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Abstract

The current investigation uses the density functional theory (DFT) with the M06-2X functional and 6-31G (d, p) basis set
to examine the interaction between trichlorfon (TCF) and the cavity of f-cyclodextrin (f-CD). The primary objective of our
study is to gain an insight into the molecular characteristics of this interaction by analyzing quantum parameters such as the
HOMO-LUMO gap, the HOMO, and the LUMO. Two potential encapsulation modes, designated as A and B models, were
identified for TCF. The thermodynamic assessments including complexation energies and alterations in enthalpy, entropy,
and Gibbs free energy indicate a stable and advantageous encapsulation procedure. The independent gradient model IGMH)
provides insights into the non-covalent interactions in developing the TCF@-CD complex. The observed stability can be
mainly attributed to a significant intermolecular hydrogen bond emphasized by the NBO and EDA and weak van der Waals
forces. The results of our study indicate that B-CD as macrocycle has the potential to be a suitable trap for trichlorfon.

Keywords M06-2X method - IGMH model - Energy decomposition analysis - Hydrogen bonds

Introduction

The supramolecular chemistry investigates non-covalent
interactions within several categories of compounds essen-
tial for biological, chemical, and physical applications.
Supramolecular chemistry finds significant use in envi-
ronmental remediation, which serves as a valuable tool for
extracting and eliminating agents such as heavy metals,
organic contaminants, and radioactive compounds from
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terrestrial and aquatic environments. Supramolecular host
molecules are able to capture coordinated and selective
guest entrap [1-3]. Among those used as host chemicals,
the supramolecular systems are cyclodextrins, cucurbiturils,
calixarenes, and pillar arenes [4].

Cyclodextrins (CDs) are cyclic oligosaccharides that have
unique structure with hydrophobic cavity and hydrophilic
surface (hydrophilic exterior), which allow to form inclu-
sion complexes with various guest molecules. The most
frequently used CDs are a, f§, and y [5, 6].

A particular category of cyclodextrins, p-CD (Fig. 1a),
consists of eight glycopyranones having a height of
about 8 A and the diameter of the cavity is 6.0-6.4 A.
p-Cyclodextrin (f-CD) has demonstrated notable effi-
ciency in various domains, including food science, phar-
maceuticals, and environmental remediation applications
[7, 8]. It is a result of its distinctive composition and
capacity to establish inclusion complexes with various
contaminants, such as heavy metals [9], pesticides, and
organic dyes. An example of the application of B-CD in
environmental remediation is the removal of trichlorfon
(TCF), which is a soil- and water-contaminating pesticide.
The addition of B-cyclodextrin (f-CD) to soil or water con-
taminated with trichlorfon (TCF) results in an inclusion
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Fig. 1 The optimal molecular
structures of CD (a) and trichlo-
rfon TCF (b) (3D and 2D),
respectively

complex between B-CD and TCF molecules. These results
in increased solubility and mobility of the TCF molecules,
which facilitates their removal from the environment [10,
11]. Several experimental works have been devoted to
inclusion complex formation of cyclodextrin with TCF
guest adopting various processes [12].

For many years, trichlorfon (O,0-dimethyl-(2,2,2-
trichloro-1-hydroxyethyl) phosphonate) has been used
extensively in agriculture despite its extremely high toxicity
(Fig. 1b) [13-15]. Its extensive production is mainly attrib-
uted to its positive impact on methods of agriculture. Unfor-
tunately, this substance can cause environmental pollution
that harms human health. When TCF is used in excess, resi-
dues could be created and linger in contaminated soil, air,
and groundwater. TCF’s mutagenic and carcinogenic charac-
teristics could also harm the public’s health, where aplastic
anemia in children, non-lymphoma, Hodgkin’s lung cancer,
and other severe human diseases have also been linked to
TCF exposure [16].

It is critical to comprehend the forces maintaining stabil-
ity in host—guest interactions to advance the development
of novel materials, catalysts, and therapeutic agents. The
interactions between hosts and guests play a significant
role in various chemical processes. By understanding the
fundamental forces in these interactions, we will be able to
develop more efficient strategies for their control.

