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Abstract

Forming complexes with cyclodextrins can protect nicotinic acid (vitamin B3) from premature metabolism and enhance the
solubility and stability of this drug. In this work, the formation of the inclusion complex of the neutral form of nicotinic acid
and f-cyclodextrin was achieved. The complex is modeled using PM3, PM6-D4H3, and PM7, by considering two orienta-
tions of the guest: A and B, one is from wide to narrow rim, and the second is from narrow to the wide rim, respectively.
The global minima positions were re-optimized using three density function methods: MN-15, B3LYP, and PW6B95-D3
with polarized Pople basis set 6-31G(d) in gas and aqueous phase. Orientation A showed the minimum complexation energy
where the carboxylic functional group of nicotinic acid is located on the primary hydroxyl rim of f-cyclodextrin and the
pyridine ring is totally embedded in the cavity. To further our study on the nature of complexation and the interactions of
this host—guest system, different calculations were done. The reactivity indices showed that orientation A is harder than B
and more electrophilic; the charge transfer occurred from the host to the guest and was confirmed by the natural popula-
tion analysis (NPA). The natural bond orbitals (NBO) reveal the delocalization of orbitals between the host and the guest,
quantum theory of atoms in molecules (QTAIM) analysis, and non-covalent interaction (NCI) analysis based on a reduced
density gradient (RDG) give a detailed description of the nature of interactions between the host and the guest such as the
hydrogen bonding and van der Waals interaction, and confirmed the stability of the complex given by the orientation A.
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Introduction

The host—guest complexes formed by the cyclodextrins have
important uses in different fields: food industry, pharmacy,
cosmetics, and environmental protection [1]. The cyclodex-
trins are cyclic oligosaccharides consisting of glucopyra-
nose units (six a-cyclodextrin, seven f-cyclodextrin, eight
y-cyclodextrin, or more) linked by a-(1 —4) bond, with a
truncated conic shape [1]. The cyclodextrins have an inner
cavity with a hydrophobic character, while the external
structure has a hydrophilic character. During the inclusion,
the guest molecules are held within the cavity of cyclodex-
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in neutral and zwitterion form depending on pH and tem-
perature [5]. To enhance the solubility and protect this vita-
min from external effects such as oxidation and structure
modification, many works studied the inclusion of nicotinic
acid with B-cyclodextrin ($-CD) [6, 7, 8]. In recent years,
different researchers are interested [9, 10] in the detailed
description of f-cyclodextrin host—guest systems and inclu-
sion driving forces using quantum mechanical methods such
as semi-empirical and density functional theory (DFT) [11,
12]. Guendouzi et al. [13] investigate 1:1 encapsulation
of NA with B-CD in the light of DFT using the Becke 97
method with D3 dispersion correction [14] and inspect com-
plex proprieties taking into account the ionic form of NA.

In the present work, we examine the 1:1 encapsulation
of B-CD and the neutral form of nicotinic acid (Fig. 1) and
describe the different driving forces using for the first time
in the B-CD system the most recently global-hybrid meta-
NGA of the Minnesota family the so-called MN-15 [15]
and hybrid meta-GGA the so-called PW6B95-D3 [16]
(Perdew—Wang-91, 6-parameter functional exchange, and
Becke-95 correlation with D3 Grimme’s dispersion). The
GGA exchange—correlation B3LYP [17] (Becke, 3-param-
eter functional exchange, and Lee—Yang—Parr correlation)
is also used as a benchmark with polarized Pople basis set
6-31G(d) in gas also in aqueous phase using the polarizable
continuum model (PCM) [18].

The high level of theory was used after conformational
research with different semi-empirical methods to define

the global minimum structures of complexes. Moreover,
the structural parameters were analyzed using the Akaike
criterion [19]. The frontier molecular orbital analyses are
used to describe the charge flow and indicate the stability of
the complexes. Thereafter, the dipole moment is used to con-
firm the orientation of the guest inside the B-cyclodextrin.
In the population analysis, natural bond orbitals (NBO) are
estimated. The quantum theory atom in molecule analysis
(QTAIM) and non-covalent interaction analysis (NCI) were
used to explain in detail the different interactions between
the host and the guest.

Computational details

The initial structures of -cyclodextrin and nicotinic acid
were downloaded from the PubChem database [20], and
the docking transition and rotation were achieved using the
Hyperchem 7.51 software [21]. The semi-empirical calcu-
lations of the conformational research were performed by
MOPAC2016 [22], and the input files were generated by
Avogadro [23], while the high level of theoretical calcula-
tions for the initial structure optimization, the final re-opti-
mization, single point energies, and the NBO calculation
were made by the Gaussian 16 software [24]. The results of
visualizations were done by GaussView 5 [25]. Moreover,
the QTAIM and NCI-RDG analysis was done by the Mul-
tiwfn [26] software and visualized by VMD [27]. Finally,

Fig. 1 The p-cyclodextrin (host) and nicotinic acid (guest) structures



Minitab2019 [28] was used to plot the graphs and achieved
the statistical calculations.

The identification of the most stable structure of the com-
plex NA@p-CD (NA at f-CD) was described using manual
conformational research [29] to get the potential energy sur-
face. The glycosidic oxygen atoms of the f-CD were placed
in the XY plane and their center was set up as a coordination
system center; the wide rim was placed toward the Z-axis in
a positive direction.

The nicotinic acid molecule enters through the wide rim
of B-CD and vice versa, as two possible orientations were
taken. The first orientation is from wide to narrow rim,
namely orientation A, while the other one is from narrow to
wide rim, namely orientation B (Fig. 2).

