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      This study employed advanced computational methods, including semi-empirical parametric method 3 (PM3) and density functional 

theory (DFT), to investigate the host/guest inclusion complexes of β-cyclodextrin (β-CD) with homovanilic acid (HVA). Utilizing B3LYP, 

M08HX, and PW6B95 approaches, global minima were optimized in both vacuum and aqueous phases. The focus spanned complexation, 

interaction, and deformation energies, as well as the geometry, electronic structure, and chemical reactivity of HVA during encapsulation. 

Natural-bonding orbital (NBO) simulations highlighted the significant role of intermolecular hydrogen interactions in the stability of HVA/β-

CD complexes. The study, employing the Global-hybrid meta-GGA functional methodology (PW6B95/6-31G(d)), shed light on energetically 

favored molecules, emphasizing superior results in orientation A. The Gauge-Including Atomic Orbital (GIAO) method has been used to 

study 1H nuclear magnetic resonance (NMR) complexes. These insights contribute to advancing host-guest systems and drug delivery 

applications. 
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INTRODUCTION 
 

      Cyclodextrins (CDs) constitute a non-reducing class of 

cyclic oligosaccharides, comprised of a macrocyclic ring of 

glucose subunits connected by α-1,4 glycosidic linkages. 

These compounds are enzymatically derived from starch, 

typically featuring more than six glucose units [1]. Within the 

CD series, individual CDs possess six, seven, or eight 

glucose units. CDs, incorporating hydrophobic moieties of 

suitable dimensions, are recognized for forming inclusion 

complexes with a diverse array of guest substances, with the 

most extensively investigated complexes having a guest-host 
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stoichiometry of 1:1 or 1:2 [2]. 

      Homovanillic acid (HVA), the 3-O-methyl ether of (3,4-

dihydroxy phenyl) acetic acid, stands as a metabolite of 

catecholamines. Functioning as a natural molecule with a 

catechol ring, it serves as a neurotransmitter or hormone in 

both humans and mice [3]. In addition to its correlation with 

dopamine levels in the brain, HVA is employed as a reagent 

for identifying oxidative enzymes [4]. Its presence aids            

in diagnosing malignant pheochromocytoma and 

neuroblastoma, categorizing it within the methoxy phenols 

family of chemical compounds. Methoxyphenols are 

characterized by a phenol moiety's benzene ring linked to a 

methoxy group. Catechol o-methyltransferase catalyzes the 

conversion of the deaminated metabolite of dopamine, 3,4-

dihydroxyphenylacetic acid, into HVA [5]. Depression, sleep  
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disturbances, anxiety, and fatigue are indicative of reduced 

urine HVA levels. Urine testing for this metabolite proves to 

be a valuable method for assessing early exposure to urban 

pollution. HVA was selected as a model for study by Dineiro 

et al. [3], owing to its structural diversity, numerous 

functional groups, and clinical significance as a marker of 

neurotransmitter metabolism. 

      In cyclodextrins, encapsulation is governed by non-

covalent interactions between the guest molecule (the 

complexed molecule) and the host molecule (β-CD, the 

complexing agent). Molecular modeling has proven to be 

instrumental in the study of inclusion complexes, enabling 

the exploration of geometry and the identification of various 

interactions between these two entities. Non-covalent 

intermolecular interactions play a pivotal role in 

supramolecular recognition and enzyme-substrate binding, 

making them crucial subjects for model studies on the 

inclusion complexes of cyclodextrins with diverse substrates 

[6,7]. The motivations behind complexation and the 

introduction of regioselectivity in cyclodextrin-catalyzed 

reactions can be elucidated through theoretical calculations 

[8-10]. Molecular mechanics (MM) computations have been 

predominantly employed in cyclodextrin research due to their 

efficiency in handling molecular size [11-15]. 

      In this paper, a theoretical approach was presented. This 

investigation delved into the energy and geometry of the 

complexation between β-cyclodextrin and HVA, utilizing the 

techniques B3LYP [16], M08HX [17-20], and PW6B95 

[21,22]. This comparative analysis aimed to evaluate the 

main intermolecular interactions between the guest and host 

molecules. Subsequently, natural-bonding orbital (NBO) 

calculations and non-covalent interaction analysis (NCI) 

were employed to provide detailed insights into the various 

interactions between hosts and guests. Finally, the chemical 

shift deviations obtained from Gauge-Including Atomic 

Orbital (GIAO) calculations was compared with the 

corresponding experimental values of 1H NMR. 

 
COMPUTATIONAL DETAILS 
 

      Density functional theory (DFT) calculations were 

conducted using three distinct functionals, namely Becke's 

three parameters Lee-Yang-Parr (B3LYP) [23,24], PW6B95 

(a    6-parameter   functional   based   on    Perdew-Wang-91  

 

 

exchange and Becke-95 correlation), and the hybrid meta-

GGA functional M08HX. These calculations were executed 

using the basis set 6-31G(d) at the theoretical level. No 

constraints were imposed on the geometry during the 

calculations, allowing for the simulation of optimized 

geometric parameters, NBO analysis, and Mulliken charge 

distribution. Additionally, GIAO approach [25,26] was 

employed to investigate chemical shifts using the 

PW6B95/6-311+G(2d,p) and M08HX/6-311+G(2d,p) 

methods. 

      The initial geometry of β-CD and HVA was retrieved 

from the PubChem chemical database [27] and subsequently 

optimized using Gaussian 16 [28] with the PM3 semi-

empirical approach [29,30]. Combining the β-CD/HVA 

structures was accomplished using the molecular modeling 

program Hyperchem 7.5 [31], and the software Gauss View 

5.0.8 [32] was utilized for result visualization and processing. 

The host and guest structures were optimized using the PM3 

approach, as illustrated in Fig. 1. 

      The HVA/β-CD complex was generated according to the 

procedure outlined in the literature [33,34]. Here, the 

glycosidic oxygen atoms of cyclodextrin were arranged in the 

XY plane, considered the center of the system coordinates. 

