonding strength. In other words, the
shorter the length of the generated bridges between
monomers (H-bond distances) can be attributed to the
stronger the H-bond energies (Eyg). From Table 1, it is
apparent that the estimated OnaHpy and Ogry-Hya
distances are in the ranges 1.864-1.875 A and 2.237-
2.292 A, respectively. Thus, the strongest bond is formed
between Ona and Hyy and the weakest bond is belonged to
Ory‘Hya. This result clearly shows that the H-bond for
the Ona"H-Npy interaction is stronger than that for the
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Fig. 1. The optimized structure of FU-NA complex in various sites of A1, A2 and A3.

Table 1. Geometrical Parameters of H-bonds (Bond Length in A) and H-bond Energies
(Eyg in kJ mol™") of FU-NA Complex in Different Solvents

Eug Eup
Media N-Hpuyy C-Hway OnaHry  Opy-Hia
(Oru~H-Cya)  (OnaH-Npy)

Water 1.019 1.079 1.875 2.292 -9.89 -27.58
DMSO 1.019 1.079 1.874 2.292 -9.90 -27.64
Methanol 1.019 1.079 1.873 2.292 -9.89 -27.69
Ethanol 1.019 1.079 1.873 2.292 -9.90 -27.72
Acetone 1.019 1.079 1.873 2.292 -9.90 -27.77
Chloroform 1.019 1.079 1.868 2.288 -10.04 -28.32
Ether 1.019 1.079 1.867 2.287 -10.05 -28.41
Gas phase 1.018 1.080 1.864 2.237 -11.65 -28.60

Ory*H-Cya one (see Table 1). In recent years, the powerful be calculated approximately from the properties of bond
method of Espinosa [48] is often applied for the estimation critical points. First, the estimation of G(r) in terms of
of H-bond energy. In this method, the H-bond energies may electron density p(r), its gradient Vp(r) and its Laplacian

245



Theoretical Study on the Interaction between 5-Fluorouracil Anticancer Drug/Org. Chem. Res., Vol. 6, No. 2, 242-256, September 2020.

V?p(r) functions is suggested by Abramov [56]. The
procedure for obtaining G(r) at the critical point, where
Vp(r) =0, is as follows:

5

() + (VP () @

Gl =(COGT) p

By using the virial equation, the local potential energy
density V(rcp) can be estimated [56], as given below:

2G0) +V (r) = (VP 1) @)

And finally, the relationship between H-bond energy (Eyg)
and the potential energy density at O---H bond critical points

V(rcp) is presented as: E,y~ 1 V(rep)
2

As shown in Table 1, the H-bond energies of the studied
complex change when solvent effect is taken into account.
Based on the average energies of the H-bonds calculated,
the H-bond strength in the gas phase is more than that in the
solution phase. The H-bond average energies in polar
solvents are close to each other and lower than those in the
non-polar solvents. The trend in the calculated H-bond
energies in the different solvents is as follows:

Water DMSO
chloroform = ether

methanol ethanol acetone <

As seen, the maximum and minimum values of the H-bond
energy correspond to the non-polar and polar solvents,
respectively. However, the highest value of the H-bond
energy is observed in the ether solvent with respect to the
other cases.

Our findings also show that when the solvent effect is
applied the binding energies of complex are significantly
changed. Table 2 summarizes the calculated binding
energies in the H-bond formation process, where the
binding energies are defined as the energy difference
between the optimized complex and the sum of the
individual monomers. Comparing the obtained binding
energies with the H-bond energies of the FU-NA complex in
the various solvents showsa direct relationship between
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them. In other words, the results show that the binding
energy of FU-NA complex in the polar solvents is lower
than that in the non-polar ones while it is higher than the
solution in the gas phase.