The bond between the C4 and C9 atoms of the guest was
lined on the Z-axis, while the C4 atom is used as a center of
the NA molecule. Then, the NA was moved in both orienta-
tions from—7 A to 7 A by 1 A.In each step, the guest mol-
ecule was rotated around the Z-axis by 10° from 0° to 360°.
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Fig.2 A graphic representation of the inclusion process
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All the structures of NA @ -CD were fully optimized by
three semi-empirical parametric methods: PM7 [30], PM6-
D4H3 [31] (the PM6 method with D4 Grimme’s dispersion
and four hydrogen-bonding corrections), and PM3 [32]. The
complexation energy change implicated in the inclusion
process produces two curves for two orientations for each
method. The global minimum of both orientations given by
the best method was re-optimized using the mentioned den-
sity functional theory (DFT) methods: MN-15, B3LYP, and
PW6B95-D3 with 6-31G(d) in gas and aqua.

Results and discussion
The energy of complex

The formation energies of inclusion complex NA@p-CD
which come from the low level of theory were calculated
with the equation below [33]:

AE oy = Exa@p-cp — (Exa + E[S—CD) (1)

where Eys @p.cp 1S the optimized energy of complex, and
Ej cp and Ey, are the optimized energy of free host and
guest respectively; the results are represented in Fig. 3.

As can be seen in Fig. 3, the PM7 gives a high level of
energy in both orientations when compared with the other
methods and it is worth mentioning that NA was located
outside of f-CD in the global minima in both orientations,
while the other methods give global minima, which NA
embedded in the f-CD cavity, at 0 A (250°) in case of PM6-
D3H4 and—1 A (250°) in case of PM3, in orientations A
and B respectively (Table 1). The lower value energy is
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Table 1 The most stable

. . Orientation PM7 PM6-D3H4 PM3
conformations for each semi-
empirical method A B A B A B
Position (A) -6 -7 0 2 0 -1
Angle (°) 40 230 250 20 170 250
Energy (eV) -0.29 -0.21 -0.70 —-045 —0.69 —-0.71

related to the most stable complex; PM3 gives the lower
energy when compared with PM6-D3H4 with a difference
in energy between the two minimums of 0.01 eV.

The lowest energy was given by PM3 and the two com-
plexes of both orientations were re-optimized using MN-
15\6-31G(d), B3LYP\6-31G(d), and PW6B95-D3\6-31G(d)
level of theory in gas and aqueous phase.

The complexation energy of models A and B in the high
level of theory can be calculated by Eq. (1).

The deformation energy describes the change of energies
during the complexation of the separated host and guest,
which were quantified by the above equation [34, 35]:

AE ;¢ = (Eig_cpy — Ep—cp) + (Eina) — Ena) 2)

where E; 3 cp) and E; (v, are respectively the single point
energies of the isolated host and guest from the complex, and
Eg cp and Ey, are the optimized energies of the free host and
guest respectively.

To identify the interaction energy during the complexa-
tion, the equation above was used [33]:

AE; = Exa@p-cp — (Eig—cp) + Eina)) 3)

where Eyy @p.cp 18 the optimized energy of the complex,
and E; g cp) and E; (v, are the single point energies of iso-
lated host and guest from the complex respectively.

Table 2 displays the different values of energies for
orientations A and B in gas and water. In the gas phase,

PW6B95-D3\6-31G(d) showed a lower value of complexa-
tion energy — 33.8 kcal/mol and —27.32 kcal/mol in models
A and B respectively; in the water phase, the complexation
energy was — 30.11 kcal/mol and —24.59 kcal/mol, in mod-
els A and B respectively.

Then, MN-15\6-31G(d) provides —30.79 kcal/
mol and —21.42 kcal/mol in gas, and —26.75 kcal/mol
and —20.19 kcal/mol in aqua in orientations A and B respec-
tively, whereas B3LYP\6-31G(d) reported significantly high
complexation energy than the other methods. These results
indicate that the most favorable orientation is orientation
A, where the NA molecule is completely included from the
carboxylic side toward the narrow rim of the host (Fig. 4).

When looking at the interaction energies, model B is
higher in energy than A in MN-15\6-31G(d) about 9.51 kcal/
mol and 7.27 kcal/mol in gas and water respectively. How-
ever, B3LYP\6-31G(d) is higher about 8.47 kcal/mol and
4.95 kcal/mol in gas and water respectively. While PW6B95-
D3\6-31G(d) showed opposite results, the orientation A is
higher than B with a relatively small difference of 2.56 kcal/
mol and 3.3 kcal/mol in gas and water respectively.

The deformation energy was much higher in orientation
A; this indicates the change of the structures and the gain
of energy from the interaction during the complexation in
both phases in MN-15\6-31G(d) and B3LYP\6-31G(d); how-
ever, in PW6B95-D3\6-31G(d), the orientation B was more
deformed than A with the difference of ~ 9 kcal/mol in gas
and water. These results favored orientation A in the case of

Table 2 The energies of the

. . Gas
complex in orientations A and

Water

B in gas and water in the high

Orientation A

Orientation B Orientation A Orientation B

level of theory MN-15%6.316)

AE,piex (kcal/mol) —~130.79

AE,,, (kcal/mol) _42.87

AE ¢ (keal/mol) 12.08
B3LYP\6-31G(d)

AE per (kcal/mol) —14.32

AE,,, (kcal/mol) 2621

AE ¢ (keal/mol) 11.89
PW6B95-D3\6-31G(d)

AE piex (kcal/mol) ~338

AE,,, (kcal/mol) 465

AE,; (kcal/mol) 12.7

—-21.42 —26.75 -20.19
—33.36 -33.87 —26.6
11.95 7.12 6.41
—-11.82 —-25.41 —24.03
—-17.74 —17.01 —12.06
5.92 -84 —11.98
—27.32 —30.11 —24.59
—49.06 —36.86 —40.16
21.74 6.75 15.57




Fig.4 The complex of orienta-
tion A (left) and B (right) in
MN-15\6-31G(d) level of theory

MN-15\6-31G(d) and B3LYP\6-31G(d), while the orienta-
tion B is energetically favored in the case of PW6B95-D3\6-
31G(d), and this shows that the results given by PW6B95-
D3 are the opposite of the experimental data [6, 7].