The guest molecule was positioned along the Z-axis, 

allowing for two orientations (Fig. 2): 

 "Orientation A" where the hydroxyl group of HVA points 

to the broadside of the secondary hydroxylation of β-CD. 

 "Orientation B" where the guest hydroxyl group points to 

the primary hydroxyl group of β-CD (narrow side). 

   The Z coordinate was employed to define the relative 

positions of the host and guest. The HVA guest was 

systematically moved to approach and traverse the β-CD 

cavity along the Z axis from -6 to +6, with a step size of 1. 

The semi-empirical PM3 approach was employed to optimize 

the HVA/β-CD for each step [35-37]. Subsequently, the 

resulting structures were re-optimized                    using the 

B3LYP/6-31G(d), M-08HX/6-31G(d), and PW6B95/6-

31G(d) methods in both vacuum and aqueous phases after 

identifying the initial energy minima. 

Using the following formulas [16], we calculated the 

deformation energy for each component and the interaction 

energy (ΔE) between the host and guest in the optimized 

geometries [36]: 
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      ∆𝐸௜௡௧௘௥௔௖௧௜௢௡ = 𝐸௖௢௠௣௟௘௫ − ൫𝐸ఉ஼஽

ௌ௉ − 𝐸ு௏஺
ௌ௉ ൯                    (1) 

 

 
Where (𝐸௖௢௠௣௟௘௫) represents the total energy of the complex,                 
(𝐸ఉ஼஽

ௌ௉  ) is the single-point energy of the β-CD component 

using its geometry in the optimized complex, and (𝐸ு௏஺
ௌ௉ ) is 

the single-point energy of the HVA component using its 

respective geometry in the optimized complex. 

 
      𝐸(௖௢௠௣௢௡௘௡௧)

஽ாி = 𝐸ௌ௉(௖௢௠௣௢௡௘௡௧)
ை௉் − 𝐸(௖௢௠௣௢௡௘௡௧)

ை௉்               (2) 

 
Where component (𝐸ௌ௉(௖௢௠௣௢௡௘௡௧)

ை௉் ) is the energy of the single 

point of the component using its geometry in the optimized 
complex, and component (𝐸(௖௢௠௣௢௡௘௡௧)

ை௉் ) is the energy of  the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

optimized component geometry. 

 

RESULTS AND DISCUSSION 
 
Energies 
      For the HVA in β-CD, Fig. 3 illustrates the energy 

fluctuations of inclusion complexes as two curves. It is 

observed that the two stable HVA/β-CD structures were 

positioned at 0° for orientation A and -1° for orientation B. 

These structures exhibited interaction energies of                                   

-18.20 kcal mol-1  and  -15.75  kcal mol-1,  respectively, with                                

 
Fig. 1. The optimized host molecule (HVA) and guest molecule (β-CD) structures. 

 
Fig. 2. Diagrammatic representation of the HVA binding mode in the β-CD cavity that creates the two orientations. 
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an energy gap of 2.45 kcal mol-1. Notably, the more favorable 

orientation at this point was A. The negative interaction 

energies for both complexes indicated that the inclusion of 

HVA in β-CD was energetically favorable. For proper 

optimization of the two generated complexes at the DFT level 

of theory, B3LYP/6-31G(d), M-08HX/6-31G(d), and 

PW6B95/6-31G(d) functions were employed in both vacuum 

and aqueous phases. The computed energy for the most stable 

structures of the two orientations is summarized in Table 1. 

      The results extracted from Table 1 revealed that, in the 

vacuum phase, the interaction energy for B3LYP/6-31G(d), 

M08HX/6-31G(d), and PW6B95/6-31G(d) was -46.49,                    

-47.56, and -52.37 kcal mol-1, respectively, for orientation A. 

Conversely, for orientation B, the highest interaction energy 

with β-CD was observed, with values of -36.43, -49.97, and 

-40.79 for the respective methods. These findings 

consistently demonstrated that, in both vacuum and aqueous 

phases, the interaction in orientation A was markedly more 

favorable than in orientation B, aligning with earlier PM3 

approach results [16]. Notably, the PW6B95/6-31G(d) 

method in a vacuum for orientation A yielded the highest 

interaction energy values. It is conventionally preferred that 

the complex with the most negative interaction energy is 

considered more stable [30]. The vacuum and aqueous phase              

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

results suggest that M08HX/6-31G(d) and PW6B95/6-

31G(d) functions predict more stable geometrical structures 

compared to the traditional B3LYP technique.  

      The deformation energy analysis presented in Table 1, for 

both vacuum and aqueous phases, underscored that the β-CD 

molecule exhibited superior deformation energy compared to 

the HVA molecule in both orientations across all functions. 

Post-complexation, the flexibility of the β-CD structure 

emerged as a crucial factor influencing intermolecular 

interaction and system stability. The energy required to alter 

the system of an HVA molecule for bonding inside the β-CD 

cavity was higher for an A-orientation HVA molecule than 

for a B-orientation HVA molecule. These findings suggest 

that the formation of inclusion complexes is influenced by 

multiple factors, including the deformation energy of β-CD. 

      In the proposed favorable structures, illustrated in Fig. 4, 

it is evident that HVA is entirely encapsulated in the β-CD 

cavity for orientation A, as indicated by consistent results 

across all B3LYP/6-31G(d), M08HX/6-31G(d), and 

PW6B95/6-31G(d) functions for the two orientations. 

