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Abstract
Despite having significant pharmaceutical potential, many compounds are avoided by 
researchers due to their low solubility and high volatility. These characteristics make them 
difficult to manipulate and incorporate into drug formulations. Cyclodextrins solve this 
problem by increasing the solubility of bioactive molecules, making them easier to handle 
and significantly improving bioavailability. These macromolecules have a wide range of 
applications, including pharmaceuticals, agriculture, cosmetics, and the environment. This 
paper presents a computational study of an inclusion complex between verbenone and �−
cyclodextrin ( �−CD ) with a 1 : 1 stoichiometry. The objective is to improve understand-
ing of anomalies that were not identified during experiments and explain why verbenone 
forms a good complex with �−cyclodextrin. This complex aims to increase verbenone 
solubility while decreasing volatility for maximum activity. The PM3 method was used to 
optimize the verbenone*�−cyclodextrin complex as a first excess. The guest was oriented 
once toward the wide side of the �−CD (orientation A) and another toward the narrow side 
(orientation B), with inclusion simulation using hyperchem 8.0 software. After calculating 
the complexation energies and determining the optimal complexes, these complexes were 
re-optimized using density function methods: B3LYP, MN15, and MN15L with a base 
set 6-31 G(d,p) in gas and aqueous phases. Theoretical calculations were performed with 
Gaussian16 software, and visualization was carried out using Gaussview 6. According to 
the optimal 3D structures, the verbenone was fully encapsulated in the �−CD cavity. The 
complexation energies, HOMO-LUMO orbitals, and reactivity parameters were calculated. 
Their analysis confirms that the complex at orientation A is more stable and electrophilic 
than that at orientation B, and the charge is transferred from the host to the guest. Natural 
binding orbitals (NBO) were also analyzed. The QTAIM, RDG-NCI, and IGM analyses 
were interpreted to consider the non-covalent interactions that maintain stability between 
�−CD and verbenone. Data analysis and visualization were performed using Multiwfn and 
VMD. The chemical shifts of verbenone protons in the free and complex states were cal-
culated and compared to experimental data. The findings show the formation of a com-
plex between verbenone and �−CD , which is stabilized by van der Waals and hydrogen 
interactions.
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1 Introduction

Cyclodextrins are cyclic oligosaccharides. The most popular cyclodextrins are �− , �− , and 
�−cyclodextrin, which differ from each other by the number of glucose units contained in 
their molecules ( �−six, �−seven, �−eight). An �−(1 → 4) bond [1] connects these units, 
resulting in a tonic conical cycle with a hydrophilic external surface and a hydrophobic 
internal cavity. Several references demonstrate that CDs’ have a specific structure that 
allows them to form water-soluble inclusion complexes with various hydrophobic com-
pounds, whether solid, liquid, or gaseous [2–5]. Cyclodextrins are commonly used as hosts 
for pharmaceutical, agrifood, or even cosmetic molecules to enhance their water solubility, 
chemical and physical stability, and bioavailability [6].

The present study uses �−cyclodextrin as the host due to its non-toxicity, reactivity, bio-
compatibility, and low cost  [7]. Verbenone, a monoterpene, was chosen as a guest. This 
molecule can be derived from the essential oils of certain plants, primarily rosemary, or it 
can be produced by certain germs and bacteria [3]. It can also be synthesized from pinene 
as was performed in Ref.  [8]. The authors in Ref. [9] found that the enantiomers of ver-
benone have antifungal, antibacterial, anticandidal, and antibiofilm properties. It also has 
anti-inflammatory potential on a model of a cutaneous cellular system with no toxic effect 
at the concentration tested. This study also reveals that despite the high level of chiral-
ity in monoterpenes, which can influence their biological properties, the two verbenone 
enantiomers exhibit similar biological activity. Thus, verbenone, a volatile organic com-
pound (VOC) with hydrophobic [10] properties, can be encapsulated in the �−CD cavity to 
reduce its volatility and increase its solubility in water.

Halahlah et al. [3] introduced the verbenone �−cyclodextrin complex, which was used 
to encapsulate Roman essential oil in �-cyclodextrin. Verbenone is one of the most volatile 
constituents of this oil, exhibiting preferential incorporation into the �−cyclodextrin cavity. 
This was attributed to the presence of a carbonyl group, which makes it a good hydrogen 
bond acceptor and facilitates interaction with the cyclodextrin cavity. Subsequently, Nakhle 
et al. [11] synthesized the complex and studied its ability to encapsulate �−CD with ver-
benone in water and deep eutectic solvents (DES:water). The findings confirm the correct 
formation of the verbenone*�−CD complex, whether in an aqueous medium or solvents 
(DESs), as determined by the following methods: SH-GC, NMR, and ITC. All these syn-
thesis studies confirm verbenone’s suitability as a guest in �−CD . Despite the wealth of 
information gleaned from data analysis, several issues remain unclear. For example, it is 
impossible to definitively determine the geometry of this complex, its orientation within 
the cavity, or the specific intermolecular interactions that contribute to its stability.