Geometry optimization

The comparison between the calculated and experimental
bond lengths, bond angles, and the important dihedrals of
the host and the guest were expected by linear regressing
(Table 3).

The linear regressing exhibits a good correlation between
experimental and calculated structural parameters of free
B-CD and NA in the gas phase [36, 37]. The coefficient of
determination R* of bond lengths model is over 98% and
97% for NA and primary hydroxyl bonds of B-CD; it is
worth mentioning that the primary hydroxyls were selected
because they interfere in the complexation process. On
the other hand, R? of the angle model of the nicotinic acid
molecule is between 94.9 and 95.5%, while in the case of
B-cyclodextrin, R? of angles and dihedrals were ranged
between 8.24 and 9.8%.

The Akaike information criterion correction (AICc) has
given more insight into the comparison of the given results
of each method. AICc was used because of its strong ability
to operate with small available data taken from the exper-
iment in the case of NA as well as the limited structural
parameter selected from the B-CD molecule [38]. The best
fit model is the lowest AICc value (Table 3).

The ranking of structure models is as follows: MN-15
gives a good correlation in the case of bond length, secondly,
PW6B95-D3, and at least B3LYP in NA and -CD. While in

the case of bond angles, B3LYP had the smallest AICc and
should be the first for NA structure, secondly, MN-15, and
the last one is PW6B95-D3, unlike the host AICc of MN-15
and PW6B95-D3 respectively were smaller than the B3LYP
method and this ranked MN-15 method firstly.

The calculated dihedral angles of the B-cyclodextrin
showed high AICc and small R? approximately equal to 8%;
this revealed a bad correlation with the experiment at the
high level of theory.

The regression of structural parameters between free
and complex molecules in water (Table 4) indicated that
the f-CD primary hydroxyl bond lengths and bond angles
in orientation B changed more than their NA in MN-
15\6-31G(d); in contrast, the NA structural parameter at
B3LYP\6-31G(d) and PW6B95-D3\6-31G(d) was changed
in orientation A than in B. However, the host selected
dihedral angles changed in A more than B. In addition, the
selected dihedrals of NA make a significant change in both
models. These reveal that the inclusion occurred and the
B-CD primary hydroxyls play a significant role in the inclu-
sion process.

The synthesis of complex NA @ 3-CD originally occurs in
water; as a result, the calculation in the aqueous phase was
considered in the rest of this work.

The frontier molecular orbital analysis

To further understand the inclusion process and to determine
the stability of the complex in the light of density function
theory, the analysis of frontier orbitals has been used. The
highest occupied molecular orbital HOMO represents the
ability of the molecule to give an electron, while the lowest

Table 3 The Akaike

. e ) p-CD NA

information criterion correction

and the regression coefficient Bond length Bond angle Dihedral Bond length Bond angle

of the nicotinic acid and angles

B-cyclodextrin primary > > > 2 2

hydroxyls in the high level of AICc R (%) AICc R (%) AICc R° (%) AICc R (%) AICc R (%)

theory in the gas phase MN-15\6-31G(d) -748 979 609 82  179.6 8 ~50.1 98.6 457 949
B3LYP\6-31G(d) -72.8 978 692 98 1794 8.3 —-493 985 45 95.5
PW6B95-D3\6-31G(d) -73.4 97.8 644 94 179.5 8.2 —-49.6 985 46 95.1




Table 4 The regression
coefficient of structural
change of nicotinic acid

Orientation A Orientation B

and p-cyclodextrin primary
hydroxyls in orientations A and
B in the aqueous phase

R™ (%) R (%) R (%) R (%) R (%) R (%)

B-CD MN-15\6-31G(d) 99.97 73.06 36.27 98.79 48.25 89.09
B3LYP\6-31G(d) 99.86 80.88 92.68 99.82 69.68 93.05
PW6B95-D3\6-31G(d) 99.97 80.08 48.42 99.91 33.69 91.87

NA MN-15\6-31G(d) 98.76 95.88 / 99.97 93.6 /
B3LYP\6-31G(d) 98.9 98.49 / 99.95 99.23 /
PW6B95-D3\6-31G(d) 98.64 94.76 / 99.18 95.01 /

aBond length; ®bond angles; “dihedral angles

unoccupied molecular orbital LUMO represents the abil-
ity of the molecule to accept an electron. The energies of
HOMO and LUMO are related to ionization potential (/) and
electronic affinity (A) respectively, according to Koopman’s
theory [39] which:

Eyomo = —1 @

Eyomo & —A 5)

where Eyomo and Ejpyyo are the HOMO and LUMO

energy respectively. The HOMO is located in B-cyclodextrin
while the LUMO is located in nicotinic acid for both models
A and B. Figure 5 shows the frontier orbitals of the complex
in the high level of theory.
The energy gap (E,,,) between HOMO and LUMO is an
important factor that helps to determine the stability of the
system. The system with the higher gap is the most stable
[40].

The global reactivity descriptors as electronic chemical
potential (u) [38, 39, 40, 41, ], global hardness (1) [45],
global electrophilicity (@) [46], and electrophilicity-based
charge transfer (ECT) [47] were obtained at the base of
molecular frontier orbitals:

__I1+A E ymo + Enomo

~ 6
2 2 ©
I-A _ Eyymo — Enomo

= ~ 7
5 5 0

2

=K
“= o ®)
ECT = AN, (host) — AN, (guest) )
where AN, is the maximum amount of electronic

charge:

J7;

A‘}vmax = _; (10)

Table 5 shows frontier molecular orbital energies, the gap
between HOMO and LUMO energies, and the calculated
reactivity descriptors of the free B-cyclodextrin, free nico-
tinic acid, and the complex of orientations A and B.