Vibrational Frequencies

In continuation of our studies for a better elucidation
of the H-bond strength, the vibrational frequencies are
calculated for the FU-NA complex in the presence of
different solvents. Table 2 shows the N-H and C-H bonds
vibrational frequencies of the FU-NA complex relative to
those of their monomers. The frequency shifts (Av) are
defined as the difference between the frequency of the
certain vibrational mode in the complex and that in
the
Av =
that the vibrational frequencies of the N-H bonds involved
in H-bonding are red-shifted, whereas those of the C-H
bonds are blue-shifted. Result of calculations also shows

isolated monomer and can be expressed as:

Ucomplex - Umonomer- 1h€ Obtained computations reveal

that the N-H vibrational frequencies suffer the larger
changes in the Ona"H-Npy H-bonds in comparison to the
C-H vibrational frequencies in the Ogy-*H-Cy4 ones.

Our theoretical outcomes based on the N-H vibrational
frequencies values (Avn.y) show that the studied complex in
the polar solvents has the greatest red shift, whereas the
least red shift belongs to the non-polar solvents. These
results are reversed for vibrational parameters of C-H (vc.p).
There is relatively good linear relationship between the C-H
stretching frequencies (Avcy) involved in the Opy*H-Cya
H-bond with
coefficient (R) for the dependency of AE vs. Avc.y
is equal to 0872 with an equation as:
AE -4.7303 (Avcy) + 122.44. This means that the
stretching frequency values may be a useful parameter for

the binding energies. The correlation

describing the strength of the H-bond interactions in the
studied complex. The infrared spectra of the FU-NA
complex are also predicted theoretically from the calculated
intensities (see Table 2). The infrared spectrum of FU-NA
complex (related to C-H bond) in the non-polar solvents
shows a weaker band compared to the polar ones. On the
other hand, the strong infrared bands at about (1414-
1461 cm™) is assigned to N-H stretching modes. As shown
in Table 2, the highest IR values belong to the polar
solvents, while the lowest values correspond to the non-
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Table 2. Calculated Binding Energies (AE) in Terms of kJ mol™, Stability Order (S.0.), Dielectric Constant
(¢€) of the Solvents, Stretching Frequencies Information (Av, IR, Infrared, in cm™") of N-H and C-H

Groups and Dipole Moment (1, in Deby)

Media AE S.0. Avwsy  Avem  IRawy  IRen m

Water -15.51 0.00 800  -131.78 2887  1460.76 10338 948
DMSO -15.79 031 46.8  -13233  29.13  1460.10 10341 946
Methanol -16.09 0.64 327 -13230  29.19 145936 10321 943
Ethanol -16.41 0.97 245  -13109 2936  1456.64 103.01  9.40
Acetone -16.68 1.26 207 -13134 2948 145579 10288 937
Chloroform -21.69 6.62 481  -130.77 3140 1419.19 10184 889
Ether -2235 733 433 -13088  31.52 141390 101.65 883
Gas phase 3660 2247 - 13606 3219 117842 10622 725

polar ones. In fact, the strong infrared band of 1461 cm™ in
the water (as a polar solvent) moves to 1414 cm™ in the
ether (as a non-polar solvent). The upper frequency shift of
this band in water (47 cm™) suggests more stretching
character for N-H bond in the studied complex.

Stability Order and Dielectric Constant

In order to investigate the influence of solvent on the
stability order of FU-NA complex, we have chosen water as
a natural compound of the cells to compare its effect with
the other solvents and also with the gas phase [13]. It is
worth mentioning that 70% of cell volume is occupied with
the water and it can change the H-bond characters such as
energy, structure and electron density [13,57-61]. The
stability order (S.0.) values of FU-NA complex obtained in
the different solvents are collected in Table 2. According to
the binding energies, the stability in the polar solvents is
higher than the non-polar ones. Theoretical results reveal
that the increment of stability of SFU, NA and FU-NA
complex in the polar solvents is accompanied with the
decrease of formation energy of the FU-NA complex in
these solvents (see Fig. 2). There is an excellent linear
relationship between the calculated binding energies and the
stability order. In other words, as the absolute binding
energies increase, the stability order is found to decrease.

247

The corresponding correlation coefficient (R) is equal to 1
and the equation of regression line is as follows:

AE =-0.9388 S.0.-15.493

From the obtained data, it can be concluded that although
the studied complex has the most binding energies in non-
polar solvents, its stability in these solvents is lower than
that in the others. As shown in Table 2, the FU-NA complex
has the highest binding energy value and the lowest stability
value in ether (as non-polar solvent).