This paper presents a theoretical study of the verbenone*�−CD complex to explain the 
anomalies in the inclusion mechanism and determine the nature of the interaction between 
�−CD and verbenone. To this end, the 1 : 1 encapsulation of verbenone inside the �−CD 
cavity was examined using quantum mechanics methods such as the semi-empirical method 
PM3 and the functional theory of density (DFT). First, we decided to start the theoretical 
excesses with the semi-empirical method PM3  [12] to evaluate its performance in find-
ing the optimal complex having the lowest energy at orientation A and B while waiting to 
compare it with other semi-empirical methods (PM6 [13] PM7 [14]) used in other works. 
Then, we optimized the optimal complexes in the gaseous and aqueous mediums with 
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the methods B3LYP [15], MN15 [16], and MN15L [17], using the 6-31 G(d,p) base set. 
Following that, a frontier orbital analysis was carried out to describe the charge flow and 
investigate the complexes’ stability. To determine the nature of the interactions between the 
host and the guest, we examined the natural orbitals (NBO), the quantum theory atom in 
the molecule (QTAIM), the non-covalent interaction-reduced density gradient (NCI-RDG), 
and the independent gradient model (IGM).

2  Computational Details

The initial structures of verbenone and �−cyclodextrin were obtained from the PubChem 
database  [18]. The Hyperchem 8.0 software  [19] was used for complication and guest 
translation on the Z axis. Gaussian 16  [20] was used to perform theoretical calculations, 
while Gaussview 6 [21] was employed for visualization. The QTAIM, NCI-RDG, and IGM 
analyses were obtained using the Multiwfn software [22], visualized by VMD [23]; Gnu-
plot  [24] was to obtain the colored graphs. Figure 1 shows the optimized structures and 
atom numbering of each host and guest [25]. To complete the complexing process, the gly-
cosidic oxygen atoms of �−CD were placed in the XY plane, and their center was defined 
as the center of the entire system. Verbenone was placed on the Z axis, which was aligned 
with the atoms O167, C151, and C164 [26, 27].

The host’s ( �−CD ) maintained its position, while the guest moved along the Z axis. It 
then crossed the cyclodextrin cavity, passing once from the wide side to the narrow side of 
the CD, called orientation A, and once from the narrow side to the wide side, called orien-
tation B (Fig. 2). The guest molecule was initially positioned at 6 Å and moved through Z 
to -6 Å, or vice versa, with a step size of 1 Å [28]. To find the most stable conformer of the 
complex, in each position, a rotation around the Z axis of 360◦ was performed on the guest 
molecule with an interval of 3◦ . The PM3 semi-empirical method was used to optimize 
the Verb*�−CD complex at each position and angle. The lowest energy was determined 

Fig. 1  The molecular structure of �−CD and Verbenone
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by interpreting two curves for orientations A and B. The position with the lowest energy 
for the two orientations is then re-optimized using the mentioned density functional theory 
(DFT) methods [26] B3LYP/6-31 G(d,p), MN15/6-31 G(d,p), and MN15L/6-31 G(d,p). 

3  Results and Discussions

3.1  The Energy and Structural Analysis of Complexes

The complexation energy ( Ecomplexation ) of the inclusion complex Verb*�−cyclodextrin was 
calculated using Eq. 1 [29]:

where EVerb∗�−CD is the energy of the complex optimized by the semi-empirical method 
PM3, and E�−CD and EVerb are the energies of the verbenone and the �−cyclodextrin, 
respectively, before complexation which are also optimized by the same method. Figure 3 
depicts the complexation energy at all positions of the complex in orientations A and B. 
These energies obtained are negative, indicating that the Verb*�−cyclodextrin complexes 
are energetically favorable.

The optimal position is the one with the lowest energy for the two orientations; this is 
where the complex is most stable. Table 1 lists the optimal position for orientations A and 
B: 0 Å for orientation A and 1 Å for orientation B, with a rotation angle of 0◦ for both. The 
interaction energy demonstrates that the Verb*�−cyclodextrin complex at orientation A is 
more stable by 3.464 kJ ⋅mol−1 than the complex at orientation B.

(1)Ecomplexation = EVerb∗�−CD − (E�−CD + EVerb),

Fig. 2  A schematic representation of the inclusion process between Verbenone and �−CD in both orienta-
tions A and B
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The optimal position obtained for orientations A and B was then re-optimized in the 
gas and aqueous phases using the methods B3LYP/6-31 G(d,p), MN15/6-31 G(d,p), and 
MN15L/6-31  G(d,p). In this step, a PCM (Polarizable Continuum Model) model was 
employed; this solvation model is implicit. The PCM solvation model considers the solvent 
as a continuous medium, accounting for its impact on fragment properties such as struc-
ture, energy, and reactivity as noted in Ref.  [30]. According to Ref. [31], PCM is the most 
accurate model for predicting molecular structure. Water was chosen as a solvent based on 
the experimental study in Ref.  [11]. The authors indicated that the Verb*�−cyclodextrin 
complex is more stable in water compared to a (DES:water) mixture. This phenomenon is 
explained by the hydrophobic effect, which is less pronounced in the (DES:water) mixture 
due to its lower polarity when compared to water. Table 2 displays the energy values for 
orientations A and B in both phases. All of the energies calculated for orientation A are 
lower than those calculated for orientation B, indicating that orientation A has better com-
plexation than orientation B. The interaction energy ( EInteraction ) can be calculated using 
Eq. 2 [29]:

where EVerb∗�−CD is the energy of the optimized complex, Esp

�−CD
 and Esp

Verb
 are the energies 

of the verbenone and the �−cyclodextrin, respectively, before complexation which are also 
optimized by the three methods.

