NIATIMEIAanswamalulad i Inenduguasvendl UN 26 atuf 1 weuunsiAu-wwey 2567

n3AnE Mg Efvaninsiatuneulassudientsaieiustlalasiauuazanlaauiu
a & -4 [V 13
SUmasaynusialun
Theoretical Investigation of Anion Recognition via Hydrogen and Halogen Bonding

with Amide Derivative Receptors
sufes auda’” ussau Fulu? Sundin aedgassal® Jagd \Heedn® uas oRtumi gassanius®
Thanawat Somtua'” Banchob Wanno? Chanchira Wongsuwan® Wanruedee Seanglum?® and Apiwan Suwannapan®
‘gudiafiiundmiunlumealulad a1viviadl auginermansuasinalulad uminerdesvdgumansany
2ngldeunlumalulaguazmiheiToindguusiluaaais nadred augineimans unninedeumansany
*AEATAANT UNTIVEETITAgUMIE TN
'Computational Chemistry Center for Nanotechnology, Department of chemistry, Faculty of Science and Technology,
Rajabhat Maha Sarakham University
*Nanotechnology Research Unit and Supramolecular Chemistry Research Unit, Department of Chemistry,
Faculty of Science, Mahasarakham University
*Faculty of Education, Rajabhat Maha Sarakham University

*E-mail: thanawat@rmu.ac.th

Received: Mar 15, 2023
Revised: Apr 27, 2023
Accepted: May 01, 2023

UnAngs
MATeIAnwauTRNlasIEdne autinandsnu audinanefulauniing wazaudin1edidnnsedndveanisiia
asUszneudadeuszninsiidumeseuusielud 7 vlin (R1-R7) Augladlossu Faldun vaeelss aaalsd uazluslud

lovou lngldngufflanduiannununiuiissfureangui] B3LYP/6-31G(d,p) annnisAnwinuinsidUwmesuasislanlosay

= )

a59asusenaudstaunuiusylalasiausiuduiusratau dudunseuviunisaeanudeuiiinedds anuEdesues

v
19

asUseneulddausenineidunes R1-R7 dueladlessu dd1dudsil F> CU > BrinenuimgeslsdlossuiinisBniun

o = o

wiwsstunni@uwesiiesananuliuuanas arsuseneudadeuiifinnuaiosuiniignfe R5/F fAmdsiunisdadu

wihiiv -151.39 Alaupaessielua uenaninissunlamdsudassivdvesanssenoulsfoudnadidaliageaniniu

-142.30 Mlawrassmslua lngasusenauiBadauiliintuainiusylalnsay 3 Wusy wazWuszalalau 2 wusy

Adfsy: Sidumeseuiusielud msnsraduneuleseu Wuszalawuy Wuszlalasiau

Abstract
This research investigates structural, energetic, thermodynamic and electronic properties of complexation
between 7 amide derivative receptors (R1-R7) and halide ions including fluoride, chloride, and bromide ions using
the density functional theory at B3LYP/6-31(d,p) level of theory. The results show that receptors and halide ions
form complexes through hydrogen bond augmented with halogen bond. The complexes’ formation is a
spontaneous exothermic reaction. The stability of the complexes between R1-R7 receptors and halide ions
follows the order as F > Cl" > Br. Fluoride ion has the strongest binding with all of the receptors due to its high

basicity. The highest stability complex is R5/F with binding energy of -151.39 kcal/mol. Moreover, the Gibbs free
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energy change of this complex has the highest value of -142.30 kcal/mol. This complex is formed via 3 hydrogen

bonds and 2 halogen bonds.

Keywords: Amide derivative receptor, Anion recognition, Halogen bond, Hydrogen bond

1. Introduction

Anion recognition is a study of host-guest
interactions, in which the receptor molecule is
defined as the host and the anion is called the
guest. This area has gained a growing research
attention because anion plays an essential role in a
wide variety of chemical and biological applications,
for example, catalysis and DNA enzyme process [1]-
[4]. Generally, host-guest interactions are non-
covalent interactions, which include electrostatic
interaction, hydrogen bonding [5]-[7] and Lewis acid
and base.

Currently, hosts-guests bonding is supported
by various forms of interactions such as halogen
bond, XB (C-X--anion) which is a type of non-
interactions.

covalent Halogen bond, which s

formed when there is an interaction between
halogen atom in one molecule and a negative site
in another, has presently been widely applied in
crystal engineering, supramolecular chemistry, and
biological design [8]-[11].