The influence of solvents dielectric constant (€) on the
binding energy values is also analyzed. As it is obvious
from Table 2, the increment of dielectric constant of the
solvent is accompanied by decreasing the binding energy.
Correlation between values of the binding energy versus the
dielectric constant is shown in Fig. 3. The result of
calculations indicates that the increase of solvent polarity
causes to shift the binding energies toward less value.
Therefore, the formation of FU-NA complex in the ether (as
non-polar solvent), is more favorable with respect to the
other solvents, energetically. The effect of solvent dielectric
constant on the stability order is also investigated. Figure 3
reveals the correlation between the dielectric constant and
the stability order. As shown in Table 2, by increasing the
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Fig. 2. The correlation between the stability order and the binding energy of 5-fluorouracil, nitrosamine and
FU-NA complex.
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Fig. 3. The relationship between stability order (S. O.) and binding energy (AE) versus the solvents dielectric
constant (€).
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solvent dielectric constant, the stability of the FU-NA
complex increases. Hence, the most stable structure is
perceived in the water solution; as a result, the stability
order in the studied system depends on the solvent type.

The dielectric constant values can also affect on the
dipole moment of FU-NA complex. The obtained results
show that the calculated dipole moments (p) in the various
solvents are quite large (see Table 2). It is worth mentioning
that a major factor in the energetic and dipole moment of a
wide variety of compounds is solvation. The field generated
by the surrounding solvent perturbs the structures and
induces a dipole moment in the molecule. Since, the dipole
moment (p) is achieved from the sum of the permanent (u,)
and induced parts, so, it is predicted that molecular dipole
moment increases in solution [62,63]. Furthermore, the large
dipole moments

demonstrate the high reactivity of

molecules. This enhancement is due to the charge
distribution and migration from one region of molecule to
the other region, induced by the intermolecular interactions
between the FU and NA monomers.

electronegative elements in these monomers facilitates their

Existence of

interactions through the H-bonding formation with the
hydrogen atoms. Our findings show that dipole moment of
the FU-NA complex in different solvents enhances as the
dielectric constant increases. Hence, the highest dipole
moments are observed in the polar solvents, whereas the
smallest ones belonged to the non-polar solvents.

AIM Analysis

In order to obtain further insight into the nature of the
H-bonds in the FU-NA complex, we have studied the
electron density based on the topological parameters within
the framework of Bader's theory of "Atoms in Molecules"
[16,50,51]. The analysis of the electron density distribution
is performed to find the bond critical points (BCPs) and to
characterize them in terms of the electron density (ppcp) and
Laplacian (V’ppcp) values. Based on the AIM theory, the
Laplacian is negative for shared or polar interactions
(covalent bonding) and it is positive for closed-shell
interactions (H-bonds, ionic, van der Waals) [64,65]. The
calculated topological parameters for FU-NA complex in
the gas phase and the different solvents are summarized in
Table 3.

As shown in Table 3, the maximum values of p and V?p
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at the Opy-"H-Cya and Ona--H-Ngy H-bonds correspond to
the FU-NA complex in the gas phase, while the minimum
values of these parameters belong to the polar solvents. It is
well known that the shorter distance can be attributed to the
greater strength of the H-bond and the larger electron
density (p) at the O--‘H contacts. The outcomes indicate that
the minimum O--H contacts associated with the maximum
electron densities at the O--H BCPs are observed for
FU-NA complex in the gas phase. These outcomes observed
are reversed for the related complex in the polar solvents.
From the data obtained, it is concluded that the FU-NA
complex in the gas phase has the strongest H-bond with
respect to the solution phase (see Tables 1 and 3). The AIM
calculations also indicate that the O---H bonds possess low p
and the Laplacian of electronic density is positive at
the BCPs of Opy-Hya (V?pOpy+-Hya) and OyaHpy
(VpoNA---HpU) bonds. Besides, the values of the virial
atomic theorem (-V/T) in the presence of different solvents
is equal to 2. Based on our theoretical results, the electronic
charge is depleted in the interatomic path, indicating the
closed-shell interactions. This means that the Opy-Hna and
Ona‘Hpy bonds show electrostatic character in nature.