The investigation of host—guest interactions’ compl-
exation behavior has been the focus of various theoreti-
cal investigations devoted to understanding the of funda-
mental processes of stabilizing guest molecules within the
cavities of macrocyclic hosts. For this objective, we have
employed a range of quantum chemical techniques, such as
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semi-empirical methods [13] and density functional theory
(DFT) methods [17, 18].

In this work, we used the density functional theory (DFT)
computational method using the M06-2X functional by
means of the 6-31G (d, p) basis set [19, 20], in order to
examine the inclusion phenomena involving p-cyclodextrin
(B-CD) and trichlorfon (TCF). The accuracy of the DFT
method has been discussed in previous works for related
inclusion complexes and is revealed to be a good method
[15]. Experimental evidence has already confirmed the crea-
tion of a complex with a 1:1 stoichiometry [12].

This research offers valuable insights into the chemical
interactions responsible for incorporating TCF (trichlorfon)
into B-CD (beta-cyclodextrin). The provided data has the
potential to inform the development of novel materials based
on B-CD suitable for environmental TCF removal. The pri-
mary objective of this study is to improve our comprehen-
sion of the structural geometry and crucial interactions that
are fundamental to the stability of the complex being inves-
tigated by IGMH. Furthermore, it provides detailed insights
into the various factors influencing the inclusion process.

Calculation details

The structures of trichlorfon and p-CD were extracted using
ChemOffice 3D Ultra [21] and the PubChem chemical data-
base [22]. The complex TCF@B-CD was initially modeled
using the Hyperchem 7.5 program [23]. The trichlorfon as a
guest molecule was deliberately manipulated to traverse the
B-CD host cavity along the Z-axis, ranging from — 8 to 8§,
in two orientations labeled A and B (Fig. 2). The inclusion
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B orientation

Fig. 2 Inclusion process of trichlorfon in -CD

process followed the methodologies outlined in the previous
literature [24]. The PM7 [13] methodology optimized each
resultant structure using MOPAC2016 [25]. It allowed for
the discovery of the complexes with the highest thermody-
namic stability. Geometry optimization and energy calcula-
tions were carried out using Gaussian 09 software [26].

In order to achieve greater computational accuracy, the
personalized guest, host, and preeminent complexes under-
went additional refinement using density functional theory
(DFT). The M06-2X functional [27, 28] was chosen for its
ability to describe accurately non-covalent interactions,
particularly the important hydrogen-bonding processes.
The calculations were carried out using the 6-31G (d, p)
basis set [29, 30], in ambient and aqueous conditions. To
comprehensively analyze the dynamics of solvents, the con-
ductor polarizable continuum model (CPCM) [31, 32] was
integrated for water.

The quantitative representation of the energetic param-
eter involved in the complexation of trichlorfon with
B-cyclodextrin was established based on the lowest energy
conformation, as given in Eq. (1) [33].

E ompiexation = Ercrp-cp — (Ep—cp + Ercr) (1

The equation includes three components: the host—guest
interaction energy (Ercg_cp ). the energy of the host mol-
ecule( Ey_cp ), and the energy of the guest molecule (Excg).

Further investigation was conducted to gain a more compre-
hensive understanding of the details of charge redistribution
of f-CD and TCF assembly, which is accomplished through
natural bond orbital (NBO) [34, 35] investigation. In addition,
the independent gradient model based on the Hirschfeld parti-
tion (IGMH) [36] is a very effective tool for visualizing diverse

A orientation

interactions within chemical systems. It gives rise to a better
accuracy and computing efficiency compared to the independ-
ent gradient model (IGM) [37, 38]. The foundation of IGMH
is established upon of the use of the Eq. (2):