 

Geometrical Parameters 
      The inclusion complexes in orientation A exhibited total 

penetration  compared to orientation B in both  vacuum  and 

  
Fig. 3. PM3 estimates of the binding energies for the HVA/β-CD inclusion complexation at various locations (Z). 
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Table 1. Interaction and Deformation Energies in Vacuum and Aqueous Phases (kcal mol-1) for Both Orientations 
 

 Vacuum phase Aqueous phase 
Orientation A Orientation B Orientation A Orientation B 

B3LYP/6-31G(d)     
ΔE interaction -46.49 -36.43 -30.07 -24.39 
E DEF (β-CD) 17.71 11.06 12.11 6.71 
E DEF (HVA) 3.61 3.44 3.63 3.16 
M08HX 6-31G(d)      
ΔE interaction -47.56 -49.97 -42.34 -26.37 
E DEF (β-CD) 12.11 9.30 13.37 -3.37 
E DEF (HVA) 2.55 3.21 2.88 2.52 
PW6B95 6-31G(d)      
ΔE interaction -52.37 -40.79 -39.52 -29.50 
E DEF (β-CD) 22.89 14.67 11.68 6.59 
E DEF (HVA) 3.37 3.23 3.42 2.61 

 
 

 
Fig. 4. Geometric structures of the most stable complexes obtained from B3LYP/6-31G(d) (a, b), M08HX/6-31G(d) (a', b'), and 

PW6B95/6-31G(d) (a'', b'') calculations for HVA/β-CD, respectively, in vacuum. 
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aqueous phases, based on geometric metrics. The benzene 

ring is fully integrated into the β-CD cavity in both 

orientations [37-40]. The complex geometries observed in 

the aqueous phase closely resemble those in the vacuum.  

   Tables 2, 3, and Fig. 4 summarize the optimal structural 

parameters (bond lengths, angles, and dihedral angles) of the 

HVA molecule before and after complexation as determined 

by the B3LYP/6-31G(d), M08HX/6-31G(d), and 

PW6B95/6-31G(d) theory levels in a vacuum phase. 

      The results indicated a significant change in the basic 

geometry of HVA in the complexes. This alteration was 

elucidated by differences in bond length, bond angle, and 

dihedral angle values. Notably, the dihedral angle O151-C159-

C153-C152  (-2.83/-7.26/-10.87°) of  the  free  HVA  molecule  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

compared to the dihedral angle O151-C159-C153-C152 (-107.50/-

137.06/-105.61°) of HVA in the complex was particularly 

pronounced for orientation A.  

      In contrast, orientation B exhibited dihedral angles O151-

C159-C153-C152 (68.31/11.38/29.09°), and the preceding 

discrepancy was more noticeable. Bond angles also undergo 

significant distortion. The formation of a stable inclusion 

complex in orientation A under vacuum conditions was 

evident from the specific conformation adopted by HVA 

inside the host cavity. 

     Table 3 presents the geometric characteristics of β-CD before 

and after complexation with HVA (primary and secondary 

hydroxyls). Notably, interactions between the host and                         

guest resulted in a  substantial  modification of  the  host  cavity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Geometric Parameters (Bonds, Bond Angles, and Dihedral Angles) of HVA before and after Inclusion in β-CD Calculated 

with B3LYP/6-31G(d) M08HX/6-31G(d) and PW6B95/6-31G(d) 

  
HVAFree Orientation A Orientation B 

Bond (Å) 

O149-H169 0.97/0.97/0.96 0.99/0.98/0.98 0.98/0.97/0.97 

O148-C160 1.43/1.42/1.42 1.45/1.43/1.44 1.44/1.43/1.43 

O148-C155 1.38/1.37/1.37 1.38/1.37/1.37 1.38/1.37/1.37 

O149-C157 1.37/1.36/1.36 1.37/1.36/1.36 1.37/1.36/1.36 

O151-C159 1.21/1.20/1.21 1.23/1.22/1.22 1.23/1.22/1.22 

O150-C159 1.35/1.34/1.34 1.33/1.33/1.32 1.33/1.32/1.32 

O150-H170 0.98/0.97/0.97 1.00/0.97/0.01 1.01/0.99/0.99 

Bond angles (°) 

O150-C159-O151 122.70/122.80/122.72 123.89/122.36/123.91 122.99/122.45/122.72 

C159-O150-H170 107.14/107.87/107.19 110.90/108.55/110.42 110.38/107.19/108.57 

C153-C159-O151 126.60/126.30/126.51 122.82/123.82/122.87 124.26/124.76/124.64 

O150-C159-C153 110.70/110.88/110.77 113.20/113.80/113.70 112.69/112.79/112.63 

C157-O149-H169 109.04/109.43/108.90 112.20/110.14/111.15 111.17/112.29/111.47 

C155-O148-C160 114.96/113.12/114.19 119.04/113.47/117.25 114.89/111.88/113.59 

C155-C157-O149 117.55/117.12/117.33 118.66/118.62/118.20 117.60/115.84/116.83 

C157-C155-O148 120.92/120.00/120.44 123.01/119.86/121.69 120.31/119.03/119.94 

Dihedral angle (°) 

O149-C157-C155-O148 -2.01/-0.99/-1.46 -6.51/-7.40/-5.43 -5.69/2.83/-3.56 

C160-O148-C155-C157 73.77/74.65/73.68 53.02/87.23/58.22 77.70/77.65/78.75 

O151-C159-O150-H170 -0.14/-0.36/-0.58 9.55/0.28/8.08 -7.02/-12.29/-10.42 

O151-C159-C153-C152 -2.83/-7.26/-10.87 -107.50/-137.06/-105.61 68.31/11.38/29.09 

O150-C159-C153-C152 177.44/173.63/170.28 69.26/44.74/70.47 -108.99/-167.75/-150.28 
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compared to the free β-CD. An important observation is the 

transformation of the round cavity of β-CD to an oval cavity 

following guest insertion [36]. The favorable structures, 

presented   with    PW6B95/6-31G(d)  calculations   for   all 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

inclusion complexes analyzed in Fig. 5, demonstrate that 

HVA is absorbed in the β-CD cavity through hydrogen bonds 

formed between the guest and the hydroxyl groups of β-CD 

[41,42]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Geometric Parameters Free β-CD and Complexed Forms Calculated with B3LYP/6-31G(d) M08HX/6-31G(d) and 

PW6B95/6-31G(d) 

  
       Free β-CD      Orientation A    Orientation B 

Primary hydroxyls 
 

  

