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Abstract 

Density functional theory (DFT) calculations based on the BLYP-D4 and 

PBEh-3c composite methods were performed for investigating the encap-
sulation mode of pentachlorophenol (PCP) inside the cavity of β-cyclodex-
trin (β-CD). Different quantum chemical parameters such as HOMO, 

LUMO, and HOMO–LUMO gap were calculated. Complexation energies 
were computed at the molecular level to provide insight into the inclusion 
of PCP inside the β-CD cavity. The Independent gradient model (IGM) ap-

proach was applied to characterize the non-covalent interactions that oc-
curred during the complex (PCP@β-CD) formation. Two modes of inclu-

sion were considered in this work (modes A and B). Calculated complexa-
tion energies as well as the changes in enthalpy, entropy, and free Gibbs 
energy exhibit negative values for both modes A and B, indicating a ther-

modynamically favorable process. Weak Van der Waals interactions and 
one strong intermolecular hydrogen bond act as the main driving forces 
behind the stabilization of the formed most stable complex. This study was 

carried out to explore the potential use of the β-CD as a host macrocycle 
for sensing and capturing pentachlorophenol. 
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Key findings 

● The complexation process between β-cyclodextrin and pentachlorophenol is spontaneous, exothermic and enthalpy-

driven. 

● Pentachlorophenol is partially included in the β-cyclodextrin cavity.  

● Stabilization of Pentachlorophenol@β-cyclodextrin complex is due to hydrogen bonding and Van der Waals interactions. 

● The sensing potential of β-cyclodextrin towards pentachlorophenol could be used for environmental monitoring. 

© 2023, the Authors. This article is published in open access under the terms and conditions of  

     the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 

1. Introduction 

The host-guest chemistry has paved the way for the devel-

opment of supramolecular nanoarchitectures [1] with practi-

cal applications such as molecular recognition, drug delivery 

and electrochemical biosensing [2–4]. Host–guest assemblies 

consist of guest molecules bound to the host molecules 

through non-covalent interactions (van der Waals forces, hy-

drogen bonding, hydrophobic effect, π···π stacking interac-

tions, etc.). Among the different classes of macrocyclic 

systems, calixarenes [5], pillararenes [6], cucurbiturils [7], 

and, in particular, cyclodextrins [8–10] are the widely used 

host molecules in host-guest chemistry. The usefulness of 

these host molecules lies in their ability to enhance the solu-

bility, stability and bioavailability of poorly water-soluble 

guests through the complexation process [11, 12]. 

Cyclodextrins (CDs) represent a family of cyclic oligo-

saccharides with unique properties that belong to the cage 

molecules family; they are usually used as host systems 

able to be complexed with a wide variety of guests. On the 
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other hand, CDs are inexpensive and eco-friendly, which 

makes them suitable for use in several industries [13]. CDs 

are considered as semi-natural products synthesized by 

simple enzymatic conversion of starch and containing six to 

twelve glucopyranose units [14–16]; they possess a hydro-

philic peripheral surface and hydrophobic interior cavity 

with an overall truncated cone shape [17, 18]. α-, β-, and γ-

cyclodextrins, composed, respectively, of six, seven, and 

eight glucopyranose units, represent the three mains com-

mon cyclodextrins [19].  

Pentachlorophenol (PCP) is an industrial prevalent 

wood preservative used since 1936, particularly, in utility 

poles and railway ties [20]. Its widespread use has caused 

environment pollution. Indeed, the PCP was listed among 

the 126 priority pollutants by the European Community as 

well as the United States Environmental Protection Agency 

(USEPA) [21] and was classified as a potentially carcino-

genic compound by USEPA and International Agency for Re-

search on Cancer (IARC) [22]. Its use has been, therefore, 

severely regulated in many countries since 1987, except for 

the preservation of wood that is limited to industrial uses 

[23]. Consequently, the biodegradation of this toxic sub-

stance has attracted growing interest among scientists and 

researchers with the aim of developing experimental meth-

ods for the removal of PCP.  

An alternative method for the capture of PCP molecules 

through the supramolecular chemistry concept consists in 

the encapsulation of PCP by host macrocyclic systems such 

as cyclodextrins, cucurbiturils, calixarenes, etc. The com-

plexation of guest molecules in the cavity of host systems, 

particularly, β-cyclodextrin, induces modifications in the 

physicochemical properties of the guests [24, 25].  