In the encapsulation process, the electrons flow from the
molecule with the high electronic chemical potential to the
molecule with the low electronic chemical potential, till the
equilibrium state. In our case, the charge is transferred from
the host to the guest molecule. The negative value of the
chemical potential of the complexes indicates the stability
of the system.

The hardness measures the resistance to change in elec-
tron distribution in the molecule, the complex with the larger
gap energy has a high hardness, and therefore the complex
is more stable. The complex in orientation A is more stable
than B because orientation A is harder.

The electrophilicity index is a measure of the power to
attract electrons, the guest molecule is more electrophilic
than the host, and also complex A was more electrophilic
than B.

To confirm the charge transfer direction, the electrophi-
licity-based charge transfer, ECT, has been used. The value
of ECT was negative, which means the charge flows from
B-CD to NA.

We conclude from the previous results that orientation A
at all DFT methods used in this work—including PW6B95-
D3\6-31G(d)—is the favored complex.

The Cartesian and spherical coordination of the dipole
moments is listed in Table 6; the dipole moment describes
the asymmetric charge distribution of the molecules and
describes the orientation of the complex in the light of
dipole—dipole interaction.

The B-CD dipole moments in orientation A and ori-
entation B are approximately within 7 Deby to 11 Deby.
The value of the dipole moment is lower in orientation A
according to the three DFT methods; in addition, the dipole
moment of free molecules changed during the inclusion pro-
cess due to the polarization [48]. The antiparallel direction
of the dipole moments of host and guest played an essential
role to reveal the guest orientation and the stability of the
complex [49].



Fig.5 A graphic representation
of frontier molecular orbitals in
the level of theory in water
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Orientation B

To describe the contribution of the dipole moments in the
encapsulation process, the Z-axis dipole moment (4,) is used
because the major contribution of the vectors was along the
Z-axis than x and y (Table 6), whether of isolated molecules
or the complexes. In addition, the azimuthal angle ¢ can
help to indicate how parallel the Z-axis dipolar moment is.

Orientation A

The p-CD azimuthal angles at MN-15\6-31G(d) and
PW6B95-D3\6-31G(d) in orientation A are 43.9° and
41.5° respectively, while in the orientation B, the azi-
muthal angles are 29° and 36.2° respectively. But at
B3LYP\6-31G(d) level of theory, u, is far from the Z-axis
in the opposite direction by 22.4° and 44.2° in orientations



Table 5 The global reactivity indexes of p-cyclodextrin and nicotinic acid in MN-15\6-31G(d), B3LYP\6-31G(d), and PW6B95-D3\6-31G(d) of
free molecules and orientations A and B in the aqueous phase

free p-CD

free NA

A

B

MN-15\6-31G(d)/B3LYP\6-31G(d)/PW6B95-D3\6-31G(d)

—0.296/-0.255/-0.271
—0.038/-0.063/—-0.055
0.258/0.191/0.216
—4.549/-4.330/—4.433
3.507/2.603/2.933
2.951/3.601/3.350

/

—0.296/-0.252/-0.267
—0.041/-0.070/-0.059
0.255/0.182/0.208
—4.582/—4.378/—4.440
3.469/2.473/2.832
3.026/3.875/3.481

/

Eyomo (€Y) —0.295/-0.257/-0.270 —0.307/-0.268/—0.284
E; umo (€V) 0.084/0.052/0.062 —0.033/-0.062/-0.052
Eqyp (€V) 0.380/0.308/0.332 0.275/0.207/0.232
u(€eVv) —2.867/—2.791/—-2.836 —4.623/—-4.489/—-4.562
n (eV) 5.166/4.196/4.516 3.738/2.815/3.159
 (eV) 0.796/0.928/0.890 2.859/3.579/3.294
ANk 0.555/0.665/0.628 1.237/1.595/1.444

ECT —0.682/-0.930/-0.816

Table 6 The dipole moments

in the Cartesian and spherical #x (Deby) #y (Deby) #z (Deby) # (Deby) o0 20

coordination in the aqueous MN-15\6-31G(d)

phase of free p-cyclodextrin Free p-CD ~3.96 ~182 1.96 478 ~15528  65.84

and nicotinic acid, and in

orientations A and B, in Free NA -0.10 0.66 0.00 0.66 98.71 90.02

addition to the complexes in A B-CD in orientation A —2.82 4.09 5.17 7.17 124.55 43.85

and B NA in orientation A 0.03 0.44 -0.96 1.05 85.77 155.35
B-CD in orientation B 3.85 3.12 8.95 10.23 39.07 28.97
NA in orientation B —0.11 0.48 —-0.18 0.52 102.62 110.36
Complex A -3.72 2.10 5.79 7.20 150.59 36.38
Complex B 4.40 1.35 9.02 10.13 17.06 27.07
B3LYP\6-31G(d)
Free p-CD 1.85 —-143 6.06 6.49 -37.78 21.10
Free NA -0.19 0.72 —0.00 0.75 104.79 90.02
B-CD in orientation A -3.16 -1.09 —-8.10 8.76 —161.06 157.58
NA in orientation A 0.05 0.63 1.33 1.47 84.74 25.31
B-CD in orientation B -1.37 -17.53 —17.87 10.98 —100.31 135.80
NA in orientation B -0.17 0.69 0.08 0.71 103.56 83.83
Complex A 227 2.89 -9.15 9.86 51.84 158.12
Complex B 3.63 6.05 -8.14 10.77 120.94 139.07
PW6B95-D3\6-31G(d)
Free p-CD —3.66 -1.84 2.11 4.61 —153.30 62.73
Free NA -0.16 0.70 0.00 0.72 103.02 90.02
B-CD in orientation A —-342 3.27 5.38 7.17 136.29 41.35
NA in orientation A 0.03 0.46 -0.95 1.06 86.35 154.43
B-CD in orientation B 2.73 5.13 7.93 9.83 61.97 36.22
NA in orientation B 0.00 0.35 0.02 0.35 90.02 86.96
Complex A —-3.94 1.17 6.01 7.28 163.45 34.36
Complex B -3.78 —-4.12 8.04 9.79 —132.55 34.81