IGMH(r) = sign(A*)p(r)/Vp @

where A2 is the second eigenvalue of the Hessian matrix of
the electron density and p(r) is the electron density. The iso-
surface of the IGMH is shown with coloration corresponding
to the IGMH(r) value: blue denotes attractive interactions,
green represents non-bonding interactions [39], and red sig-
nifies repulsive interactions, as shown in Fig. 3.The Multi-
win package [40] was used to investigate the IGMH analysis,
which was then visualized with the VMD program [41].
Energy decomposition analysis is a powerful tool for under-
standing the nature of the chemical bonding [42, 43] and other
chemical phenomena. It was performed at the dispersion cor-
rected method M06-2X/6-31G(d, p) level to decompose the
total binding energy (AE,;,4) into four terms: Pauli repulsion
(AEp,,;i), electrostatic (AE,,), orbital (AE ), and disper-
sion (AEg;,) terms [44]. The last three terms contribute to
the attractive energy, while Pauli’s repulsion is the destabiliz-
ing term. This study used EDA to investigate the interactions
between the pesticide trichlorfon and the host p-cyclodextrin.

Energetic and structural analyses

The PM7 calculations provide optimum conformations with
the lowest energy configuration, indicating their high stabil-
ity. The predicted complexation energies for the A and B
models [45] is shown in Fig. 4.
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Fig.3 The IGMH approach
presents a chemical explanation
of (A2) p and a standard color-
ing scale
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Both models A and B exhibit energy profile with nega-
tive complexation energy values. Frequency calculations
were performed after optimization to confirm that the
resulting structures are both minimums of the energies.
Structures A and B have the most stability when positioned
atZ=—2and5 A, respectively. The associated complexa-
tion energies for these positions are — 19.82 and —21.90
kcal/mol, respectively.

The re-optimization performed at the M06-2X level
of theory with 6-31G (d, p) basis set obtained for the
complexation gave energies of — 13.44 and — 19.73 kcal/
mol in a vacuum for the A and B configurations, respec-
tively. The complexation energies were determined to
be — 19.82 kcal/mol and — 21.90 kcal/mol for the two
identical structures in the CPCM aqueous phase. Thus,

Fig.4 The TCF@B-CD compl-
exation energy evolution for A
and Bmodels at PM7 level

it can be concluded that the stability of the TCF@ -CD
complex is higher for the B model compared to that of
the A one.

The thermodynamic favorability of the TCF@p-CD
complex formation is higher in an aqueous environment
compared to that in a vacuum. The structural investiga-
tion of the most stable complex configuration (model B
at a distance of 5 A) was conducted using the M06-2X
computational approach, employing the 6-31G (d, p) basis
set. According to the findings depicted in Fig. 5, the study
demonstrates that TCF exhibits partial enclosure within
the f-CD cavity. The values of enthalpy (AH®), entropy
(AS°), and Gibbs free energy (AG®) were calculated at
a temperature of 298.15 K and a pressure of 1 atm. The
results are presented in Table 1.
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Fig.5 The most stable form of the TCF@B-CD complex shows
trichlorfon is essentially included inside the p-CD cavity, as seen in
a side position B

The presence of negative values for AH® indicates
that the complexation process is characterized by exo-
thermic behavior, indicating heat release. The orientation

Table 1 The binding energy is given in kcal/mol; molecular orbital
energies, thermodynamic properties, and reactive descriptors are
given in eV; and dipole moment is given in Debye of the most favora-
ble conformations in two orientations A and B

Parameters TCF B-CD Model A Model B
EComplexation - - —-19.819  —21.905
Epomo -9.678 —8.835 —8.768 —8.794
E umo 0.060 2.502 0.018 -0.114
HOMO-LUMO g, 9.738 11.337 8.79 8.68
u 5.087 7.050 10.247 3.019
u —-4.809 —-3.166 —4.375 —4.454
1 4.869 5.668 4.393 4.34
® 2.375 0.884 2.179 2.285
AH° - - —18.352  —20.652
AG® - - -3.173 —5.408
AS° - - -50.909 —51.128
AA" = Agompiex = (Apcp + Aqcr).A=H.G.