O11-O22 4.316/4.124/ 2.879 5.725/5.944/5.735 4.490/4.109/4.35 

O22-O33 2.801/3.889/ 2.896 3.919/4.124/3.736 3.185/3.659/3.603 

O33-O44 2.909/2.791/ 2.910 3.230/2.757/3.300 2.958/2.682/2.744 

O44-O55 2.920/2.873/ 2.844 3.545/3.707/3.652 4.460/3.877/4.164 

O55-O66 6.637/6.647/ 6.507 6.047/5.867/6.025 7.175/6.301/6.612 

O66-O77 3.007/2.979/ 3.889 4.113/3.926/4.287 3.706/3.812/3.777 

O77-O11 5.434/5.164/ 5.537 2.940/2.918/2.938 5.719/5.374/5.468 

Secondary hydroxyls 
 

O36-O27 3.113/2.892/ 3.061 2.883/2.908/2.872 3.150/2.894/2.890 

O27-O25 2.829/2.779/ 2.822 2.867/2.808/2.849 2.793/2.776/2.747 

O25-O16 2.900/2.835/ 3.046 2.808/2.902/2.794 2.829/2.834/2.806 

O16-O14 2.815/2.760/ 2.825 2.778/2.822/2.753 2.780/2.767/2.734 

O14-O5 2.915/2.870/ 3.078 2.814/2.717/2.823 2.855/2.862/2.839 

O5-O3 2.830/2.791/ 2.827 2.820/2.779/2.778 2.763/2.763/2.740 

O3-O71 2.942/2.939/ 3.099 3.085/3.119/3.008 2.809/2.861/2.846 

O71-O69 2.833/2.802/ 2.804 2.852/2.842/2.813 2.796/2.799/2.770 

O69-O60 2.918/2.907/ 2.968 3.011/3.051/3.025 2.961/2.975/2.970 

O60-O58 2.794/2.807/ 2.788 2.822/2.841/2.798 2.789/2.811/2.779 

O58-O49 2.844/2.907/ 2.877 2.889/2.936/2.891 2.817/2.923/2.880 

O49-O47 2.824/2.825/ 2.786 2.822/2.802/2.778 2.772/2.796/2.765 

O47-O38 3.020/3.036/ 2.966 2.955/2.914/2.928 2.827/2.885/2.850 

O38-O36 2.859/2.799/ 2.823 3.771/2.801/2.800 2.822/2.791/2.760 

Glycosidic oxygen 
   

O29-O40 4.393/4.350/ 4.378 4.514/4.314/4.447 4.494/4.450/4.439 

O40-O51 4.412/ 4.262/ 4.333 4.310/4.355/4.285 4.241/4.161/4.127 

O51-O62 4.536/4.457/ 4.471 4.484/4.508/4.386 4.605/4.443/4.524 

O62-O73 4.323/4.365/ 4.368 4.478/4.382/4.428 4.439/4.497/4.473 

O73-O7 4.305/4.307/ 4.422 4.5414/4.239/4.483 4.324/4.328/4.298 

O7-O18 4.552/4.374/ 4.470 4.196/4.495/4.124 4.475/4.267/4.324 

O18-O29 4.438/4.374/4.460 4.487/4.311/4.373 4.529/4.483/4.482 
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Thermodynamic Parameters 
      PW6B95/6-31G(d) performed the process at 1 atmosphere 

and 298.15 K in both vacuum and aqueous phases for both 

orientations to calculate the thermodynamic parameters of the 

inclusion. Table 4 provides a summary of these parameters, 

including enthalpy change (ΔH°), Gibbs free energy (ΔG°), and 

entropy change (ΔS°). 

      According to the experimental results, the complexation 

reactions of HVA with β-CD are exothermic, as indicated by the 

negative enthalpy changes (ΔH° = -48.35 kcal mol-1). 

Additionally, both orientations (A and B) exhibited similarly 

negative entropy changes (ΔS°), suggesting that the creation of 

the complex is now driven by enthalpy. Furthermore, the 

negative enthalpy variations imply that both inclusion methods 

are enthalpically favorable. Both complexation reactions 

exhibited negative ΔG° values, indicating spontaneous 

processes [43], and binding interactions were considered the 

preferred type of complexation. The negative G, H, and S values 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

collectively suggest that the production of β-CD/HVA inclusion 

complexes was an enthalpy-driven process. In contrast to 

orientation B, the enthalpy change of orientation A (ΔH° =               

-48.35 kcal mol-1) is more negative than that of orientation B 

(ΔH° = -44.71 kcal mol-1). Complex A has a negative ΔH° 

value, signifying a strong interaction between HVA and the β-

CD cavity. This is attributed to increased van der Waals 

interactions in both vacuum and aqueous phases [36]. 

 

Frontier Molecular Orbitals (FMO) and Chemical 
Reactivity 
      The PW6B95/6-31G(d) approach was employed to assess 

the chemical reactivity and site selectivity of molecular systems. 

The boundary molecular orbital energies, 𝐸ுைெை (as ionization 

energy) and 𝐸௅௎ெை (as electron affinity), were used to calculate 

the global reactivity descriptors, including electronegativity (χ), 

potential (μ), global hardness (η), and electrophilicity index (ω). 

The results were determined using Eqs. (3)-(5). 

 
Fig. 5. HOMO and LUMO boundary molecular orbital energies for free HVA and complexed in β-CD obtained at PW6B95/6-

31G(d) in vacuum. 
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      𝜒 = −𝜇 = (𝐸ுைெை + 𝐸௅௎ெை)/2                                         (3) 

 

      𝜂 = (𝐸௅௎ெை − 𝐸ுைெை)/2                                                  (4) 

 

      𝜔 = 𝜇ଶ/2𝜂                                                                        (5) 

 

     Table 4 summarizes the HOMO and LUMO energies, as 

well as structural parameters μ, χ, η, and ω, for free HVA, β-

CD, and their inclusion complexes calculated using 

PW6B95/6-31G(d). In this context, LUMO represents the 

ability to accept an electron, while HOMO represents the 

ability to donate electrons. The HOMO-LUMO gap, defined 

as (𝐸ுைெை − 𝐸௅௎ெை),  is  a  significant  stability  scale,  with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

chemicals having higher gap values generally exhibiting 

greater stability [44]. 