The average of the electron densities (p(€2)), Laplacian
of the electron density (V°p(Q)) and atomic electronic
kinetic energy (K(€2)) for atomic basins of Op; and Oy, are
also calculated upon complexation using AIM theory. The
results are given in Table 3. These values are related to the
electron density at the nuclear critical points. In the complex
under study, the electron density for the Oy, basins is
lower than that for the Oy ones, indicating a more charge
transfer from the Oyu basins to the N-Hpy. This result is
in agreement with stronger H-bond energies of the
Ona'"H-Ngy with respect to the Opy-*H-Cya. The obtained
data also show that the greatest values of K(Q) belong to
FU-NA complex in the non-polar solvents in comparison to
the polar ones (see Table 3). On the other hand, a
meaningful relationship cannot be observed between the
p(Q) and V?p(Q) values in the various solvents.

The contour map of FU-NA complex in the water
solvent is displayed in Fig. 4. Interaction between FU and
NA generates a cyclic system with a ring critical point
(RCP) in intermolecular region. A RCP within the ring
created is due to the formation of H-bonds. Furthermore, the
V?prep is a point of the minimum electron density within
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Table 3. Topological Parameters of FU-NA Complex in Different Solvents and the Average of these Values for
Atomic Basins of Oy and Oy, at the M06-2X/6-311++G(d,p) Level of Theory

. OFU' : 'H'CNA ONA' : 'H'NFU
Media R R ) )
p Vp p Vp  prep Viprer  p(Q)  Vp(Q) K(Q)
Water 0.0126  0.0435 0.0244 0.1104 0.0044 00173 88949 0.0012 75.4559
DMSO 0.0126  0.0435 0.0245 0.1106 0.0044 00174 8.8942 0.0004 75.4543

Methanol 0.0126  0.0435 0.0245 0.1107
Ethanol 0.0126  0.0435 0.0245 0.1108
Acetone 0.0126  0.0435 0.0246  0.1109
Chloroform  0.0127  0.0440  0.0249  0.1124
Ether 0.0127  0.0440  0.0250  0.1127
Gas phase 0.0140  0.0502 0.0251 0.1136

0.0044 0.0174 8.8928 0.0011 75.4536
0.0044 0.0174 8.8931 0.0020 75.4547
0.0044 0.0174 88936 0.0015 75.4545
0.0045 0.0176 8.8936 0.0010 75.4584
0.0045 0.0176 8.8926 0.0013  75.4578
0.0046 0.0180 8.8946 0.0023 75.4708

Fig. 4. The electron density contour map of FU-NA complex in the water solvent calculated at the
M06-2X/6-311++G(d,p) level of theory using QTAIM.

the ring surface and a maximum on the ring line [66]. The
results presented in Tables 1 and 3 indicate a linear
relationship between the sum of H-bond energies (XEyg)
and the Laplacian of electron density at the RCP (V?pgep )
with an excellent correlation coefficient (R is equal to
0.992). Therefore, ZEgg could be easily computed from
V?prep With equation: Eyg = -4186.7 (V prep) + 35.202
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(see Fig. 5). This indicates that the properties of the RCP
values could be very useful in estimating the H-bonds
strength.