AS" = B89 4 P =1 atm and T = 298.15K

B exhibits greater negative AH® values, corresponding
to a strong interaction between trichlorfon and B-CD.
This enhanced interaction may be attributed to van der
Waals or hydrophobic interactions. The entropy (AS®) of
the TCF molecule exhibits a reduction when it performs
inclusion complexation with B-CD due to the encapsula-
tion of the molecule inside the cavity of f-CD. The Gibbs
free energy shift (AG®) has been determined to be nega-
tive, reflecting the complexation process’s spontaneous
nature [46, 47].

Electronic quantum parameters

Frontier molecular orbitals (FMO) [48, 49] correspond to
the highest occupied molecular orbitals (HOMOs) and the
lowest unoccupied molecular orbitals (LUMOs). The energy
gap between HOMO and LUMO can be used to determine
the kinetic stability, chemical reactivity, and the hardness
of molecules [50]. A large HOMO-LUMO energy gap is an
indicator of high molecular stability.

In the context of basic molecular orbital theory meth-
odologies, the energy of the HOMO, denoted as Eyqy o, 18
connected to the ionization energy (IE) using Koopmann’s
theorem. Similarly, the energy of the LUMO, referred to
E; ymo> has been employed to approximate the electron
affinity (EA) [51].

1
H=3 (Exomo + ELUMO) 3)

The hardness (n) is determined as one-half of the
energy value gap of LUMO and HOMO energies, which
were computed using the provided formulas.

1
n= 5( Lumo — Eromo) @

The electrophilicity of complexes was employing the
following equation:

®=— (®)]

The calculation results are gathered in Table 1. The
value of the HOMO-LUMO energy gaps in both phases
are the highest for orientation B, which agree with the
complexation energies.

The inclusion process of TCF@B-CD has changed
electronic properties linked to TCF and -CD. The
Eyomo of the complex TCF@B-CD is higher than that of
TCF, and the E ¢ is lower than that of TCF, suggest-
ing an elevation in excitation energy. We noticed that the
dipole moment of TCF@f-CD is slightly smaller than
TCF’s. This might be because of the good structural
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symmetry of B-CD, which limits the delocalization of
the TCF electrons.

We found that the values of the chemical potentials for
both orientations are negative, which shows that the inclu-
sion process is spontaneous in nature.

The overall hardness 1 for the orientation A is the high-
est, which explains the stability of this orientation com-
pared to orientation B. The electrophilicity index o is a
good descriptor of the reactivity of a molecule. Electro-
philicity is defined as the ability of a molecule to bind
strongly to a nucleophilic entity by electron transfer. In
other words, it is the ability to acquire electrons to stabilize
itself. The higher its value, the more electrophilic the entity
is. According to the obtained results, orientation B is the
most electrophilic.

In Fig. 6, we present the HOMO and LUMO frontier
orbitals of the TCF@ 3-CD complex for both orientations
A and B by the M06-2X/6-31G (d, p) calculation. Accord-
ing to this figure, we find that the HOMO and LUMO
orbitals are largely localized on the guest molecule and
slightly extended to the host. The existence of HOMO

Fig.6 The frontier orbitals

of TCF@ B-CD, p-CD, and
trichlorfon (TCF) from M06-2X
analysis in water

Trichlorfon (TCF)

TCF@ B-CD

@ Springer

and LUMO on both partners indicates a charge transfer
between them.

Natural bond orbital (NBO) analysis

Natural bond orbital (NBO) analysis [34, 35] is an
effective method to understand how molecules bond
and interact. It can be employed to investigate charge
transfer and conjugative interactions, which are crucial
in numerous chemical and biological phenomena. The
theory of micro-disturbances of second order E® is a
computational technique employed in NBO analysis to
determine interaction energies between electron donors
and acceptors [47].