Theoretical investigations of the host-guest interactions 

were the subject of several studies with the aim of under-

standing the complexation behavior at molecular level by 

determining the forces involved in the stabilization of guest 

molecules inside the cavities of the macrocyclic hosts. For 

this purpose, different quantum chemical methods ranging 

from semi-empirical ones such as AM1, PM3, PM6 and PM7 

[26–28] to density functional theory based approaches [29–

31] were employed.  

In this paper, we performed a theoretical study based on 

the density functional theory (DFT) method, aiming at in-

vestigating the inclusion phenomenon between the β-cy-

clodextrin (β-CD) host system and the pentachlorophenol 

(PCP) guest molecule. The formation of a 1:1 stoichiometry 

complex was the subject of a previous experimental study 

[32], while the present work constitutes a complementary 

approach to rationalizing the inclusion phenomenon.  

2. Computational procedure 

ORCA code (version 4.2.1) [33, 34] was utilized to perform 

DFT calculations. The whole complexation process consists 

of full geometry optimization of the initial generated com-

plexes formed between pentachlorophenol (PCP) and β-

cyclodextrin (β-CD) in vacuum using BLYP-D4 functional 

[35–39] associated with the def2-SVP basis set. A geomet-

rical counterpoise correction scheme (gCP) [40] was ap-

plied to account for the basis set superposition error 

(BSSE). Based on the approach proposed by Liu and Guo 

[41], the center of PCP (guest) and β-CD (host) was set as 

the center of the coordinate system (0 Å). The guest mole-

cule, PCP, was translated with a step of 1 Å from –8 to +8 Å 

along the Z-axis, resulting thus in two possible inclusion 

modes on the side of the wider rim of the β-CD, denoted A 

or B. These modes correspond to the inclusion orientation 

of the PCP through β-CD cavity by its terminal chloro group 

or its hydroxy group (OH), respectively, as represented in 

Figure 1 (a and b) using the visualization application Jmol 

[42]. For a more precise inspection of the lowest energy 

conformations, we explored and included more initial con-

formations in the vicinity of the most stable configurations. 

Thus, a step of 0.5 Å was considered for A and B modes 

along the Z-axis in the ranges [0–8 Å] and [2–8 Å], respec-

tively. A total of 48 possible conformations were obtained 

and fully optimized in vacuum at BLYP-D4/def2-SVP-gCP 

level of theory, without any symmetry constraints. 

The complexation energies were calculated using equa-

tion (1): 

ΔEComplexation = EComplex(PCP@β–CD)–(EPCP + Eβ–CD), (1) 

where ΔEcomplexation, EcomplexPCP@β–CD, EPCP, and Eβ–CD repre-

sent, respectively, the complexation energy, the optimized 

energies of the complex, the free PCP, and the free β-CD. 

 
Figure 1 Schematic illustration of the inclusion complexation con-

formations (Mode A) (a) and Mode B (b). Atomic color code: carbon 

(grey), hydrogen (white), oxygen (red), chlorine (green). 
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The most stable configurations correspond to the structures 

with the lowest complexation energies. The obtained most 

stable structures calculated at BLYP-D4/def2-SVP-gCP level 

of theory for A and B modes were subsequently reoptimized 

with the more accurate global hybrid PBEh-3c [43] func-

tional in both vacuum and aqueous phase. Calculations in 

water solvent were performed with the SMD solvation 

model [44]. Then, the most stable geometry associated with 

the lowest energy structure was subjected to further anal-

yses, such as non-covalent interactions (NCIs) characteri-

zation with independent gradient model based on the 

Hirshfeld partitioning scheme (IGMH) [45, 46] using Mul-

tiwfn code [47] and VMD program for visualization [48].  

3. Results and Discussion 

3.1. DFT-calculations of complexation energies 

The most stable configuration corresponds to the lowest en-

ergy of all the optimized conformations calculated at 

DFT/BLYP-D4/def2-SVP-gcp level of theory. Figure 2 re-

ports the values of the computed complexation energy for 

the A and B modes for each optimized conformation. 