A and B respectively. On the other hand, Z-axis dipolar
moments of NA at MN-15\6-31G(d) and PW6B95-D3\6-
31G(d) in the orientation A are located away from the
Z-axis in the negative direction by 24.3° and 25.6° respec-
tively, and in the orientation B, the p, is located away
by 69.6° in the negative direction but in the case of the
PW6B95-D3\6-31G(d) and B3LYP\6-31G(d), the angles

@ are 87° and 83.8° respectively. These results emphasize
clearly that the dipole moments in orientation A were more
antiparallel than those of orientation B. Moreover, the
dipolar moments in orientation A were smaller than those
in B in the selected DFT methods. This describes the sta-
bility of the complex due to the dipole—dipole interaction
between host and guest, as a driving force of the inclusion



process. In the rest of this work, just the new DFT methods
mentioned above are considered in the comparison.

Natural population analysis

The charge distribution within the nicotinic acid before
and after the complexation was achieved using the natu-
ral population analysis (NPA) [50] and is listed in Table 7.
This method has an important role in quantum chemistry
applications which effectively detects reactive sites and

Table 7 The natural charge population values of each atom of nico-
tinic acid in MN-15\6-31G(d) and PW6B95-D3\6-31G(d) in free and
orientations A and B in the aqueous phase

Atoms Free A B
MN-15\6-31G(d)/PW6B95-D3\6-31G(d)

0148 -0.711/-0.712 —0.727/-0.723 —-0.721/-0.724
0149 —0.626/-0.629 —0.677/-0.68 —0.615/-0.662
N150 —0.478/-0.479 —0.48/-0.479 —-0.519/-0.516
C151 —0.227/-0.223 —0.214/-0.211 —-0.219/-0.210
C152 —0.147/-0.152 —0.160/-0.164 —0.142/-0.147
C153 0.065/0.061 0.068/0.06 0.072/0.081
C154 —0.275/-0.276 -0.271/-0.272 —0.274/-0.280
C155 0.043/0.039 0.042/0.039 0.062/0.057
C156 0.832/0.833 0.858/0.856 0.836/0.848
H157 0.265/0.268 0.258/0.262 0.256/0.262
H158 0.242/0.245 0.238/0.241 0.249/0.248
H159 0.26/0.263 0.258/0.261 0.26/0.263
H160 0.235/0.238 0.237/0.238 0.25/0.251

H161 0.523/0.523 0.534/0.535 0.522/0.534
Total 0/0 —0.035/-0.033  0.017/0.004
Fig.6 The change of charges 0.03

after the inclusion of nicotinic

acid in MN-15\6-31G(d) and 0.02-
PW6B95-D3\6-31G(d) in orien-

tations A and B in the aqueous 0.01

phase
0.00

-0.01
-0.02

-0.03

Natural charge population

-0.04
-0.05

-0.06 :
0148 0149 N150

C151

other molecular interactions including the charge transfer
by treating the natural bond orbitals [51], unlike the Mul-
liken population which treats all orbitals and is affected by
the basis set [52].

What stands out in Table 7 is the negative charge of the
nicotinic acid molecule is located mainly in the oxygen of
the carboxylic function group: 0149 of carbonyl with—0.71
and the 0148 attached to the acidic hydrogen with —0.63,
also in the pyridine ring which the negative charge ranged
from —0.14 to—0.48, are located respectively in N150,
C154, C151, and C152. On the other hand, the positive
charge ranging from 0.04 to 0.83 is located in the rest of
the atoms: C156, all hydrogens (especially in H161 which
has the maximum magnitude of 0.52), C153, and C155
respectively.

During the inclusion, the charge distribution changed in
both models; the change was estimated by the difference
between the charge of the molecule in the complex and the
free molecule given by the mentioned methods; Fig. 6 shows
these results.

The change in orientation A is relatively superposed in
both methods where the 0149, 0148, and C152 exhibit
increasing in the negative charge which acted as an accep-
tor; in addition, the most positive change was exhibited in
the carbonyl carbon C156 and increased in acidic hydrogen
H161, unlike the other hydrogens. However, the orientation
B gives a noticeable contrast in charge changing between
the methods, such as the difference between the increasing
or the decreasing of charge in some atoms, in addition to
the opposite behavior of some atoms, like O149 which acts
as an acceptor in PW6B95-D3\6-31G(d) and as a donor in
MN-15\6-31G(d) and vice versa in the case of H161.

—@— Orientation A (MN-1516-31G(d))
— B - Orientation B (MN-15'6-31G(d))
-~ Orientation A PW6B95-D3'6-31G(d))
—A- - Orientation B (PW6B95-D3'6-31G(d))

C154  C155 H159 H160 H161

NA Atoms

C152 (153 C156 H157 H158



In general, the charge transfer takes place from the $-CD
to the NA in orientation A where it reveals a relatively high
negative value unlike orientation B where the charge transfer
takes place from the NA to the B-CD and gives a relatively
small positive value, and this favored the orientation A more
than B, and therefore this supports the results mentioned
above.

Natural bond orbital analysis

Natural bond orbital (NBO) analysis emphasizes the role of
intermolecular orbital interactions, especially charge trans-
fer. The delocalization of orbitals can be explained in terms
of stabilization energy and the interaction intensity between
the occupied (donor) and unoccupied (acceptor) orbitals are
directly related to its value [53]. The energy is estimated by
the second-order perturbation theory E®:

F..
(@)
E(2) =q—

1 —
Ej &

1)

where g; is the donor orbital occupancy, ¢; and ¢ are
diagonal elements (orbital energies) and F;, is the off-
diagonal NBO Fock matrix element. The energies are listed
in Table 8.