      In both vacuum and aqueous phases, the (𝐸ுைெை −

𝐸௅௎ெை) gaps for complexes A (-8.17 (eV)) and B                         

(-8.07 (eV)) were found to be convergent. Specifically, the 

(𝐸ுைெை − 𝐸௅௎ெை) energy band gap obtained with 

PW6B95/6-31G (d) in the vacuum and aqueous phases was -

1.91 (eV) for the A orientation and -1.9 (eV) for the B 

orientation, showing no significant difference between the 

two environments. Figure 5 illustrates typical HOMO and 

LUMO structures, revealing high electron density 

concentration in the benzene ring and carboxyl group for              

the  HOMO  distribution in the free state. The LUMO orbital  

Table 4. Thermodynamic Parameters, Including HOMO, LUMO, (𝐸ுைெை − 𝐸௅௎ெை), Electronegativity (χ), Potential (μ), 

Global Hardness (η), and Electrophilicity Index (ω), Estimated by PW6B95/6-31G(d) for Inclusion Complexes, HVA, and 

β-CD in the Vacuum and Aqueous Phases 

 

Vacuum phase  

 β-CD free AZ free Orientation A Orientation B 

ΔH° (kcal mol-1) - - -48.35 -44.71 

ΔG° (kcal mol-1) - - -32.97 -26.43 

ΔS° (cal mol-1 K-1) - - -52.81 -59.04 

HOMO (eV) 5.17 -5.99 -5.17 -5.44 

LUMO (eV) 0.27 -2.99 -3.26 -3.54 

Δ (𝐸ுைெை − 𝐸௅௎ெை) -5.44 -3.00 -1.91 -1.9 

μ (eV) -2.45 -4.49 -4.21 -4.49 

𝜒 (eV) 2.45 4.49 4.21 4.49 

η (eV) 2.72 1.5 0.96 0.95 

ω (eV) 1.10 6.72 9.23 10.61 

Aqueous phase     

 β-CD free AZ free Orientation A Orientation B 

ΔH° (kcal mol-1) - - -39.25 -36.29 

ΔG° (kcal mol-1) - - -18.84 -16.76 

ΔS° (cal mol-1 K-1) - - -66.23 -65.52 

HOMO (eV) -5.44 -9.52/-6.26 -5.44 -5.44 

LUMO (eV) 0.27 -0.54/-4.62 -3.54 -3.54 

Δ(𝐸ுைெை − 𝐸௅௎ெை) -5.71 -1.64 -1.9 -1.9 

μ (eV) -2.58 -5.44 -4.49 -4.49 

𝜒 (eV) 2.58 5.44 4.49 4.49 

η (eV) 2.86 0.82 0.95 0.95 

ω (eV) 1.16 18.04 10.61 10.61 
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exhibited a distribution of low electron densities in the 

hydroxyl group. Importantly, the diagram indicates that the 

guest molecule remains entirely confined to the HOMO and 

LUMO orbitals in both orientations, suggesting that 

encapsulation does not alter the charge distribution of the 

guest molecule [35]. In terms of overall indices, the electron 

chemical potential (μ), hardness (η), electronegativity (χ), 

and electrophilicity (ω) values of the complexes differ from 

those of the individual host and guest molecules. The 

electronegativity (χ) of electrons increases upon conjoining 

the HVA molecule and β-CD. However, until the chemical 

electron potentials (μ) are equal, electrons are transferred to 

the lower chemical electron potential [45]. 

     All inclusion complexes exhibited negative chemical 

potentials, indicating that the inclusion processes are 

spontaneous. In comparison to free β-CD, free HVA had 

lower chemical potential values, suggesting charge transfer 

from β-CD to HVA during complex formation in both 

orientations. The chemical hardness (η) values for both 

orientations in PW6B95/6-31G(d) computations in the gas 

phase (and in the aqueous phase) were the same at 0.0001. 

High values of this significant electrophilicity index are 

indicative of the majority of electrophilic systems [46]. The 

electrophilicity (ω) of orientation A in the vacuum phase (and 

in the aqueous phase) was determined to be 9.23 (eV) (10.61 

(eV)), significantly lower than the electrophilicity of 

orientation B, which was calculated to be 10.61 (eV) (10.61 

(eV)). This disparity suggests that complex B is more 

electrophilic, emphasizing the crucial role of charge transfer 

interactions in the stabilization of inclusion complexes. The 

results further indicate that the stability of the complexes is 

lower than that of isolated β-CD, as HVA molecules exhibit 

reduced hardness (η), measuring 1.5 (eV) (0.96 (eV)) when 

they enter the cavity of β-CD in vacuum phase orientation A. 

 

Mulliken Charge 
      When applying quantum chemical calculations to such a 

system, the Mulliken atomic charge calculation becomes 

crucial. The Mulliken population [47] is a fundamental aspect 

in representing the charge distribution in the simplest 

possible way, rendering atomic populations in the molecule 

"sharp" due to the Mulliken charges. These charges 

significantly impact the dipole moment, polarizability, and 

electronic structure of molecules [48]. 

 

 

The Natural Bond Orbital (NBO) Analysis 
      The study of intra- and intermolecular bonding, 

interactions between bonds, as well as charge transfer or 

conjugative interaction in molecular systems, can be 

efficiently performed using orbital analysis of natural bonds. 

In this section, the mutual interactions between the two 

molecules were explored using the M08-HX/6-31G(d) and 

PW6B95/6-31G(d) levels of theory for both vacuum and 

aqueous orientations. Lone pairs (LP) of oxygen atoms acting 

as donors and OH bonds acting as acceptors lead to the most 

significant interactions. 