(2)EInteraction = EVerb∗�−CD − (E
sp

�−CD
+ E

sp

Verb
),

Fig. 3  The complexation energies of the Verb*�−CD in each position for orientation A and B

Table 1  The coordinates of the 
optimal conformation for the 
complex

PM3 Orientation A Orientation B

Optimal position (Å) 0 1
Angle(°) 0 0
Energy (J·mol−1) − 56.919 − 53.454
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The MN15L/6-31 G(d,p) method yielded lower energy values in the gas phase (232.137 
kJ ⋅mol−1 for orientation A, 205.698 kJ ⋅mol−1 for orientation B) and the aqueous phase 
(199.592 kJ ⋅mol−1 for orientation A, 181.644 kJ ⋅mol−1 for orientation B). The inclu-
sion energy was then calculated using the ML15/6-31 G(d,p) method, yielding −155.762 
kJ ⋅mol−1 for orientation A, −168.097 kJ ⋅mol−1 for orientation B in the gas phase, and 
−150.191 kJ ⋅mol−1 for orientation A and −138.776 kJ ⋅mol−1 for orientation B in the 
aqueous phase. The B3LYP/6-31(d,p) method had the highest interaction energy, with val-
ues of 59.486 kJ ⋅mol−1 for orientation A, −31.258 kJ ⋅mol−1 for orientation B in the gas 
phase, and −181.926 kJ ⋅mol−1 for orientation A and −19.339 kJ ⋅mol−1 for orientation 
B in the aqueous phase. The energy of complexation can be calculated using Eq. 1. The 
complexation energy obtained by the MN15L/6-31 G(d,p) method was the lowest energy, 
with 165.409 kJ ⋅mol−1 for orientation A and 137.821 kJ ⋅mol−1 for orientation B in the 
gas phase and 166.451 kJ ⋅mol−1 for orientation A and 136.209 kJ ⋅mol−1 for orientation B 
in the aqueous phase, respectively. Whereas the MN15/6-31 G(d,p) method gave 100.163 
kJ ⋅mol−1 for orientation A and 91.5479 kJ ⋅mol−1for orientation B in the gas phase, and 
106.272 kJ ⋅mol−1 for orientation A, and 96.7607 kJ ⋅mol−1 for orientation B in the aque-
ous phase. The B3LYP/6-31(d,p) method, on the other hand, presented the highest energy 
values, with −18.426 kJ ⋅mol−1 for orientation A, −2.9716 kJ ⋅mol−1 for orientation B in 
the gas phase, and −27.0032 kJ ⋅mol−1 for orientation A and −14.6279 kJ ⋅mol−1 for orien-
tation B in the aqueous phase. Therefore, based on the complexation and interaction ener-
gies obtained, the methods MN15/6-31 G(d,p) and MN15L/6-31 G(d,p) appear to be the 
most suitable.

The deformation energy of the host and guest was determined by the energy difference 
between the compound during complexation and when it is free, calculated by Eq. 3 [32]:

Table 2  The different energies (kJ ⋅mol
−1
) of the complex calculated by the B3LYP/6-31(d,p) method, 

MN15/6-31(d,p) and MN15L/6-31(d,p) in orientation A and B in the gas and aqueous phase

Energies In gas phase In aqueous phase

Orientation A Orientation B Difference Orientation A Orientation B Difference

B3LYP/6–31(d,p)
ΔEcomplexation − 18.4263 − 2.9716 − 27.032 − 14.6279
ΔEinteraction − 59.4860 − 92.8840 − 181.9261 − 19.3388
EDEF(�−CD) 39.9658 27.7063 12.2595 17.3595 4.3514 3.0499
EDEF(Verb) 1.0935 0.5793 0.5142 1.2066 0.3591 0.8475
MN15/6–31(d,p)
ΔEcomplexation − 100.1628 − 91.6491 − 106.2615 − 96.7607
ΔEinteraction − 155.7618 − 168.0974 − 150.0191 − 138.7756
EDEF(�−CD) 52.4565 73.3327 20.8762 39.4805 39.3652 1153
EDEF(Verb) 3.1421 3.2157 0.0736 0.4448 2.6489 7959
MN15L/6–31(d,p)
ΔEcomplexation − 165.4089 137.8209 − 166.4505 − 140.3886
ΔEinteraction − 232.1371 205.6978 − 199.5917 − 181.6443
EDEF(�−CD) 56.7790 63.0557 6.2767 25.1331 37.0912 11.9602
EDEF(Verb) 9.9488 4.6636 5.2852 8.0076 4.1650 3.8426
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where EOPT
sp(�−CDorVerb)

 is the single-point energy of the isolated �−cyclodextrin and ver-
benone from the complex and EOPT