NBO Analysis
Among theoretical methods, the natural bond
orbital (NBO) analysis is a unique approach to evaluate
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Table 4. NBO Analysis of FU-NA Complex, Occupation Numbers of Donor (O.N.p) and
Acceptor (O.N.,) Orbitals, and the Energies (in kcal mol ') of some  Important

Orbitals
Media LPOFU — G*C-HNA LPONA — G*N-HFU
ON,p ON., E®@ ONp ON., E®@
Water 1.8541 0.0209 2.22 1.9754 0.0310 8.90
DMSO 1.8541 0.0209 2.23 1.9753 0.0311 8.93
Methanol 1.8540 0.0209 2.23 1.9753 0.0311 8.93
Ethanol 1.8540 0.0210 2.23 1.9753 0.0311 8.94
Acetone 1.8539 0.0210 2.23 1.9753 0.0313 8.96
Chloroform 1.8533 0.0211 2.30 1.9751 0.0313 9.08
Ether 1.8532 0.0212 2.32 1.9750 0.0313 9.10
Gas phase 1.8514 0.0220 2.62 1.9748 0.0310 9.28
237
37.5 &
= -38 1
= y =-4186.7x + 35.202
B azs R =0.992
= 5
=
m -39 -
=
Pl -39.5 -
-40 -
-40.5 ; ; ; ; .
0.0172 0.0174 0.0176 0.0178 0.018 0.0182
b
Viprep(au)

Fig. 5. Correlation between the sum of H-bond energies (XEgg) versus the Laplacian of electron density at
the RCP (V?prep ) at the M06-2X/6-3 11++G(d,p) level of theory.

the delocalization effects [67,68]. Table 4 shows the MO06-2X/6-311++G(d,p) level of theory. The obtained
NBOs occupation number and the second-order results confirm that the two H-bonds formed between FU
perturbation stabilization energies, E®, calculated at the and NA are related to the orbital interactions of the
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LPOna — 6*N-Hpy and LPOpy — o*C-Hya. In the NBO
analysis of the H-bond systems, the charge transfer between
the lone pairs of proton acceptor and the anti-bonding
orbitals of proton donor is of particular importance. For
FU-NA complex, the charge is transferred from the lone
pairs of FU and NA oxygen atoms to the anti-bonding
orbitals of the C-H and N-H bonds of NA and FU,
respectively. Our theoretical results also reveal that the
occupation numbers of donor and acceptor orbitals in the
polar solvents are approximately the same and do not
change appreciably. From the obtained data, it is concluded
that the polar solvents do not have a considerable effect
on the H-bond of FU-NA complex. In addition, the
consequences of NBO analysis show that the stabilization
energies of LPOya — 0*N-Hpy and LPOry — 6*C-Hya
interactions decrease from the gas phase to the solution
phase. The changes of stabilization energy for FU-NA
complex in the polar solvents are the same for the
Ory"H-Cya  H-bond the
Ona"H-Ngy one. It is worth mentioning that the results of

and relatively small for

NBO support the outcomes achieved in the AIM framework
[54,55,69].
In a NBO representation, for each donor NBO (i) and

acceptor NBO (j), the stabilization energy E@ associated
with delocalization i — j is estimated as

2
i

2) _
E® =g, ——
&, —¢&;

“4)

where q; is the donor orbital occupancy, € and ¢; are the
diagonal elements (orbital energies of donor (i) and acceptor
(j)) and F(i, j) is the off-diagonal NBO Fock matrix element
[54,70]. The formation of a hydrogen bond implies that a
certain amount of electronic charge is transferred from the
proton-acceptor to the proton-donor molecule [71,72]. The
charge transferred between the FU and NA monomers
during complexation could be easily determined using
Eq. (4). The values of charge transfer (qcr) for the studied
complex in the different solvents are listed in Table 5. As
obviously seen in this Table, the largest charge transfer
|qccrn| upon complexation is predicted in the gas phase,
where the qcriy corresponds to the Oya'*H-Ngy H-bond. On
the other hand, the theoretical calculations reveal that the
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maximum charge transfer value |qcrz)| of the Opy-H-Cya
H-bond corresponds to the water solvent in comparison with
the other cases. As a result, the greater charge density on
atoms involved in the H-bond leads to the more charge
transfer of the FU-VB complex in the various solvents.