   Tables 6 and 7 provide their corresponding E(2) energies for 

the two orientations, with values increasing as hydrogen 

bonding lengths shorten (O...H). Figures 6 and 7 display 

numerous potent hydrogen bonds in the complexes' 

optimized structures, specifically for orientation A. 

The significant hydrogen bonds were discovered in a vacuum 

when the HVA was considered as a donor. 

      For orientation A. (I) The first hydrogen bond was 

formed between the O44-H117 bond (2.35 Å) and the hydrogen 

atom (H117) of the O149-H169 bond, with estimated energies of              

0.23 kcal mol-1 (M08HX/6-31G(d)) and 0.24 kcal mol-1 

(PW6B95/6-31G(d)). 

   (II) The second hydrogen bond occurred between the 

hydrogen atom (H87) and the lone pair oxygen atom (O148) of 

the O11-H87 bond, positioned at 1.91 and 1.89 Å. The 

calculated H-bond energies were 6.11 (kcal mol-1) 

(M08HX/6-31G(d)) and 9.42 (kcal mol-1) (PW6B95/6-

31G(d)). 

      For orientation B. (I) The first hydrogen bond, at 

distances of 2.30 and 2.29 Å, was between the O149-H169      

bond and the hydrogen atom (H121), with E(2) energies of                     

0.33 kcal mol-1 (M08HX/6-31G(d)) and 0.36 kcal mol-1 

(PW6B95/6-31G(d)). 

   (II) The second hydrogen bond was formed between the 

hydrogen atom (H147) and the lone pair oxygen atom (O151) 

in the O77-H147 bond, positioned at 1.95 Å. The estimated H-

bond energies were 4.28 (kcal mol-1) (M08HX/6-31G(d)) and 

5.72 kcal mol-1 (PW6B95/6-31G(d)). 

      An important hydrogen bond was identified between the 

lone pair (LP) (O55) and σ*(O149-H169) at 1.85 Å, with 

energies of 15.36 kcal mol-1 (M08HX/6-31G(d)) and                       

13.79 kcal mol-1 (PW6B95/6-31G(d)) when HVA acted as               

an acceptor. Another hydrogen  bond was  formed  between the 
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Fig. 6. Mulliken charge analysis of HVA. 
 
 
Table 5. Mulliken Atomic Charges of HVA before and after Inclusion in β-CD Computed in the Aqueous Phase Using 
M08HX/6-31G(d), and PW6B95/6-31G(d) 
 

 M08HX/6-31G(d) PW6B95/6-31G(d) 
 HVAFree Orientation A Orientation B HVAFree Orientation A Orientation B 

O148 -0.57 -0.59 -0.57 -0.56 -0.57 -0.54 
O149 -0.71 -0.76 -0.73 -0.67 -0.71 -0.71 
O150 -0.61 -0.59 -0.64 -0.56 -0.60 -0.60 
O151 -0.55 -0.53 -0.54 -0.52 -0.51 -0.52 
C152 0.09 0.10 0.13 0.09 0.09 0.13 
C153 -0.51 -0.51 -0.50 -0.42 -0.43 -0.48 
C154 -0.27 -0.24 -0.23 -0.23 -0.22 -0.21 
C155 0.30 0.30 0.30 0.31 0.31 0.29 
C156 -0.21 -0.19 -0.30 -0.20 -0.21 -0.24 
C157 0.34 0.34 0.33 0.32 0.32 0.32 
C158 -0.27 -0.19 -0.22 -0.23 -0.21 -0.22 
C159 0.67 0.69 0.66 0.59 0.61 0.61 
C160 -0.28 -0.27 -0.27 -0.23 -0.26 -0.24 
H161 0.22 0.19 0.24 0.20 0.21 0.22 
H162 0.24 0.24 0.24 0.20 0.21 0.22 
H163 0.20 0.18 0.19 0.16 0.18 0.17 
H164 0.20 0.18 0.21 0.16 0.18 0.18 
H165 0.21 0.14 0.18 0.17 0.16 0.17 
H166 0.18 0.18 0.17 0.17 0.17 0.16 
H167 0.18 0.164 0.17 0.17 0.18 0.17 
H168 0.20 0.19 0.20 0.18 0.20  0.18 
H169 0.46 0.50 0.49 0.45 0.47 0.47 
H170 0.46 0.47 0.49 0.45 0.47 0.48 
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Table 6. Donor-acceptor Interactions and Stabilization Energies E(2) (kcal mol-1) of HVA/β-CD Orientation A 
 

 Orientation A 
Vacuum Aqueous 

Donor Acceptor M-08HX PW6B95 M-08HX PW6B95 
E(2) d (Å) E(2) d (Å) E(2) d (Å) E(2) d (Å) 

O149-H169 H117 0.23 2.35 0.24 2.33 0.13 2.30 0.25 2.32 
LP (O7)  C154-H163 3.32 2.26 0.13 3.06 1.58 2.45 0.13 3.06 
LP (O55)  O149-H169 15.36 1.85 13.79 1.86 3.83 1.83 15.99 1.84  
LP (O148)  O11-H87 6.11 1.91 9.42 1.89 8.50 1.96 10.27 1.88  

 
 
Table 7. Donor-acceptor Interactions and Stabilization Energies E(2) (kcal mol-1) of HVA/β-CD in Orientation B 

 
 Orientation B 

Vacuum Aqueous 
Donor Acceptor M-08HX PW6B95 M-08HX PW6B95 

E(2 d(Å) E(2) d(Å) E(2) d(Å) E(2) d(Å) 
O149-H169 H121 0.33 2.30 0.36 2.29 0.37 2.28 0.38 2.27 
LP(O11)  O150-H170 19.69 1.78 22.32 1.74 22.72 1.74   27.96 1.68 
LP (O22)  C153-H161 1.81 2.47 0.89 2.66 2.01 2.42  0.50 2.83 
LP (O51)  O149-H169 9.04 1.85 9.28 1.88  9.74 1.84 10.05 1.87 
LP (O151)  O77-H147 4.28 1.95 5.72 1.93 5.25 1.93 6.60 1.92 

 

 
Fig. 7. Strong hydrogen bonding in Orientation A for (a) and (b) for M-08HX/6-31G(d) in vacuum and aqueous, (a’) and 
(b’) for PW6B95/6-31G(d) in vacuum and aqueous. 
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C154-H163 bond and the lone pair (LP) (O7) at distances of 1.89 

and 1.91 Å, with energies of 3.32 (kcal mol-1) (M08HX/6-

31G(d)) and 0.13 (kcal mol-1) (PW6B95/6-31G(d)). 