(�−CDorVerb)
 is the energy of these compounds in the free 

start after optimization.
In the guest deformation energies for the B3LYP/6-31(d,p) and MN15L/6-31 G (d,p) 

methods, the energy required for complexation with the guest is greater in the A orienta-
tion than in the B for both phases. The energy difference between the A and B orienta-
tions of the Verb*�−cyclodextrin complex for the B3LYP/6-31(d,p) method was approxi-
mately 0.5141 kJ ⋅mol−1 in the gas phase and 0.8476 kJ ⋅mol−1 in the aqueous phase. For 
the MN15L/6-31(d,p) method, this difference is approximately 5.285 kJ ⋅mol−1 in the 
gas phase and 3.8427 kJ ⋅mol−1 in the aqueous phase. However, for the MN15/6-31(d,p) 
method, the energy required for complexation in orientation B is greater than that in ori-
entation A, with a difference of 0.0736 kJ ⋅mol−1 for the gas phase and 2.204 kJ ⋅mol−1 
in the water. The higher deformation energy of �−cyclodextrin compared to verbenone 
suggests that its flexibility is responsible for the complexation of the verb*�−cyclodextrin 
system proven in Ref.  [25]. In methods MN15/6-31(d,p) and MN15L/6-31(d,p), orienta-
tion B requires more energy than orientation A, with a difference of 20.876 kJ ⋅mol−1 in 
the gas phase and 0.1154 kJ ⋅mol−1 in the aqueous phase for method MN15/6-31(d,p), and 
a difference of 6.2767 kJ ⋅mol−1 in the gas phase and 11.9581 kJ ⋅mol−1 in the aqueous 
phase for the MN15L/6-31(d,p) method. These findings indicate that complexation in ori-
entation A is more favorable than that in orientation B, and that cyclodextrin deformations 
are necessary to form a stable inclusion complex  [33]. Compared to other methods, the 
B3LYP/6-31(d,p) method requires more energy for orientation A than for orientation B, 
with a difference of 12.2595 kJ ⋅mol−1 in the gas phase and 13.008 kJ ⋅mol−1 in the aque-
ous phase. In light of the energy results, we decided to continue this work only with the 
two best methods, MN15/6-31(d,p) and MN15L/6-31(d,p). The DFT calculations did not 
explicitly include dispersion effects or BSSE because the new MN15 and MN15L func-
tionals were utilized. These functionals have been shown to provide accurate results for a 
wide variety of molecular properties, including non-covalent interactions, ionization poten-
tials, and electron affinities, while also reducing BSSE. The local nature of the calculations 
reduces computational costs, making it possible to investigate larger and more complex 
systems without requiring additional dispersion corrections confirmed in the articles [16, 
17]. This provides a significant advantage in terms of computational efficiency. Figure 4 
shows the structures of the optimal conformations of the Verb*�−cyclodextrin complex 
with the three methods B3LYP/6-31(d,p), MN15/6-31  G(d,p), and MN15L/6-31  G(d,p) 
in orientations A and B in the aqueous phase. It can be noted that the verbenone mol-
ecule is completely enveloped by �−cyclodextrin. This is due to the hydrophobic nature of 
the verbenone molecule, which contains a benzene ring, a non-polar molecule  [25]. The 
cyclodextrin cavity exhibits hydrophobic characteristics, facilitating intermolecular inter-
actions between the hydroxyl groups of CD and the hydrophobic groups of verbenone. This 
improves the stability of the Verb*�−cyclodextrin complex.

3.2  The Frontier Molecular Orbital Analysis

The density functional theory (DFT) was applied to analyze the frontier orbitals, enhance 
comprehension of the inclusion phenomenon, and determine the stability of the Verb * �−

(3)EDFT
(�−CDorVerb)

= EOPT
sp(�−CDorVerb)

− EOPT
(�−CDorVerb)
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Fig. 4  The geometric represen-
tation of the optimal confor-
mations obtained from the 
methods B3LYP/6–31 G(d,p), 
MN15/6–31 G(d,p), and 
MN15/6–31 G(d,p) in orientation 
A and B in water
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cyclodextrin complex. The analysis focused on two molecular orbitals: the highest occu-
pied molecular orbital (HOMO), which donates electrons, and the lowest unoccupied 
molecular orbital (LUMO), which accepts electrons. According to Koopmans’ theory [34], 
the energies of these two orbitals, EHOMO and ELUMO , are directly related to the ioniza-
tion potential (I) and the electron affinity (A). Both HOMO and LUMO play critical roles 
as chemical indicators in this investigation. Global reactivity indices are used to calculate 
critical reactivity parameters, including electronic potential ( �) [34–36], hardness ( �) [37], 
global electrophilicity index ( �)  [38], maximum electronic charge transfer ( ΔNmax)  [39], 
and electrophilicity based charge transfer (ECT)  [40]. Table  3 summarizes the HOMO, 
LUMO energy values, as well as reactivity parameters, for the Verb*�−cyclodextrin com-
plex obtained using the MN15/6–31(d,p) and MN15L/6–31(d,p) methods at orientations A 
and B in aqueous phases. The value of the ΔE

(HOMO-LUMO)
 gap reflects the stability of the 

complex; the complex’s stability improves as this value increases. According to findings 
in Table 3, orientation A in the aqueous phase has a larger ΔE

(HOMO-LUMO)
 gap value than 

orientation B for both methods. Thus, it indicates that the complex in orientation A is more 
stable than in orientation B. This finding is consistent with the recalculation of interaction 
and complexation energies. The chemical potential ( � ) determines the direction of electron 
movement in an inclusion system. It is defined as electrons moving from a molecule with 
a higher chemical potential to another with a lower chemical potential; so, in this study, 
electrons move from the host to the guest. The negative value of this potential indicates 
that inclusion occurs spontaneously and that the complex remains stable. We confirmed the 
direction and stability of charge transfer using the electrophilicity index and ECT. Electro-
philicity refers to the ability to attract electrons; the more electrophilic a complex, the more 
stable it is. Verbenone is more electrophilic than �−CD , resulting in a more electrophilic 
complex at orientation A compared to orientation B. The negative ECT transfers the charge 
from the �−CD to the verbenone. However, orientation A is more stable than orientation 
B. Hardness ( � ) confirms the complex’s stability by measuring resistance to changes in 
electronic distribution within the molecule. A complex with higher hardness is stable, indi-
cating that orientation A is more stable than orientation B. Figure 5 depicts the location of 
the HOMO and LUMO orbitals for the Verb*�−cyclodextrin complex, calculated using the 