In orientation A, the delocalized orbitals are the same
in MN-15\6-31G(d) and PW6B95-D3\6-31G(d), while
orientation B gives a different delocalization for each
method. The main contribution of f-CD is acting as a
donor, and the primary hydroxyl oxygen lone pairs are
involved. The stabilization energy is much higher when
the charge transfer occurs from the lone pair of O11 and
the anti-bonding orbital O148-H161, the lone pair of 033
also involved.

When the guest acts as a donor and the host as an
acceptor, the transfer of charge arises especially from
0149 and N150 lone pairs to ¢ orbitals of the host
according to the values of the stabilization energy. It is
worth mentioning that the stabilization energies given by
the two methods in the case of orientation A are too close,
and some of these values can confirm the existence of
hydrogen bonding.

The orientation B gives different orbital delocalization
depending on the chosen method. MN-15\6-31G(d) shows
low stabilization energy compared with orientation A from
the same method, while PW6B95-D3\6-31G(d) gives higher
energy and mostly arises when the B-CD acts as a donor,
especially from the lone pair of secondary hydroxyl oxygen
071 to the anti-bonding orbital of O148-H161 in NA; on
the other hand, when NA acts as a donor, the charge transfer
occurs from the lone pair of N150 to the anti-bonding orbital
of 022-H97. The results confirm that the charge transfer
drives the stability of the host—guest system.

Table 8 Calculated NBO values for orientations A and B in MN-
15\6-31G(d) and PW6B95-D3\6-31G(d) in the aqueous phase

E® (kcal mol™")

Donor — acceptor PW6B95- MN-15\6-31G(d)
D3\6-
31G(d)
Orientation A
Host — guest
LP(2) O11 —»o*(1) O148-H161 26.93 29.82
LP(1) O11 —»o*(1) O148-H161 2.53 2.17
LP 033 (2)—>o*(1) C153-H158 1.23 1.57
Guest — host
6(2) 0149-C156 —»c*(1) C8-H84  1.04 1.05
LP(1) 0149 —c*(1) C74-H144 1.4 1.38
LP(1) 0149 —c*(1) O77-H147 5.94 6.55
LP(2) 0149 —c*(1) C74-H144 1.14 1.23
LP(1) N150—o*(1) C41-H114 2.72 3.21
Orientation B
Host — guest
LP(2) 044 —c*(1) C154-H159 1.5 /
LP(1) O71 —»o*(1) O 148-H161 1.73 /
LP(2) 071 —»o*(1) O148-H161 23.42 /
Guest — host
6(2) 0149-C156 - c*(1) C70- 1.17 /
H141
LP(1) 0149 —c*(1) O69-H140 6.12 /
LP(2) 0149 —c*(1) O69-H140 5.38 /
LP(1) N150—o*(1) 022-H97 17.76 /
Guest— host
LP(2) O11 —»o*(1) C153-H158 / 1.92
LP(2) 044 —c*(1) C154-H159 / 2
LP(1) 073 —o%*(1) O148-H161 / 4.94
Guest — host
LP(1) 0148 —o*(1) C8-H84 / 2.82
LP(1) N150—o*(1) 022-H97 / 20.15

Quantum atom in molecule analysis

The main driving force in the inclusion system is the non-
covalent interactions between the host and the guest; these
interactions lead to a stable complex. Bader’s quantum the-
ory atom in molecule (QTAIM) [54] gives a crucial descrip-
tion of the interactions in the molecular system, based on
the topology analysis of electronic density and its reduced
gradient at the critical points. We note that the critical point
is the point where the gradient of electronic density van-
ishes [55]. We are interested in this study in the bond critical
points (BCP). Whereas the Hessian matrix of BCP is char-
acterized by three non-zero eigenvalues, two are negative
and one is positive. The electronic density p, and its cor-
responding Laplacian V %p, provide information about the
nature and strength of bonding between host and guest. The



covalent bonding is characterized by a large p, value and V
2pb <0, whereas the small p values and V 2pb > 0 character-
ize the closed-shell interactions [56]. Furthermore, Cremer
and Karka [57] found that the total electronic energy density
H,(RC) at the bond critical point helps to characterize the
type of bonding. It is worth adding in the context that the
total electronic energy density H,(RC) is the sum of kinetic
energy densities G (RC) (always positive) and potential
energy densities V,(RC) (always negative) at BCPs which
H (RC)=GL(RC) + V,(RC) [57]. The total electronic energy
density H,(RC) has a negative value when the concentration
of electronic charge is large in the inter-nuclear region (it
means G,(RC) < -V, (RC)), and this indicates a covalent
bond or strong hydrogen bond [58]; on the other hand, the
total energy has a positive value, when the charge depletes
away from the inter-atomic region to the nuclei (it means
G (RC)> — V,(RC)), and this indicates closed-shell inter-
actions such as medium and weak hydrogen bond including
van der Waals interactions.

Nakanishi and coworkers developed a criterion [59, 60]
which enables to analyze the type of interactions based on
the electronic density p,, Laplacian of the electronic den-
sity V 2pb, and the total electronic energy density H,(RC),
where these parameters should lie in the range of 0.01
au < p, <0.04 au, 0.06 au < V ?p, <0.12 au, and —0.01
au < H,(RC)<0.003 au; in the case of hydrogen bonding,
as well in the case of van der Waals interactions, the range
should be 0.00 au < p, <0.01 au, 0.00 au < V %p, <0.05
au, and 0 au < H,(RC) <0.003 au. Espinosa et al. [61] for-
mulated a proportionality between the interaction energy
and the potential energy at the bond critical point where
E;,,=0.5V,(RC), which is helpful to classify the non-cova-
lent interaction, especially the hydrogen bonds. In terms
of interaction energy, the hydrogen bonds are estimated
to be strong H-bond (15-45 kcal/mol), medium H-bond
(4-15 kcal/mol), and weak H-bond (1-4 kcal/mol) [62].
Regarding the van der Walls interactions, the energy varies
in the range of 0.1-4 kcal/mol [63].