Hosts that make suitable receptors of anion
include amide, sulphonamide, urea, thiourea, and
pyrrole. Therefore, molecules of hosts with amide
functional groups were chosen for this study.
Moreover, halogen atoms (VIIA) were added to the
host structures for the examination of host-anion
interactions. The anions of interest in the present
study belong to halide ions such as fluoride ion (F),
chloride ion (Cl), and bromide ion (Br). Therefore,
this research aims to investigate structural, energetic,
thermodynamic  and  electronic  properties  of
complexation between 7 amide derivative receptors
(receptors R1-R7) and halide ions such as fluoride,
and bromide ions

chloride, using the density

functional theory at B3LYP/6-31(d,p) level of theory.
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2. Computational details

In the present study, a group of 7 types of
receptors of amide derivatives were designed. The
designed chemical structures of R1-R7 receptors are
shown in Figure 1. The structures of receptors and
receptor-anion complexes, and receptor-anion
bonding behaviors were examined using Gaussian 09
[12] together with DFT at the B3 LYP [13]-[15] level
of theory and basis set of 6-31G (d,p). Structural,
energy, thermodynamic, and electronic properties of
complexation between 7 amide derivative receptors
(receptors R1-R7) and halide ions were also studied.
The vibrational frequency was calculated at 298.15
K and 1 atmosphere, which also provided standard
enthalpy (AH) and Gibbs free energy changes (AG) of

the reactions. The energy gaps (E,,,) referred to the

gap
energy difference between the highest occupied
molecular orbital energies (Eyouo) and the lowest
unoccupied molecular orbital energies (£, o). The
partial charge transfers (PCTs) during anion recognition
were defined as a change in charges of anion during

the anion recognition process by means of the

natural bond orbital (NBO) analysis.

3. Results and discussion

3.1. Structural properties

The optimizations of molecular structures of
R1-R7 receptors and their complexes with F, CL,
and Br ions were performed using the Density
Functional Theory at B3LYP/6-31G(d,p) level of
theory. Stable structures of all receptors are shown
in Figure 2 and the complexes between receptors
and anions are shown in Figure 3. The results show
that all the receptors form stable complexes with
anions through only hydrogen bond for R1 receptor,

and through hydrogen bond augmented with
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halogen bond for R2-R7 receptors. The average
distances of hydrogen bond and halogen bond of
the complexes are shown in Table 1. The study of
receptor-halide ion binding behavior reveals that the
receptors bond to halide ions via 2 hydrogen
bonding patterns. The first pattern is formed by -NH of
amide group of receptor with halide ion NH-X (X = F,
Cl or Br). The second bond pattern is formed by CH
of the benzene with halide ion CH-X, reported to be
essential for the detection of anion [16]-[18]. It
supplements the receptor-anion complexes to be
more stable. In addition, in the receptor of which
hydrogen is replaced with a halogen atom (C-F, C-Cl),
a halogen bond is formed between C-F--X and C-Cl-+-X.

Regarding receptor-halide ion complexes, 3
hydrogen bonds and 2 halogen bonds are present in
all complexes, except the complexes of R1 receptor,
which form 5 hydrogen bonds, 2 of which are NH-X,
and the other 3 are CH-X. As shown in Table 1, the

hydrogen bond distances of complexes between

R1-R7 receptors and halide ions are in the range of
1.901-2.607, 1.609-2.389, 1.605-2.405, 1.602-2.374,
1.597-2.373, 1.596-2.369 and 1.600-2.369 A, respectively,
while the halogen bond distances of R2-R7 complexes
are in the range of 3.176-3.860, 2.768-3.329, 3.397-
4.030, 3.295-3.663, 3.249-3.933 and 3.365-3.985 A,
respectively. The results suggest that the complexes
between F and 7 receptors have the shortest
hydrogen bond distances when compared to the
complexes between 7 receptors and the other 2
anions (Cl" and Br ions). The complex R6/F has the
shortest hydrogen bond distance of 1.596 A, indicating
the strong interaction between F and receptors.
Similarly, halogen bonding between F with the 7
receptors results in the shortest halogen bond
distances. The bond strength has been reported to
be inversely proportional to bond distance [19]. The
presence of halogen bond in the complexes results
in the decrease of hydrogen bond distances

between the receptors and anions.