Table 3  The global reactivity indexes of �−cyclodextrin, Verbenone, and the Verb*�−CD complex in the 
MN15/6–31 G(d,p) and MN15L/6–31 G(d,p) methods in both orientations and in the aqueous phase

In aqueous phase

Free Verb Free �−CD Orientation A Orientation B

MN15/MN15L

EHOMO(eV) − 7.6050/− 5.8341 − 8.0396/− 6.3007 − 8.1049/− 6.2697 − 7.8526/− 6.0046
ELUMO(eV) − 0.4949/− 1,8032 2, 2958/0, 9461 − 1.2579/− 2.3752 − 1.1012/− 2.1194
ΔEgap(eV) 7.1101/4.0309 10, 3354/7.2468 6.847/3.8944 6.7514/3.8852
�(eV) − 4.0499/− 3.8186 − 2,8719/− 2.6773 − 4.6814/− 4.3224 − 4.4769/− 4.062
�(eV) 4.0499/3.8186 2, 8719/2.6773 4.6814/4.3224 4.4769/4.069
�(eV) 3.5550/2.0154 5, 1677/3.6234 3.4235/1.9472 3.3757/1.9426
�(eV) 2.3068/3.6175 0.7980/0.9891 3.2007/4.7974 2.9686/4.2468
ΔNmax 1.1392/1.8947 0.5557/0.7388
ECT − 0.5835/− 1.1559
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MN15L/6–31 G(d,p) method in orientations A and B. In orientation A, the HOMO orbit-
als are primarily located on �−CD , while the LUMO orbitals are entirely located on the 
verbenone molecule. In the B orientation, it can be noted that, in addition to all the LUMO 
orbitals, verbenone contains the majority of the HOMO orbitals. The results show charge 
transfer between �−CD and verbenone, which is more significant for orientation A com-
pared to orientation B.

3.3  Natural Bond Orbital Analysis

Natural bond orbital (NBO) analysis was performed using Gaussian 16 and the 
MN15/6–31(d,p) and MN15L/6–31(d,p) methods. The NBO analysis was used to bet-
ter understand the intermolecular interactions and charge transfer between occupied 
(donor) and unoccupied (acceptor) orbitals. The stabilization energy value, E2, deter-
mines the strength of orbital interaction. The higher the energy, the stronger the interac-
tion [41, 42]. Table 4 displays the most significant interactions between donor and accep-
tor orbitals for orientations A and B in the aqueous medium, using the MN15/6–31(d,p) 
and MN15L/6–31(d,p) methods. According to the results, there are two different types 

Fig. 5  Schematic diagram of HOMO and LUMO orbital obtained with MN15L/6–31 G(d,p) method at ori-
entation A and B in aqueous phase
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of bonds: non-covalent hydrogen bonds between (LP) and (BD*) and van der Waals 
interactions localized between (BD) and (BD*). In orientation A, the two methods, 
MN15/6–31(d,p) and MN15L/6–31(d,p), have identical significant interactions. When 
the host is the donor, and the guest is the acceptor, a single van der Waals interaction is 
detected between the bonding orbital C63-H134 and the anti-bonding orbital C157-H158. 
The energy stabilization is 3.26 kJ ⋅mol−1 for the MN15/6–31(d,p) method and 2.13 
kJ ⋅mol−1 for the MN15L/6–31(d,p) method. The isolated oxygen pairs of the glycidyl 
bond of �−CD are also involved. It can be noted that the highest stabilization energy E2 
corresponds to the charge transition between the lone pair of O29 and the anti-bonding 
orbital C150-H171 with values of 25.37 kJ ⋅mol−1 for the MN15/6–31(d,p) method and 
18.85 kJ ⋅mol−1 for the MN15L/6–31(d,p) method. When the guest is considered a donor 
and the host is an acceptor, four hydrogen bonds are formed mainly between the free oxy-
gen pairs of verbenone’s ketone function O167 and the anti-bonding orbitals O33-H107 
and O22-H97. The charge transition from LP (O167) to BD* (O33-H107) has the high-
est stabilization energy value, 41.26 kJ ⋅mol−1 for the MN15/6–31(d,p) method and 16.89 
kJ ⋅mol−1 for the MN15L/6–31(d,p) method. When the host acts as a donor in orientation 
B, the two methods have only two interactions in common. The first is between the non-
bonding orbital of O29 and the anti-bonding orbital C168-H171, with an energy of 6.65 
kJ ⋅mol−1 for the MN15/6–31(d,p) method and 2.96 kJ ⋅mol−1 for the MN15L/6–31(d,p) 

Table 4  The stabilization 
energies E2 of the most 
important charge transfer 
between the donor and acceptor 
orbitals calculate for the best 
methods MN15/6–31 G(d,p) and 
MN15L/6–31 G(d,p) in both 
orientations in water

Donor Acceptor E
2
(kJ ⋅mol

−1
)