The energy profiles obtained for all configurations in 

both modes (A and B) exhibit negative complexation energy 

values, pointing out a thermodynamically favorable pro-

cess. Full geometry optimization was followed by frequency 

calculations to verify that the obtained structures are true 

minima. Overall, the complexation energies are globally 

less negative for the A and B configurations located at the 

negative positions of Z-axis (from –8 Å to –1 Å), whereas 

more negative values of the complexation energies are ob-

served in the interval of positive values of z axis points.  

The most stable configurations for A and B modes are 

located at Z = 7.5 and 6.5 Å, with the respective complexa-

tion energies of –121.39 and –123.79 kJ/mol. The re-optimi-

zation at PBEh-3c level yielded complexation energies of  

–69.00 and –70.66 kJ/mol in vacuum and –21.02 and  

–29.53 kJ/mol in water solvent for 7.5 A and 6.5 B configu-

rations, respectively, with the complex PCP@β-CD of B 

mode being more stable than that of A mode. 

 
Figure 2 Energy profile of the complexation between PCP and β-

CD (A and B modes). 

The complexation process is thermodynamically more 

favorable in vacuum than in the water solvent. The struc-

tural analysis of the most stable PCP@β-CD complex con-

figuration (mode B at 6.5 Å) calculated with PBEh-3c in vac-

uum shows the partial pentachlorophenol encapsulation in-

side the β-CD cavity, as illustrated in Figure 3. 

It is worth mentioning that the least stable structure lo-

cated at Z = –1 Å for A mode with a complexation energy of 

–4.05 kJ/mol corresponds structurally to the inclusion of 

the PCP into the β-CD cavity, as shown in Figure 4. Indeed, 

the β-CD cavity is not sufficiently large to encapsulate com-

pletely the PCP guest within; the total inclusion of PCP in-

volves strong elongation and flattening of β-CD. 

The obtained results suggest that the stability of the mo-

lecular association between PCP and β-CD is enhanced by 

the partial encapsulation of the PCP guest. The inclusion of 

PCP depends mainly on the cavity size of β-CD. 

3.2. Quantum electronic parameters 

The energies of the frontier molecular orbitals (HOMO 

and LUMO), and the molecular HOMO–LUMO gap of the 

most stable inclusion complex were computed at 

DFT/PBEh-3c level in vacuum, and the obtained results 

are shown in Table 1. 

 
Figure 3 Side view of the most stable configuration of the complex 

PCP@β-CD showing the partial encapsulation of PCP inside β-CD 

cavity. 

 
Figure 4 Front view of the least stable configuration of the complex 

PCP@β-CD.  
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The HOMO–LUMO energy gap is reduced from 9.915 eV 

for the host molecule β-CD to 6.883 eV after complexation by 

a percentage variation of about 30.58%, indicating, thus, the 

potential use of β-CD as a host for PCP detection. The HOMO 

and LUMO of the most stable PCP@β-CD complex was visu-

alized with IboView program [49, 50] and represented in Fig-

ure 5. Both HOMO and LUMO are almost entirely delocalized 

over the fused PCP molecule.  

The HOMO–LUMO energy gap can be used as an indica-

tor of kinetic stability. A large energy separation is associ-

ated with a low chemical reactivity and high kinetic stabil-

ity. Upon the complexation, the decrease in the HOMO–

LUMO gap of the PCP@β-CD complex (6.88 eV) in compar-

ison with β-CD alone (9.92 eV) indicates that PCP@β-CD 

complex is more reactive and less stable than β-CD. 

3.3. Characterization of the intermolecular non-

covalent interactions 

The IGMH analysis was performed to provide insights into 

the nature of the intermolecular non-covalent interactions 

involved in the stabilization of the PCP@β-CD complex. The 

IGMH plots are colored according to the occurring intermo-

lecular interactions. Green and blue colors denote, respec-

tively, weak Van der Waals and hydrogen-bond interac-

tions. The IGMH isosurface of the most stable PCP@β-CD 

complex (Figure 6) was calculated using Multiwfn and vis-

ualized with the VMD program. 

The topological analysis shows that green areas associ-

ated with Van der Waals interactions dominated the calcu-

lated isosurface; the presence of a one hydrogen bond is re-

vealed by the blue disc, as represented in Figure 6, indicat-

ing that both weak Van der Waals interactions and the sin-

gle intermolecular hydrogen bond act as attractive forces 

for the stabilization of PCP@β-CD complex.  