A positive E® value signifies a stabilizing interaction,
whereas a negative value signifies a destabilizing interac-
tion [52]. This delocalization of electron density stabilizes
the molecule by decreasing its energy. The formula of the
E® value [53] measures the donor—acceptor interaction’s
potency, given as follows:

HOMO LUMO
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Fap’
(g -¢)

where: g; represents the occupancy of the donor orbital.
The term F;, denotes the off-diagonal element of the
NBO Fock matrix. Additionally, ¢; and ¢; represent the
eigenvalues of the NBO Fock matrix for the acceptor and
donor orbitals, respectively.

The relaxed geometry of the most stable complex was
subjected to natural bond orbital (NBO) analysis at the
MO06-2X/6-31G (d, p) theoretical level [28]. This analy-
sis was conducted in an aqueous environment using the
Gaussian 09 software [26]. Table 2 summarizes the most
significant acceptor—donor interactions characterized by
high second-order perturbation energies E®. The inter-
action between the orbitals of the atoms possessing lone
pairs and the antibonding orbitals, as shown in Table 2,
demonstrates an energy range of 1.04 to 2.41 kcal/mol.
This interaction occurs at.

large interatomic distances, typically 2.3 to 2.8 A. The
model in question revealed a crucial electronic charge den-
sity between the orbitals of the lone pairs of oxygen (O83)
and the antibonding orbitals 6* of the atom (O7-H 14). This
interaction resulted in a substantial stabilization energy of
27.73 kcal/mol, corresponding to the shortest interatomic
distance of 1.7 A [54].

The molecular structure analysis (Fig. 7) demonstrates
the existence of hydrogen bonds.

The most important hydrogen bond appears between the
oxygen atom (O83) of the donor f-CD molecule and the
hydrogen atom (H14) of the acceptor TCF molecule giving
rise to a strong interaction quantified by an energy of 27.73
kcal/mol. The spatial separation between these two atomic
entities is 1.72 A.

E? = ©)

Table 2 Donor—acceptor interactions and stabilization energies of TCF@
B-CD in water

Donor Acceptor H-bond (A)  E@ (kcal/mol)
TCF B-CD

LPB3)CI1  &%(1)C43—H 122 2.8 2.04
LP(1)O7 & (1)C37—H 115 24 1.04
LP(1)O8 &% (1)C55—H 136 24 035

B-CD TCF

LP(1)067 & (1)CI12—H19 2.3 241
LP(1)O83 3*(1) O 7—H 14 1.7 1.45
LP(1)083 & (1)C1I—HI15 24 2.12
LP(2)083 & (1)0O7—H14 17 27.73

Fig.7 Intermolecular distances (hydrogen bond) for the complex in water

IGMH study of non-covalent interaction
in TCF@B-CD

In order to conduct a more comprehensive examination of
the impact of weak interactions [55] on the configuration
of the TCF@B-CD complex, this study used the IGMH
technique to investigate the weak interactions occurring
between the TCF and $-CD units. Additionally, the objec-
tive is to ascertain the quantity and positioning of hydro-
gen bonds formed between these entities. Figure 8 displays
the 3-D 62" versu sign (4, )p isosurface and 2-D scatter
plots of the TCF@ f3-CD complex. The analysis of the iso-
surface demonstrates a significantabundance of promi-
nently green isosurfaces, suggesting that van der Waals
interactions play a dominant role.

Nevertheless, it is worth noting that a small number of
light blue isosurfaces can be detected amidst the hydro-
gen atoms of the TCF molecule and the oxygen atoms of
the f-CD molecule. This observation suggests the exist-
ence of hydrogen bonds [56], which plays a role for the
TCF@f-CD complex’ stabilization.

The isosurface of the TCF@ 3-CD complex of the most
stable was calculated using the Multiwfn software [40].
The resulting isosurface, with an isovalue of 0.005 atomic
units depicted in Fig. 8, was visualized using VMD [41],
exhibiting a hydrogen bond, as denoted by a blue disk,
with a magnitude of 0.1 eV.