MN15/ MN15L

Orientation A
�−CD Verbenone
BD(1) C63-H134 BD*(1)C157-H158 3.26 2.13
LP(1) O29 BD*(1) C168-H171 25.37 18.85
LP(2) O29 BD*(1) C150-H172 2.55 2.17
LP(1) O62 BD*(1) C153-H155 5.10 0.63
verbenone �−CD

LP(1) O167 BD*(1) O33-H107 41.26 16.89
LP(2) O167 BD*(1) O33-H107 27.21 14.84
LP(1) O167 BD*(1) O22-H97 37.58 15.51
LP(2) O167 BD*(1) O22-H97 25.21 13.75
Orientation B
�−CD Verbenone
LP(2) O55 BD*(1) C168-H170 4.97 –
LP(1) O18 BD*(1) C164-H165 4.31 –
LP(1) O29 BD*(1) C168-H171 6.65 2.97
LP(2) O27 BD*(1) C157-H159 4.56 47
LP(2) O25 BD*(1) C153-H154 – 3.76
LP(1) O73 BD*(1) C161-H162 – 2.80
Verbenone �−CD

BD(2) C151-O167 BD*(1) O69-H140 6.31 12.75
LP(1) O167 BD*(1) O69-H140 39.58 5.51
LP(2) O167 BD*(1) C

69
−H

140
38.33 11.95
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method. The second is noted between the non-bonding orbital of O27 and the anti-bond-
ing orbital C157-C159, with an energy of 4.56 kJ ⋅mol−1 for the MN15/6–31(d,p) method 
and 4.47 kJ ⋅mol−1 for the MN15L/6–31(d,p) method. When the guest acts as a donor, a 
van der Waals interaction is formed between the bonding orbital C151-O167 and the anti-
bonding orbital O69-H140. In addition, two hydrogen bonds are detected between the non-
bonding orbital of O167 and the anti-bonding orbital of O69-H170. The NBO results show 
that the verb*�−cyclodextrin complex is stable due to hydrogen bonds and van der Waals 
interactions. The results are in good agreement with experimental observations in  [11], 
which underline that the enthalpy changes ( ΔH ) associated with the complex formation are 
relatively large; in contrast, the entropy changes ( ΔS ) are small and negative in both aque-
ous and (DES:water) media. These thermodynamic parameters indicate that the complex’s 
formation is primarily enthalpy-driven, implying that van der Waals forces play an impor-
tant role in its stabilization.

3.4  QTAIM Analysis

One of the most insightful studies to confirm the concrete formation of a complex is the 
discovery of intermolecular interactions between the two fragments that comprise this 
complex. The QTAIM analysis offers a comprehensive understanding of the interactions 
within the molecular system based on the topological parameters of the critical points of 
the bonds. A critical point of a bond (BCP) is the point with no electron density gradi-
ent   [43]. In this study, we selected the critical points of the most significant chemical 
bonds discussed previously in the NBO analysis. Figure  6 highlights the critical points 
of the selected interactions at orientations A and B in both methods, MN15/6–31 G(d,p) 
and MN15L/6–31 G(d,p). These CPs appear as an orange dot in the middle of the inter-
action. Tables  S1 and S2 (supplementary data) reveal the topological parameters ( � , 
▿2� , G(r), V(r), H(r), E

int
 ) of the most significant intermolecular interactions for the 

MN15/6–31 G(d,p) and MN15L/6–31 G(d,p) methods at orientations A and B. The inter-
molecular interaction’s nature is determined by the Laplacian ( ▿2� ) and the electron den-
sity ( � ). A low electronic density and a Laplacian▿2𝜌 > 0 are characteristics of a weak 
non-covalent link, whereas a high � and a Laplacian ▿2𝜌 < 0 denote a covalent bond [42]. 
By employing this reference alongside our findings, we note that each critical point is 
linked to non-covalent intermolecular interactions. The study presented in  [44, 46] indi-
cates that the type of non-covalent bond can be identified by examining the total electrical 
energy density H(r): a medium hydrogen bond with partial covalence has a positive Lapla-
cian and H(r) < 0 ; in contrast, a weak hydrogen bond or van der Waals interaction has a 
positive Laplacian and H(r) > 0 . It can be described using Eq. 4 [47]:

where G(r) is the kinetic energy density, and V(r) is the potential (negative value).
When H(r) is negative, it indicates that G(r) < V(r) , signifying a high concentra-

tion of electronic charge in the intermolecular region, which facilitates the formation 
of a covalent bond or a robust hydrogen bond. Simultaneously, when H(r) is posi-
tive, it indicates that G(r) > V(r) , resulting in a greater concentration of electronic 
charge near the nucleus; consequently, this facilitates the formation of weak hydrogen 
bonds or van der Waals interactions. According to Tables S1 and S2, the interactions 
97  H-167O and 172  H-29O detected in orientation A correspond to medium hydro-
gen bonds. The values obtained are −0.00036 for the MN15/6–31 G(d,p) method and 