Tables S14, S15, S16, and S17 (supplementary data)
summarize the topological parameters of both orientations
A and B of the two methods MN-15\6-31G(d) and PW6B95-
D3\6-31G(d) in the aqueous phase that has been selected,
named p,.V ?p,, H,(RC), G,(RC), V,(RC), and E,,,. The
interact atoms mentioned in the table and the type of inter-
action thereof. The bond critical points and the bond paths
are provided in Fig. 7.

According to the data listed in the tables mentioned
above, all the interactions between -CD and NA in all cases
are noncovalent in nature, since the corresponding values
of py, are small and V %p, are all positive, in orientation A
within 0.0039 au < p, <0.045 au and 0.0026 au < p, <0.045
au in MN-15\6-31G(d) and PW6B95-D3\6-31G(d) respec-
tively, and, in the same way, 0.015 au < Vzpb$0.14 au

MN-15\6-31G(d)

Fig.7 The bond critical points and the bond paths of the complex
A and complex B in water given by MN-15\6-31G(d) and PW6B95-
D3\6-31G(d) (down view)

and 0.011 au < Vzpb§0.14 au for MN-15\6-31G(d) and
PW6B95-D3\6-31G(d) respectively. On the other hand, the
values in orientation B fall within 0.0033 au<p, <0.034
au and 0.002 <p, <0.043 au according to MN-15\6-31G(d)
and PW6B95-D3\6-31G(d) respectively. Also, the Lapla-
cian ranged in 0.013 au < V?p, <0.094 au and 0.0087 au
< V?p, <0.13 au for MN-15\6-31G(d) and PW6B95-D3\6-
31G(d) respectively. Furthermore, the energy at the critical
point H,(RC) shows the existence of two kinds of bonding:
H-bonds and van der Waals interaction, ranging in orien-
tation A as —0.0022 to 0.0017 au and —0.0023 to 0.0016
au, using MN-15\6-31G(d) and PW6B95-D3\6-31G(d)
respectively, while in orientation B, the energy at BCP lies
within —0.0015 to 0.0017 au and —0.0025 to 0.0019 au in
MN-15\6-31G(d) and PW6B95-D3\6-31G(d) respectively.
As can be seen in the tables, the interactions present
between f-CD and NA are OeeeH, NeeeH, CeeeH, =eeeH,
QeeeO, NeeeO, and HeeeH; there are no differences in the
interacted atoms between the structures obtained from the
two methods in the complex A, except H(157)eeeH(144)
which is given by MN-15\6-31G(d). However, in complex
B, the structures obtained by the DFT methods give several
similar interacted atoms with different interaction types, and
this depends on the deformation of the p-CD and NA struc-
tures. The P-cyclodextrin clasped the nicotinic acid mol-
ecule with the upper and the lowest hydroxyls in PW6B95-
D3\6-31G(d) and this led to deforming the structure of
NA, and this gives different interact atoms: N150eeeH104,



C154eeeH114, H158eeeH94, N150eeeO11, H158eeeHS81,
O71eeeH161, 0149¢eeH140, and N150eeeH94. The B struc-
ture was given by MN-15\6-31G(d) distinguished by a
B-cyclodextrin structure less deformed and the hydroxyls
were not clasping the NA, and this drove the guest molecule
to seem deeper inside the host. Hence, the special interact
atoms in this structure were H159¢eeH114, O148eeeH 144,
O148eeeH84, H158eeeH94, and C155eeH104.

In the light of the Nakanishi criterion and Espinosa for-
mula, the interactions are sorted into medium H-bonds,
weak H-bonds, and van der Waals interactions. The same
medium and weak conventional hydrogen bonds appeared
in both methods in complex A, in which Ol1leeeH161
and O149eeeH147 are medium, beside O149eeeH144 and
N150eeeH114 are weak, and the remaining interactions
are classified as van der Waals, with interaction energies
within —5.2 to—12.3 kcal/mol, — 2.62 to — 3.18 kcal/mol,
and — 0.41 to — 2.4 kcal/mol respectively.

In the case of complex B, the interactions given by
MN-15\6-31G(d) are identified as follows: N150eeeH97
and O73eeeH161 are medium H-bonds, and O149eeeH134,
0O148eeeHB84, and O11eeeH158 are weak H-bonds, and the
rest of interactions have been classified as van der Waals
interactions. The interaction energies of medium and weak
H-bonds, as well as vdW interactions, ranged respectively
from — 4.88 to — 8.3 kcal/mol, from—2.18 to—3.29 kcal/
mol, and finally from —0.43 to —1.85 kcal/mol. Moreover,
PW6B95-D3\6-31G(d) showed three medium hydrogen
bonds, O71eeeH161, N150eeeH97, and O149eeeH140, indeed
a weak H-bond O149eeeH141, and the rest of interactions
distinguish as vdW interactions. The interaction energies
vary in the range — 6.07 to— 11.7 kcal/mol, — 3.15 kcal/mol,
and — 0.3 to — 2 kcal/mol respectively. The analysis of com-
plexes reveals the existence of noncovalent interactions as a
driving force in the inclusion process.

Non-covalent interaction-reduced density gradient
analysis

The non-covalent interaction method (NCI) is the most fre-
quent tool used for visualizing the non-covalent interactions
in real space [64] such as the hydrogen bonds, van der Waals
interactions, and steric effects in light of the reduced density
gradient (RDG), given by this equation:

s=— L IVl
1 4
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This quantity is dimensionless and has been used as a

bonding descriptor that describes the deviation of homoge-

neous density distribution in the molecular system; the RDG

has a very low value at bond critical points [36] that could

be associated with the presence of covalent bonds and non-
covalent interactions; conversely, RDG in regions around
the nuclei or far from the molecule takes a large positive
value; the RDG isosurface enables to reveal the nature and
strength of the non-covalent interactions using the sign of
second eigenvalues of electron density Hessian matrix 4,
multiplied by the electronic density p (Sign(4,)p), that for
the attractive interactions Sign(4,)p <0, and the repulsive
interactions Sign(4,)p > 0; these are because of the negative
value of 4, associated with the bond critical points and on
the other hand the positive value of A, associated with the
ring critical points respectively [37].