The effect of H-bond interactions on the Valp occupation
numbers of the FU-NA complex in different phases is also
explored. As shown in Table 5, the Valp occupation number
in the gas phase is less than that in the solution phase. In
other words, the Valg occupancy increases in the presence of
various solvents. For FU-NA complex, the hybridization of
Lpo corresponding to sp” is also analyzed. The results
obtained in this study show that the s character of Oya
orbital increases in the presence of different solvents with
respect to the gas phase. The increment of s character in the
related solvents leads to withdrawing the electrons and a
decrease in the Lewis base (O atom) properties. This trend is
reversed for the s character of Oy orbital in the complex
under study. However, these changes have an identical trend
with the Eyp, p and E® values (related to Opy-H-Cy).

Molecular Electrostatic Potential (MEP)

Figure 6 shows the MEP 3D plot of the FU-NA complex
in the water solvent. The MEP is best suited for identifying
the sites of intra- and intermolecular interactions [73,74]. It
gives the visual representation of the chemically active sites
and is a very useful descriptor in understanding the sites for
the electrophilic and nucleophilic reactions as well as the
H-bonding The different of the
electrostatic potential at the surface are presented by

interactions. values
different colors. The red and blue areas in the MEP map
refer to the electron-rich and electron-poor regions,
respectively, whereas the green color signifies the neutral
electrostatic potential. Potential increases in the order red <
orange < yellow < green < blue.

In the present study, the MEP map shows that the
negative potential site is on electronegative oxygen atoms
and the positive potential site is around the hydrogen atoms.
These sites give information about the region from where
the compound can encompass intermolecular interactions.
In fact, the O and H atoms involved in the H-bonding will
be the most reactive sites for both regions of the H-bond-
acceptor and H-bond-donor, respectively.
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Table 5. The Results of NBO Analysis and the Charge Transfers (qcr in €) at M06-2X/6- 311++G(d,p)

Level of Theory
Media Occe Occe S (%) S (%) qccrn q(cr2)
ValOna ValOry Ona Ory Onxa'H-Npy  Opy"H-Cna

Water 6.4663 6.6443 7243 0.06 -1.9806 -1.9218
DMSO 6.4662 6.6441 7242 0.06 -1.9873 -1.8375
Methanol 6.4661 6.6440 7241 0.06 -1.9873 -1.8375
Ethanol 6.4660 6.6440 7240 0.06 -1.9895 -1.8375
Acetone 6.4658 6.6440 72.39 0.06 -1.9940 -1.8375
Chloroform 6.4636 6.6436 7222 0.06 -1.9805 -1.8952
Ether 6.4634 6.6436 7220 0.06 -1.9848 -1.9116
Gas phase 6.4566 6.6427 71.77 0.08 -1.9987 -1.8745

-4.043e-2

4.043e-2

Fig. 6. Electrostatic potential of the FU-NA complex in the water solvent; color coding: red (very negative),
yellow (slightly negative), light blue (positive) and dark blue (very positive).

CONCLUSIONS

In this study, the effect of different solvents on the
stability order, binding energy and H-bond strength of
FU-NA complex is investigated using the DFT calculations.
Based on the average energies of the calculated H-bonds,

the H-bond strength in the gas phase is higher than that in
the solution phase. In the polar solvents, the H-bond
energies are close to each other and lower than those in the
non-polar solvents. Our findings also show that when the
solvent effect is applied the binding energies of complex are
significantly changed. Comparing the obtained binding
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energies with the H-bond energies of the FU-NA complex in
the various solvents shows a direct relationship between
them. In other words, the results show that the binding
energy of FU-NA complex in the polar solvents is lower
than that in the non-polar ones, while it is higher in the
solution than in the gas phase. Furthermore, in order to
investigate the influence of solvent on the stability order of
the FU-NA complex, the water is chosen as a natural
compound of the cells to compare its effect with the other
solvents. According to the obtained binding energies, the
stability in the polar solvents is higher than that in the non-
polar ones. Therefore, formation of FU-NA complex in
ether, as a non-polar solvent, is more favorable with respect
to other solvents, energetically. The AIM and NBO analyses
are also carried out to gain further insight to the H-bonds
strength. The AIM calculations indicate that the O--H bonds
possess low p and the positive V?p values, indicating the
characteristic of the closed-shell interactions. The obtained
results at the NBO basis are in accordance with the
outcomes achieved in the AIM framework.
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