      When HVA acted as the acceptor in orientation B, (I) the 

initial interaction between LP (O11) and σ*(O150-H170) was 

substantial, with H-bond energies of 19.69 (kcal mol-1) 

(M08HX/6-31G(d)) and 22.32 (kcal mol-1) (PW6B95/6-

31G(d)) at distances of 1.95 and 1.93 Å, respectively. (II) The 

second hydrogen bond involved the lone pair (LP) (O51) and 

O149-H169 at 1.85 Å, with energies of 9.04 (kcal mol-1) 

(M08HX/6-31G(d)) and 9.28 (kcal mol-1) (PW6B95/6-

31G(d)). 

    (III) The third hydrogen bond was formed between the 

lone pair oxygen atom (LP) (O22) and the C153-H161 bond at 

distances ranging from 2.47 to 2.66 Å, with energies of 1.81 

(kcal mol-1) (M08HX/6-31G(d)) and 0.89 (kcal mol-1 

(PW6B95/6-31G(d)). 

In an aqueous environment, a crucial intermolecular 

hydrogen bond was observed when HVA acted as the donor. 

      For orientation A. (I) The energy of the first hydrogen 

bond was calculated to be 0.13 (kcal mol-1) using M08-HX/6-

31G(d), and the second hydrogen bond was estimated to be                            

0.25 (kcal mol-1) using PW6B95/6-31G(d), both positioned 

at 2.30 Å. 

      (II) The second hydrogen bond, between the hydrogen 

atom (H87) and the lone pair oxygen atom (O148) of the O11-

H87 bond, was positioned at 1.96 and 1.88 Å. The calculated 

H-bond energies were 8.50 (kcal mol-1) (M08-HX/6-31G(d)) 

and 10.27 (kcal mol-1) (PW6B95/6-31G(d)), respectively. 

      For orientation B. (I) The essential bond (O149-H169) and 

a hydrogen atom (H121) were situated at 2.28 and 2.27 Å, 

respectively, with E(2) energies of 0.37 and 0.38 (kcal mol-1) 

from M08-HX/6-31G(d) and PW6B95/6-31G(d), 

respectively. 

      (II) The second hydrogen bond was at 1.93 Å between the 

hydrogen atom (H147) and the lone pair oxygen atom (O151) 

in the O77-H147 system. The calculated energy of this H-bond 

from 

 M08-HX/6-31G(d) was 5.25 (kcal mol-1) (bond positioned at 

1.92 Å, 6.60 (kcal mol-1) from PW6B95/6-31G(d)). 

      In the case where HVA was acting as an acceptor; 

LP(O55) and σ*(O149-H169) were at 1.83 and 1.84 Å, with 

energies of 3.83 and 15.99 (kcal mol-1) from M08-HX/6-

31G(d)  and  PW6B95/6-31G(d)  in  orientation  A.   Higher 

 

 

energy values of 22.72 and 27.96 (kcal mol-1) were obtained 

for the interaction of the lone pair of LP(O11) atom with the 

antibonding acceptor orbital σ*(O150-H170) in orientation                 

B using M08-HX/6-31G(d) and PW6B95/6-31G(d), 

respectively. 

      According to NBO analysis, the compounds under study 

exhibited strong hyperconjugative interactions (LP (O55) 

O149-H169 and LP (O11) O150-H170, respectively, for 

orientations A and B). The second-order energy E (2) was 

15.99 and 27.96 kcal mol-1 at PW6B95/6-31G(d) level in the 

aqueous phase. The largest E (2) values were found in 

PW6B95/6-31G(d) in orientation B complex, as shown in 

Tables 6 and 7. The relationship between interaction energy 

and corresponding distances demonstrated that the higher the 

value of E(2), the shorter the interaction's contact distance.  

 
1H NMR Analysis 
      Using an equivalent TMS (tetramethylsilane) shielding 

estimated at the same theoretical levels as the reference, the 

GIAO approach was employed for 1H NMR at the M08-

HX/6-311+G(2d,p) and PW6B95/6-311+G(2d,p) density 

functional levels of theory [51]. NMR chemical shifts (δ) 

were calculated using the GIAO approach by subtracting the 

nuclear magnetic shielding tensors of the protons in the 

molecules of interest from those of TMS, serving as a 

reference, to provide results commensurate with 

experimental data. The polarizable continuum model (PCM) 

method was utilized to study the effects of the solvent (ε = 

78.35), using water as a solvent. 

δ = σTMS-σ 

      Table 8 and Fig. 8 present the outcomes of the 

experimental [42] and theoretical research. The estimated 1H 

NMR chemical shifts of HVA in β-CD, including the 

inclusion complex's available experimental values (in ppm) 

with M08-HX/6-311+G(2d,p) and PW6B95/6-311+G(2d,p), 

are represented in Table 8. The proton signals of HVA, 

specifically H163, H164, and H165, showed notable 

chemical shift changes, while the other proton signals 

exhibited the least amount of chemical shift variation. 

Protons H161 and H164 from M08HX/6-311+G(2d,p) in 

orientation A showed the biggest difference between 

theoretical chemical shifts and observed chemical shifts in      

Table 8 and Fig. 8. Orientation A can be considered the most 

advantageous construction based on our theoretical findings.  
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Fig. 8. Calculation of the inclusion complex of HVA/β-CD 

experimental and theoretical 1H NMR chemical shifts for both 

orientations. 