3.4. Statistical thermodynamic calculations 

The thermodynamic parameters were calculated at PBEh-

3c level of theory in vacuum using frequency calculation 

analysis for the most stable configuration. 

Table 1 Frontier orbitals and HOMO–LUMO gap for β-CD, PCP, and 

PCP@β-CD system. 

Parameters β-CD PCP PCP@β-CD 

EHOMO –8.107 –7.841 –7.762 

ELUMO 1.808 –0.854 –0.879 

ΔEgap 9.915 6.988 6.883 

 
Figure 5 HOMO and LUMO orbitals of PCP@β-CD complex. 

The enthalpy, entropy, and Gibbs free energy changes 

[51, 52] of the complexation process of PCP with β-CD at 

standard temperature and pressure values (298.15 K and 

1 atm) are reported in Table 2. The calculated ΔG° value is 

negative, showing that the complexation process is sponta-

neous. In addition, the negative values of enthalpy and en-

tropy changes (ΔH° and ΔS°) indicated that the process is 

enthalpy-controlled and exothermic in nature. 

3.5. Natural orbital bond (NBO) analysis of inter-

molecular interactions 

The NBO approach [53] provides useful insights for describ-

ing and determining the nature of the different donor-ac-

ceptor interactions that occur in the molecular systems. The 

NBO analysis was carried out on the relaxed geometry of 

the most stable complex at M06-2X/def2-TZVPP [54–56] 

level of theory in vacuum using Gaussian 09 program [57]. 

The structural analysis (Figure 7) shows the presence of 

one strong hydrogen bond having a stabilization energy of 

139.03 kJ/mol, formed between hydrogen atom H (160) of 

terminal CHO group of β-CD as the donor and oxygen atom 

O (121) of the PCP as the acceptor with a short distance of 

1.62 Å. 

 
Figure 6 The IGMH isosurface (isovalue 0.005 a.u.) of the PCP@β-

CD complex. 

 
Figure 7 The significant intermolecular hydrogen bonds for the 

PCP@β-CD complex. 
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Table 2 Energetic and thermodynamic parameters of the complexa-

tion process calculated at PBEh-3c levels of theory in vacuum. 

Thermodynamic Parameters Energetic values 

ΔH° (kJ/mol) –66.85 

ΔG° (kJ/mol) –1.25 

ΔS° (kJ/mol) –65.61 

4. Limitations 

Performing DFT calculations using several functionals and 

several basis sets is useful for comparison purposes; how-

ever, the high computational and time cost of such calcula-

tions are the limiting factors.  

5. Conclusion  

The energetic and electronic properties of the complexation 

process between pentachlorophenol (PCP) and β-cyclodex-

trin were computationally studied using DFT approach. The 

main conclusions of the present investigation can be stated 

as follows: 

‒ Calculated thermodynamic parameters exhibit nega-

tive enthalpy, entropy and Gibbs energy changes, indicating 

that the complexation process is spontaneous, exothermic 

and enthalpy-driven. 

‒ The configuration located at Z = 6.5 Å for B mode 

represents the most stable configuration with a complexa-

tion energy of –70.66 kJ/mol as calculated with PBEh-3c in 

vacuum.   

‒ The structural analysis showed that PCP penetrates 

partially the β-cyclodextrin cavity. 

‒ Hydrogen bonding and Van der Waals interactions 

were found by IGMH analysis to be the main driving forces 

for the formation and stabilization of the PCP@β-CD com-

plex.   

‒ Upon complexation, a significant hydrogen bond was 

formed at a short distance of 1.62 Å with a stabilization en-

ergy of 139.03 kJ/mol.  

‒ After complexation, the HOMO–LUMO energy gap 

decreased by a percentage of 30.58%, suggesting the poten-

tial application of the β-CD host system for the encapsula-

tion of PCP.  

The results of this study revealed the sensing potential 

of β-cyclodextrin as a suitable host in electronic devices 

based on biosensors for the detection, capture and encap-

sulation of pentachlorophenol. This work could serve as a 

starting point for more deep experimental studies for de-

veloping effective biosensors for environmental concerns.   
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