RS R6 R7

Figure 1 The formulae of R1-R7 receptors
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Table 1 The average hydrogen bond and halogen bond distances

between receptors R1-R7 and halide ions (in A)

Complexes HB XB
R1/F 1.901 -
R1/CU 2.475 -
R1/Br 2.607 -
R2/F 1.609 3.176
R2/CU 2.254 3.860
R2/Br 2.389 3.842
R3/F 1.605 2.768
R3/Cl 2.258 3.329
R3/Br 2.405 3.308
R4/F 1.602 3.397
R4/Cl 2.233 4.030
R4/Br 2.374 3.953
R5/F 1.597 3.295
R5/CU 2.246 3.663
R5/Br 2.373 3.619
R6/F 1.596 3.249
R6/CU 2.240 3.604
R6/Br 2.372 3.571
R7/F 1.600 3.365
R7/CU 2.235 3.985
R7/Br 2.369 3.933
...
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Figure 2 The B3LYP/6-31G(d,p)-optimized structures of R1-R7 receptors
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R1/Cl

R2/F-

s
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R3/Br

Ro6/CI- R6/Br

Figure 3 The B3LYP/6-31G(d,p)-optimized structures of the complexes between R1-R7 receptors and F, Cl, and Br ions
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3.2. Energetic and thermodynamic properties

Table 2 shows binding energy, enthalpy
changes and Gibbs free energy changes of
complexation between receptors and halide ions
calculated using the B3LYP/6-31G(d,p) level of
theory. The negative values of the binding energy
indicate that the interactions between receptors and
anions are energetically favourite. Likewise, the
stability of the complexes and the negative values
of enthalpy and Gibbs free energy changes indicate
that all complexes are formed by spontaneous
exothermic reaction.

The binding energies of 3 halide ions with the 7
receptors are in the range of -108.25 to -151.39 kcal/mol.
Based on the binding energies of the complexes
between R1-R7 and 3 halide ions, the stability of
the complexes follows the order as F~ > Cl" > Br.
This finding is in agreement with other receptors
such as urea and thiourea derivative receptors
including aromatic ligands reported by previous
works [20], [21]. The complex with the highest
stability is R5/F". F ion is able to form the stronger
hydrogen bond with -NH of amide group of the
receptors because of the high basicity of F [22].
The binding energy of R5/F is -151.39 kcal/mol,
corresponding to the shortest hydrogen bond
distance of 1.597 A.

When considering the Gibbs free energy
changes (AG) of the complexes between receptors
and halide ions, the trend of the Gibbs free energy
change is consistent with the binding energy. The
fluoride ion forms the most stable complexes with
the R1-R7 receptors with Gibbs free energy changes
of -137.20, -125.31, -124.91, -141.32, -142.30, -140.65
and -139.91 kcal/mol, respectively. On the other
hand, bromide ion forms complexes with the lowest
stability with R1-R7 receptors with Gibbs free energy
changes of -114.04, -101.75, -101.94, -117.19, -118.63,
-117.51 and -116.21 kcal/mol, respectively. These

findings are in line with the shortest hydrogen bond
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distances of the complexes R1/F, R2/F, R3/F, R4/F,
R5/F, Ré6/F and R7/F in comparison with the
complexes formed by R1-R7 receptors with chloride
and bromide ions.

Based on graphs presenting the relationship
between the Gibbs free energy changes and average
hydrogen bond distances of the complexes, a linear
relationship between the 2 variables is found in all
complexes as shown in Figure 4. This linear
relationship in all complexes is confirmed with the
correlation coefficients of R1-R7 receptors with
halide ions which were 0.9992, 0.9996, 0.9995,
0.9998, 0.9987, 0.9984 and 0.9999, respectively.

The highest occupied molecular orbital

lowest unoccupied molecular

energies  (Epomo),

orbital energies, (£, yyo) and energy gaps (£,,,) of the
complexes between R1-R7 receptors and halide
ions are shown in Table 3. The £y, of all anion
complexes were within the range of 2.776-3.157,
2.367-3.456, 2.449-3.347, 2.721-4.027, 2.721-4.000,
2.667-3.810 and 2.640-3.864 eV for R1-R7 receptors,
respectively. The energy gaps of the complexes are
slightly lower than those of their free receptors.
Since, a complex with higher energy gap has
more stable structure, the complexes of fluoride ion
with R1-R7 receptors are more stable as compared
to the complexes of other ions with R1-R7 receptors,
due to their higher energy gaps. The most stable
complex is R5/F with the highest energy gap. The
partial charge transfers (PCT) are also shown in Table 3.
All of partial charge transfers of anion complexes are
positive values in the range of 0.71-0.31 e, indicating
the occurrence of charge transfer from halide anions
to the receptors. The highest charge transfers from
fluoride ion to the receptors are also observed,
corresponding to the strong binding interactions [23],
[24]. Therefore, the complexes of fluoride ion with
R1-R7 receptors having the highest PCT, are the
most stable complexes compared to the complexes

of other ions with R1-R7 receptors [251.
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Table 2 The binding energy (E,;.q), enthalpy change (AH) and
Gibbs free energy change (AG) of complexations between R1-R7

receptors and halide ions (in kcal/mol)