 

 

The results of the DFT combination computations using 

PW6B95/6-311+G(2d,p) are similar to the experimental 

results. 

      This analysis concludes that the PW6B95/6-311+G(2d,p) 

GIAO approach was justified in assigning all proton 

chemical shifts. To examine the relationship between 

theoretical and experimental NMR shielding tensors, the 

experimental data were plotted against the computed values 

from M08HX/6-311+G(2d,p)  and  PW6B95/6-311+G(2d,p) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

in orientation A. As depicted in Figs. 9 and 10, a strong linear 

correlation exists between the experimental and theoretical 

chemical shifts [52,53]. 

 

NCI-RDG Analysis 
      Weak intermolecular or intermolecular interactions can be 

elucidated through the analysis of reduced density gradient  

(RDG) calculations, providing insights into non-covalent 

interactions (NCI) that contribute  to the  stability  of  molecular 

 

 

 
Fig. 9. A plot of experimental and theoretical 1H NMR 

chemical shifts at the M08-HX/6-311+G(2d,p) level. 
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Table 8. Calculation of Experimental and Theoretical 1H NMR Chemical Shifts of the Inclusion Complex of HVA/β-CD at the 

M08HX/6-311+G(2d,p) and PW6B95/6-311+G(2d,p) Levels of the Theory for both Orientation 

 

Protons Experimental Calculated 

 HVA in β-CD M08HX PW6B95 

  Orientation A Orientation B Orientation A Orientation B 

H161 3.65 5.01 5.15 3.65 4.39 

H162 3.65 4.55 3.66 3.65 3.33 

H163 6.95 8.02 7.58 7.58 7.45 

H164 6.83 8.08 7.15 7.38 7.04 

H165 6.93 7.32 7.25 7.38 6.87 

H166 3.85 5.02 4.01 3.99 3.59 

H167 3.85 4.49 4.52 4.45 4.39 

H168 3.85 4.04 4.23 4.70 4.01 

H169 _ 8.53 7.40 8.41 7.22 

H170 _ 6.82 10.73 11.14 11.72 
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Fig. 10. A plot of experimental and theoretical 1H NMR 

chemical shifts at the PW6B95/6-311+G(2d,p)) level. 
 
 
structures [54]. The NCI-RDG analysis aims to characterize 

and interpret non-covalent interactions between HVA and β-

CD. For all orientations, NCI-RDG analyses are presented in 

HVA/β-CD using an isosurface value of 0.5. The colors on 

the isosurfaces in Fig. 11 represent weak interactions, blue 

for strong attracting forces (van der Waals interactions), red 

for strong repulsive forces, and green (or earth green) for van 

der Waals interactions. 

 Sign (λ2)ρ < 0: Attractive interactions (van der Waals, 

hydrogen bonds) 

 Sign (λ2)ρ > 0: Repulsive interactions (steric crowding) 

      Bonds (shown in blue) between HVA and the 

hydrophobic interior cavity of the β-CD are clearly visible. 

Combining RDG and NCI research, it was demonstrated that 

while hydrogen bonds were weak and not visually apparent, 

van der Waals forces were the primary driving forces in           

the development of HVA/β-CD inclusion complexes (IC)         

(Fig. 9). These findings align with the molecular docking 

study's lowest binding affinity and RDG. Both van der Waals 

forces and hydrogen bonds contribute to the stability of the 

IC structure [55], as indicated by the NCI study based on the 

RDG, further confirming the development of the IC. Notably, 

the HVA/β-CD IC, the most stable among the three ICs, 

exhibited the densest distribution of van der Waals forces and 

hydrogen bonds. In orientation A, green patches indicative of 

hydrophobic interactions were observed between the primary 

hydroxyl and guest carboxyl functions (Fig. 11a). Direction 

B revealed  forces  between  primary hydroxyl and OCH3, as  

 

 
Fig. 11. The low-gradient isosurface of the HVA/β-CD in the 

M08HX and PW6B95 techniques in aqueous is present in 

both directions. 

 

 

well as primary hydroxyl and guest alcohol functions. 

Additionally, red regions around the center of aromatic 

cycles indicated steric-repelling effects. 
 
CONCLUSION  
 

      In this study, the interaction between β-CD and HVA was 

examined using three DFT functional levels-B3LYP, 

M08HX, and PW6B95-paired with a 6-31G(d) basis set. The 

investigation, conducted in both vacuum and aqueous 

environments, aimed to elucidate the complex dynamics of 

the formed complexes. Consistently, Orientation A emerged 

as the preferred configuration, demonstrating superior 

stability in both aqueous and vacuum conditions. The unique 

σ exp = (0.9022)σ calcd+ 0.1207
R² = 0.9731
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confirmation adopted by HVA within the host cavity in 

vacuum underscored the robustness of this orientation. 

Moreover, complexation energy profiles highlighted the 

thermodynamic favorability of the host-guest interaction. 

Detailed analyses, including NBO simulations, emphasized 

the pivotal role played by intermolecular hydrogen 

interactions and Van der Waals forces in stabilizing the 

HVA/β-CD complexes. NBO and NCI analyses converged 

on the significance of Van der Waals forces as the principal 

driving force behind the complex formation. Comparative 

assessments of computational methods revealed the 

enhanced predictive accuracy of M08HX and PW6B95 in 

determining stable geometrical structures compared to the 

conventional B3LYP approach. The consistent encapsulation 

of HVA within the β-CD cavity further validated the 

reliability of these advanced methods. Notably, the 

PW6B95/6-311+G(2d,p) GIAO approach emerged as the 

most accurate in assigning proton chemical shifts, surpassing 

other methods utilized in this study.  

      Further research should refine computational methods, 

explore solvent effects, and consider temperature 

dependencies. Experimental validation and structural 

modifications can enhance specificity in interactions. 

Extended molecular dynamics simulations and exploration of 

potential applications offer promising avenues for HVA/β-

CD complexes. These efforts aim to deepen insights and 

validate predictions. 
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