@ Springer
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Fig.8 2D point plot (a) and 3D contour plot (b) of TCF @ $-CD based on IGMH

Energy decomposition analysis (EDA)
of non-covalent interaction in TCF@-CD

The Morokuma-Ziegler energy decomposition analy-
sis (EDA) [57-59] largely used recently [60-66] was
applied to provide a deep insight into the weak interac-
tions of the inclusion complex. The decomposition of the
total energetic contribution is listed in Table 3. Electro-
static, orbital, Pauli, solvation, and dispersion energies
were — 34.87, - 10.57, 20.87,—52.73, and — 61.64 kcal/
mol, respectively. The total bonding energy of —84.20
kcal/mol is negative, favorable for formation of the inclu-
sion complex. The solvation energy of —56.92 kcal/mol is

Table 3 EDA results of the TCF@f-CD complexes (orientations A and
B), generated from the M06-2 X calculation, with energies in kcal/mol

Gas Water

A B A B
AE,; 20.46 20.87 20.46 20.87
AE 1 oqat —29.50 —34.87 —-29.50 —34.87
AE,, —1190  —16.72 —457 ~10.57
AE g, —37.04 —61.64 —37.04 —61.64
AEsolvalalion - - -59.7 —-52.73
AEynding —-57.99 —-92.37 —-110.36 —138.93
AE g0 (%) 27.55 30.79 41.48 32.56
AE, (%) 11.11 14.76 6.42 9.87
AE 4, (%) 34.59 54.43 52.08 57.56
AEband = AEpauli + AEelesmt + AEarb + AEdisp + AEsolvutatian

AEorb(%) = (AEorb/AEelexml
AEelestat(%) = (AEelesmt/AE
AEdisp(%) = (AEdisp/AE

+AE,, + AEy,,) X 100
ctestar + AEp, + AE ) X 100
+AE,, + AEy,,) X 100

orb

elestat

@ Springer

negative, indicating that the complex’s stability is higher in
a solution than in the gas phase and synonymous of stabi-
lization effects. The dispersion energy of —28.82 kcal/mol
contributes significantly into the total bonding energy, indi-
cating that this energy is essential to take into account the
van der Waals interaction, which is a factor of the stability
of the inclusion complex. Electrostatic energy of —33.75
kcal/mol is the second largest contribution to the total
bonding energy due to the presence of hydrogen bonds;
thus, the electrostatic interaction is a crucial descriptor for
the hydrogen bonds.

However, to some extent, the repulsion effect countered
the attractive interaction due to electrostatic and dispersion
effects. The major contributions to this total bonding energy
were dispersion and electrostatic energies, suggesting that
van der Waals interaction and hydrogen bonds exerted a
noticeable effect on the stability of the inclusion complex.

Conclusion

This computational study was performed using density func-
tional theory (DFT) to investigate the complexation mecha-
nism between trichlorfon (TCF) and p-cyclodextrin (B-CD).
The investigation analyzed thermodynamic parameters,
structural characteristics, and interaction energies focusing
on hydrogen bonding interactions via the IGMH approach
and EDA.

Thermodynamic favorability, as evidenced by the exo-
thermic nature and favorable enthalpy and entropy contribu-
tions, drives the spontaneous formation of the TCF@p-CD
complex. This sets the stage for in-depth analysis of the
underlying intermolecular forces. The exothermic nature of



Structural Chemistry (2024) 35:1539-1549

1547

the complexation process further suggests potential for sus-
tained and controlled release, making it even more attractive
for real-world applications.

The study by IGMH showed that hydrogen bonds and van
der Waals interactions mainly controlled the formation and
stability of the TCF@p-CD complex. A significant hydro-
gen connection was established between the TCF molecule
and the -CD cavity, exhibiting a distance of 1.72 A. The
strong binding between TCF and p-CD may be attributed
to the hydrogen bond as well emphasized and quantified
by the energy decomposition analysis as evidenced by the
dispersion contribution. The study results indicate that
p-cyclodextrin can serve as a host molecule for the encap-
sulation of TCF. TCF’s regulated release and distribution
might have potential uses in environmental fieldwork. This
study constitutes a valuable contribution to the existing body
of research and has the potential to serve as a foundational
basis for future experimental investigations.
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