The 3D visualization of NCI interaction is mapped using
Sign(4,)p to show the RDG isosurface in real space, with
a color-coding scheme as follows: blue-green—red which
represents respectively H-bonds or halogen bonds, van der
Waals interactions, and steric repulsions. Moreover, the
RDG vs Sign(4,)p can be represented in 2D scatter diagram
for all the interactions of the molecular system [38].

As can be seen in orientation A in MN-15\6-31G(d) and
PW6B95-D3\6-31G(d) level of theory represented in Fig. 8,
which highlighted the different NCI between the host and
the guest, the O11 of the host primary hydroxyl groups and
0149 oxygen of the guest carboxylic functional group cor-
respond to strong and medium hydrogen bonds that appear
in blue and blue-green disk shape by respect. The weaker
interaction van der Waals is observed as a flat green isosur-
face mainly around the upper of the pyridine ring related to
H-H bonding and n-H-bonding. In orientation B, the N150

MN-15\6-31G(d)

Fig.8 The down view of 3D-RDG of the complex A and complex B
in water given by MN-15\6-31G(d) (up) and PW6B95-D3\6-31G(d)



corresponds to a strong hydrogen bond which appears in
blue disk shape while the weak interactions as a green scat-
tered surface are mainly located around the carboxylic func-
tional group also distributed around the hydrogens of the
ring in the case of MN-15\6-31G(d). On the other hand,
PW6B95-D3\6-31G(d) showed strong to medium hydrogen
bonds appearing in blue to blue-green disk-shaped concerns
to O11, N150, and O149 respectively; also a green scat-
tered surface around the hydrogens of the NA molecule cor-
responds to the van der Waals interaction. In orientations

A and B in both methods, half of the disk shape in green
indicates a weak attractive interaction between the hydrogen
atoms of the pyridine ring and the carboxylic oxygens, and
the other half in red expects a steric repulsion between the
carbons and oxygens of the same molecule. In addition, a
tiny red oval-shaped surface is remarked inside the nicotinic
acid ring indicating steric repulsion.

In the 2D plot in Fig. 9, the stronger interactions are
seen as narrow spikes to the left with higher density values
p>0.01 au which are represented in blue; in the middle of

MN-15\6-31G(d)
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Fig.9 The down view of 2D-RDG of the complex A and complex B in water given by MN-15\6-31G(d) and PW6B95-D3\6-31G(d)



the plot where the p <0.01 au, the van der Walls are illus-
trated in green, while the steric repulsion represented in the
right side in red. A strong to medium H-bonds showing as
patched blue dots correspond to O11eeeH161 within —0.03
to—0.05 au, and blue spikes correspond to O148eeeH147
at—0.02 to—0.03 au, in the orientation A given by the two
methods. While in the case of MN-15\6-31G(d), a broad
spick appears at —0.03 au corresponding to N150eeeH97
as medium H-bond, but in PW6B95-D3\6-31G(d), blue
spikes patched within —0.045 au < Sign(4,)p < —0.02 au
correspond from strong to medium H-bonds: O71eeeH161,
N150eeeH97, and O149eeeH140 by respect.

However, weak H-bonds have been observed
within—0.02 au < Sign(4,)p < —0.01 au in green, in orienta-
tion A at the two methods which correspond to O149eeeH144
and N150eeeH114. While in orientation B, the weak H-bonds
can be noticed at the same region in the plot correspond-
ing to OlleeeH158, O149eeeH134, and O148eeeH84 at
MN-15\6-31G(d) level of theory, and O149«eeH141 at
PW6B95-D3\6-31G(d).

The spikes in green at Sign(4,)p > —0.01 au correspond
mainly to the van der Waals interactions between the ring
of NA and the host cavity in the case of orientation A; on
the other hand, in the case of orientation B, this region cor-
responds to weak interactions acts mainly at the hydrogen
atoms of the guest or the host. Also, it can be noticed as well
a spike at 0.02 au corresponds to the ring steric repulsion in
the red region in both orientations and methods.

These results demonstrate the presence of non-covalent
interactions between the p-CD and NA as a driving force
and elucidate the important role of strong interactions in
controlling the guest orientation and the role of the weak
interactions in the stability of the complexes.

Conclusion

A computational investigation on the inclusion of 1:1 stoi-
chiometry of B-cyclodextrin and nicotinic acid in neutral
form has occurred using different quantum chemistry meth-
ods of calculation and analysis. The conformational research
was carried out using different parametric semi-empirical
methods such as PM7, PM6-D3H4, and PM3. The most
stable conformations were re-identified by DFT Minnesota
family method MN-15, B3LYP, and three dispersion-cor-
rection PW6BO95 using polarized Pople basis set 6-31G(d).
Orientation A gives the favored complex, in which the guest
was encapsulated and the carboxylic group of nicotinic acid
was oriented toward the narrow rim of B-cyclodextrin; the
orientation B shows fewer interaction energies in the case of
PW6B95-D3\6-31G(d). However, the structural parameters
described the structure deformation of the host and the guest
during the inclusion and confirmed the important role of

the primary hydroxyl rim of p-cyclodextrin in the inclusion
process. Also, orientation A gives the harder complex which
has the higher gap values. In addition, the dipole—dipole
interaction favored orientation A and helped to identify the
guest orientation. The polarization of the host and the guest
are changed during the inclusion and the charge transfer was
carried out from the host to the guest in all mentioned DFT
methods. Finally, the hydrogen bonds are observed in the
complexes at MN-15\6-31G(d) and PW6B95-D3\6-31G(d),
and the van der Waals interactions exist.
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