(4)H(r) = G(r) + V(r),
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-0.00069 for the MN15L/6–31 G(d,p) method for the 97 H-167O interaction, −0.00077 
for the MN15/6–31 G(d,p) method, and −0.00058 for the MN15L/6–31 G(d,p) method 
for the 172 H-29O interaction. Additionally, the two hydrogen bonds 170 H-167O at 
orientation A and 140 H-167 H at orientation B exhibit weak interactions (H(r) > 0) 
for the MN15/6–31  G(d,p) method and medium interactions (H(r) < 0) for the 
MN15L/6–31 G(d,p) method. The rest of the interactions are considered weak hydro-
gen bonds with a van der Waals interaction between 134 H and 158 H having a value of 
0.0011 calculated by the MN15/6–31 G(d,p) method and a value of 0.0012 calculated 

Fig. 6  QTAIM molecular topography showing the bond critical points and bond paths of the Verb*�−
cyclodextrin complex at A and B orientations given by MN15/6–31 G(d,p) and MN15L/6–31 G(d,p) meth-
ods in water phase (Color figure online)
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by the MN15L/6–31 G(d,p) method. Medium-intensity hydrogen bonds have the low-
est interaction energies.

3.5  NCI‑RDG Analysis

A non-covalent interaction analysis method (NCI) based on reduced density gradient stud-
ies (RDG) was developed to better understand the nature of the host-guest interaction. This 
method allows the graphic visualization of regions where non-covalent interactions occur in 
real space. In the study  [48], researchers developed RDG to quantify non-covalent interac-
tions. This approach is based on electron density and its first derivative. It can be described 
using Eq. 5.

Figure 7 shows a 2D RDG plot as a function of � multiplied by �2 , which is the sign of 
the second eigenvalue of the Laplacian density [49]. The value of the sign �2 determines 
the nature of the interaction. For example, 𝜆2 < 0 indicates attractive interactions like 
hydrogen bonds (region colored in blue), while �2 = 0 indicates van der Waals interaction 
(region colored in green); 𝜆2 > 0 represents a repulsive interaction (region colored in red). 

(5)RDG(r) = (1 ∣ ▽ �(r))∕(2(3�2
)

1∕3�(r)4∕3.

Fig. 7  The 2D RDG plot for MN15/6–31(d,p) and MN15L/6–31(d,p) methods at orientation A and B 
(Color figure online)
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Figure 8 illustrates 3D NCI isosurface plots for the MN15 and MN15L methods at orienta-
tions A and B. The green spot, representing van der Waals interactions, takes up a signifi-
cant portion of the space between the �−CD and verbenone, as opposed to the blue and 
red spots. These findings suggest that non-covalent interactions, particularly van der Waals 
interactions, are critical to the complex’s formation and stability.

Fig. 8  The 3D NCI isosurfaces for the MN15/6–31(d,p) and MN15L/6–31(d,p) methods in orientations A 
and B in the aqueous phase (Color figure online)
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3.6  IGM Analysis

Unlike NCI analysis, which combines all non-covalent intra- and intermolecular interac-
tions, independent gradient model (IGM) analysis allows these interactions to be quantified 
individually. It is expressed as Eq. 6 [50].

where �gintra and �ginter , respectively, indicate the intramolecular and intermolecular inter-
actions between the two fragments.

Figure  9 depicts scatterplots of �gintra and �ginter as a function of sing (�2)� for the 
Verb*�−cyclodextrin complex in the MN15/6–31(d,p) and MN15L/6–31(d,p) methods at 
orientations A and B in the aqueous phase. The black dots represent intramolecular inter-
actions, while the red dots represent intermolecular interactions. The MN15/6–31(d,p) 
and MN15L/6–31(d,p) methods have the most intense black point peak in the nega-
tive region, with a song (�2)� ≈ −0.22 (a.u) for both orientations. The MN15/6–31(d,p) 
method yielded peaks with a height of 0.487 for orientation A and 0.491 for orientation B. 
Using the MN15L/6–31(d,p) method, the height was 0.467 for orientation A and 0.482 for 

(6)�gIGM = �gintra + �ginter,

Fig. 9  The scatter plots of the intra- and interfragment interactions within the complex for the MN15/6–
31(d,p) and MN15L/6–31(d,p) methods in orientations A and B in the aqueous phase (Color figure online)
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orientation B. The highest peak of red dots for both methods also appeared in the negative 
region with singing (�2)� ≈ −0.04 (a.u.) for both orientations. Using the MN15/6–31(d,p) 
method, the red peaks had a height of 0.055 for orientation A and 0.057 for orientation 
B, while the height was 0.058 for orientation A and 0.060 for orientation B, with the 
MN15L/6–31(d,p) method. For this analysis, the MN15/6–31(d,p) and MN15L/6-31(d,p) 
methods yielded nearly identical results, indicating that the two methods produce the same 
intensity of intra- and intermolecular interactions. The colored IGM scatter map in Fig. 10 
and its visualization in Fig.  11 reveal the interactions between the fragments. The blue 
region between (�2)� ≈ −0.05 ; 0.02 (a.u) represents hydrogen interaction; the green one 
between (�2)� ≈ −0.02 ; 0.02 (a.u) represents van der Waals interactions; and finally, the 
red one corresponds to the repulsive interactions that appeared between (�2)� ≈ −0.02 ; 
0.05 (a.u), and this for orientations A and B in both methods. It can, therefore, be noted 
that van der Waals interactions are higher than hydrogen and repulsive interactions, mean-
ing that the van der Waals interaction contributes most to the stability of the Verb*�−
cyclodextrin complex. These findings are consistent with the results of the NCI analyses.