Complexes Eping AHyog AGzog

R1/F -148.08 -147.63 -137.20
R1/CU -127.45 -127.98 -117.71
R1/Br -124.06 -124.53 -114.04
R2/F -132.70 -132.84 -125.31
R2/Cl -112.66 -112.34 -106.29
R2/Br -108.25 -107.83 -101.75
R3/F -133.94 -134.68 -124.91
R3/CU -114.64 -114.93 -106.69
R3/Br -110.18 -110.40 -101.94
Ra/F -150.69 -151.40 -141.32
R4/Cl -130.17 -130.48 -121.89
R4/Br -125.59 -125.80 -117.19
R5/F -151.39 -152.10 -142.30
R5/Cl -131.87 -132.23 -123.35
R5/Br -127.17 -127.40 -118.63
Ré6/F -149.71 -150.46 -140.65
Ré/Cl -130.65 -131.03 -122.26
R6/Br -125.97 -126.22 -117.51
R7/F -149.20 -149.95 -139.91
R7/CU -128.88 -129.21 -120.61
R7/Br -124.36 -124.57 -116.21
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Table 3 The highest occupied molecular orbital energies (Eyouo), the lowest unoccupied molecular orbital

energies (£ yyo), energy gaps (Eg,p) (in eV) and partial charge transfers (PCT) (in e) of the complexes between

R1-R7 receptors and halide ions calculated at B3LYP/6-31G(d,p) level of theory

Complexes Eromo E umo Egap PCT
R1 -6.395 -2.776 3.619 -

R1/F -3.075 0.054 3.129 0.28
R1/CU -3.265 -0.109 3.157 0.17
R1/Br -2.884 -0.109 2,776 0.20
R2 -6.585 -2.803 3.782 -

R2/F -3.320 0.136 3.456 0.30
R2/Cl -2.857 -0.054 2.803 0.19
R2/Br -2.449 -0.082 2.367 0.21
R3 -6.476 -2.776 3.701 -

R3/F -3.157 0.190 3.347 0.30
R3/CU -2.830 -0.027 2.803 0.19
R3/Br -2.476 -0.027 2.449 0.22
R4 -7.320 -3.021 4.299 -

R4/F -4.218 -0.190 4.027 0.31
Ra/CU -3.456 -0.354 3.102 0.21
R4/Br -3.075 -0.354 2.721 0.24
R5 -7.293 -3.048 4.245 -

R5/F -4.191 -0.190 4.000 0.31
R5/Cl -3.483 -0.381 3.102 0.21
R5/Br -3.102 -0.381 2,721 0.24
R6 -7.184 -3.048 4.136 -

Ré6/F -3.891 -0.082 3.810 0.31
Ré/Cl -3.374 -0.327 3.048 0.23
Ré6/Br -2.993 -0.327 2.667 0.23
R7 -7.211 -3.048 4.163 -

R7/F -3.973 -0.109 3.864 0.31
R7/CU -3.347 -0.327 3.021 0.20
R7/Br -2.966 -0.327 2.640 0.23
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Figure 4 Relationship between Gibbs free energy changes and average hydrogen bond distances of the complexes
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4. Conclusion

Complexes of 7 amide derivative receptors
(R1-R7) and 3 halide ions (F, ClU" and Br) were
studied using DFT with B3LYP/6-31G (d,p) level. The
results show that the complexes between the
receptors and halide ions are formed through the
hydrogen bond for R1 receptor and hydrogen bond
augmented with halogen bond for R2-R7 receptors.
These reactions are spontaneous exothermic. The
stability of the complexes of R1-R7 receptors and
halide ions follows the aoder as F > CU > Br.
Furthermore, fluoride ion has the strongest binding
with all the receptors due to its strongest basicity.
The highest stable complex is R5/F with binding
energy of -151.39 kcal/mol. The Gibbs free energy
changes of R1-R7 receptors with F are -137.20, -125.31,
-124.91, -141.32, -142.30, -140.65 and -139.91 kcal/moal,
respectively. Fluoride ion, in comparison with other
types of ions, produces the high PCT to the receptors,
making it to have the strong interactions with the
receptors. On the other hand, complexes of the
receptors formed with bromide ion, having the lowest
basicity, have the lowest stability. The Gibbs free energy
changes of the complexation are linearly correlated
with those of halide ions with the correlation
coefficients of 0.9992, 0.9996, 0.9995, 0.9998, 0.9987,
0.9984 and 0.9999 for R1-R7 receptors, respectively.
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