The complementary �ginter/At analysis, which assigns the atomic contributions of 
host and guest molecules, was carried out to better understand which atoms participate 
most in intermolecular interactions. Figure  12 shows the IGM analysis with a �ginter 

Fig. 10  The colored IGM scatterplots of the interfragment interactions of the complex for the MN15/6–
31(d,p) and MN15L/6–31(d,p) methods in orientations A and B in the aqueous phase (Color figure online)
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isosurface of 0.004 a.u. Host and guest are colored according to ΔGinter/At score for the 
MN15/6–31(d,p) and MN15L/6–31(d,p) methods at orientations A and B, respectively. 
Verbenone is more involved in intermolecular interactions than �−CD , as evidenced 
by the color difference between the guest and host molecules. The darker-colored host 
atoms contribute most to these interactions. Verbenone’s O167 strongly interacts with 
hydroxide groups of �−CD , O22-H107, O33-H97 for orientation A, and O69-H140 
for orientation B; van der Waals interactions between the two fragments (CH...CH and 

Fig. 11  The 3D IGM isosurface of the complex for the MN15/6–31(d,p) and MN15L/6–31(d,p) methods in 
orientations A and B in the aqueous phase (Color figure online)
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CH...O) can also be observed. The results of this analysis confirm the presence of all 
non-covalent intermolecular interactions previously identified in the NBO analysis and 
supported by NCI analyses.

3.7  1 H NMR Analysis

The NMR technique was used to confirm verbenone encapsulation in the �−cyclodex-
trin cavity. This technique allows us to confirm the encapsulation of a guest molecule by 

Fig. 12  Host and guest colored according to the Δginter/At score for methods MN15/6–31(d,p) and 
MN15L/6–31(d,p) at orientations A and B in the aqueous phase (Color figure online)
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observing the change in its chemical shift. If the guest molecule’s environment changes, 
so does its chemical shift, confirming the guest’s encapsulation within the host cavity. 
The chemical shifts � of selected hydrogens obtained on a large scale using TMS as a 
reference implemented in [51, 52] were evaluated with the independent atomic orbital 
method (GIAO). The B3LYP/6–311  G (+2d, p) methodology was applied by single-
point calculation on geometry optimized by the MN15L/6–31(d, p) method once it was 
suitable for the theoretical NMR spectra of organic molecules [53, 54]. These calcula-
tions were performed without a solvent. Table 5  and Fig. 13 display the chemical shifts 
of verbenone isolated in addition when it is complexed in orientations A and B. Analy-
sis of Table 5  reveals that the signs of all the protons selected after complexation are 
shifted toward the strong magnetic field, with protons H172 and H170 showing the larg-
est difference between the free and complex states. It can also be observed that for all 
protons, the chemical shift values between orientations A and B are very close, except 
for the protons H169 and H172, where the difference is 0.68 and 1.15, respectively. The 

Table 5  Chemical shift values of Verbenone protons before and after complexation

u(�free verb calc) = +∕ − 0.4

Calculated Experimental

Protons �
free verb

�
verb

in orientation A �
verb

in orientation B �
free verb

162-H 2.34 3.01 3.09 2.08 − 2.10(m)

163-H 3.10 3.52 3.83 2.80 − 2.91(m)

165-H 2.65 2.92 3.54 2.42
166-H 2.90 3.37 3.28 2.62 − 2.70(m)

169-H 2.26 2.36 3.04 1.92
170-H 2.31 3.38 3.12 2
171-H 2.40 2.69 2.93 2.1
172-H 6.14 7.94 6.79 5.71

Fig. 13  Experimental [8] and 
calculated 1 H chemical shifts 
of verbenone in the free and 
encapsulated state (Color figure 
online)
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theoretical values of the free guest molecule are in good agreement with the experimen-
tal values [8], with a slight difference due to the use of CHCl3 as a solvent in the experi-
mental studies (Fig.  13). Thus, 1 H NMR results confirm that �-cyclodextrin envelops 
the entire guest and that the complexation is well achieved.

4  Conclusion

A computational study was carried out on the Verb*�−cyclodextrin inclusion complex, 
using computational methods and quantum chemical analyses to better understand the dif-
ferent changes undergone by verbenone and �-cyclodextrin during encapsulation. Follow-
ing the complexation simulation, a PM3 semi-empirical method was employed to conduct 
a conformational search to identify the optimal conformations. The most stable conforma-
tions were studied energetically and structurally using the density functional theory DFT 
with the B3LYP, MN15, and MN15L methods, as well as a 6–31 G(d,p) basis set to correct 
for dispersion. The results of this study show that the complex in orientation A is more sta-
ble than that in orientation B in the gas and aqueous phases. The interaction energy, compl-
exation energy, ΔEgap , and different reactivity parameters support our findings.

Furthermore, the results of the NBO, QTAIM, NCI, and IGM analyses confirm the 
presence of intermolecular interactions between the host and the guest, ensuring com-
plex formation and stability. The MN15L method appears to be the best in terms of 
energy, but the MN15 method presents the best results in terms of stability ( ΔEgap ) and 
interaction intensity (NBO). Ultimately, 1 H NMR analysis demonstrated a strong cor-
relation with experimental results. These findings encourage us to conduct additional 
research using other semi-empirical methods such as PM6, PM7, and other DFT meth-
ods to obtain more precise results.

Supplementary Information The online version contains supplementary material available at https:// doi. 
org/ 10. 1007/ s10953- 025- 01436-5.
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