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Abstract

:

In this investigation, the potential use of native β-cyclodextrin (β-CD) and hydroxypropyl-β-cyclodextrin (HP-β-CD) as encapsulating agents for trichloroethylene (TCE) was assessed. Various quantum chemical parameters, including HOMO, LUMO, and HOMO–LUMO gap, were calculated. The docking process was examined by considering different initial configurations. The complexation energies were calculated at the molecular level using DFT/BLYP-D4 and PBEh-3c calculations to gain insight into TCE encapsulation within the β-CD and HP-β-CD cavities. We used the independent gradient model (IGM) and extended charge decomposition analysis (ECDA) approaches to examine non-covalent interactions and charge transfer within TCE@β-CD and TCE@HP-β-CD complexes. The calculated thermodynamic data and complexation energies exhibited negative values for both considered complexes, indicating a favorable complexation process. Weak Van der Waals intermolecular interactions were the main driving forces in stabilizing the formed complex. Additionally, Monte Carlo simulations were conducted for a better understanding of the inclusion process. Our results provide evidence for the use of β-CD and HP-β-CD as suitable macrocyclic hosts for complexing trichloroethylene.
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1. Introduction


Supramolecular chemistry is a relatively recent branch of chemistry [1]. It was first introduced in 1967 by Pedersen, Lehn, and Cram during their discovery of crown ethers, an achievement that earned them the Nobel Prize in Chemistry in 1987 [2]. This field, also known as the chemistry of complex matter [3], primarily focuses on the phenomena of inclusion and capture of molecules, enabling the construction of new structures through the molecular assembly of chemical entities via weak, reversible, and non-covalent intermolecular interactions [4]. In recent years, inclusion complexes have garnered significant interest, particularly those formed with host macrocyclic systems such as crown ethers [5], cucurbit[n]urils [6], cyclodextrins [7], and calix[n]arenes [8]. The study of inclusion complexation involving cyclodextrins and their derivatives has particularly gained increasing attention due to their versatile properties, making them suitable for various applications in environmental protection, food, pharmaceuticals, and cosmetics industries [9,10,11,12,13].



Cyclodextrins (CDs) are a class of natural cyclic oligosaccharides that are widely recognized as host molecules [14,15,16], made up of 6–12 glucopyranose units linked by α-(1,4) linkages. The three common cyclodextrins are α-cyclodextrin (α-CD), β-cyclodextrin (β-CD), and γ-cyclodextrin (γ-CD), composed of six, seven, and eight glucopyranose units, respectively [17]. CDs have truncated cone-like structures with a hydrophobic interior cavity and a hydrophilic exterior surface [18,19]. Hydroxypropyl-β-cyclodextrin (HP-β-CD) is a chemically modified derivative of β-CD with a similarly sized cavity and enhanced aqueous solubility due to its strong hydrophilicity, thus enabling the formation of soluble inclusion complexes [20].



Chlorinated hydrocarbon solvents, including trichloroethylene, tetrachloroethylene, 1,1,1-trichloroethane, 1,2-dichloroethane, and carbon tetrachloride, are often detected in surface waters due to their volatility. Among them, trichloroethylene (TCE) stands out as a widely used non-flammable volatile organic compound known for its poor water solubility. It is employed in a range of industries, households, and even water treatment plants.



TCE has emerged as a significant global public health and environmental concern. It is recognized as a prevalent environmental pollutant affecting groundwater, soil, and air, particularly in heavily industrialized regions due to processes such as wastewater discharge, volatilization, combustion, and pesticide use. Long-term human exposure to TCE increases the risk of cancer [21,22,23] and poses serious threats to biological systems and living organisms. TCE is listed 16th on the United States Environmental Protection Agency’s priority list of hazardous substances and ranks 3rd according to the Ministry of Ecology and Environment of the People’s Republic of China [24]. Several methods have been developed for remediating TCE-contaminated groundwater, with carbon adsorption being a common technique for TCE removal.



During the last decades, remediation efforts for chlorinated hydrocarbon solvents such as trichloroethylene (TCE) have evolved. Numerous methods, including aeration, adsorption, and boiling water that contains volatile organic solvents, have been employed [25]. Catalytic hydrodechlorination, particularly using palladium (Pd), has gained popularity for effectively degrading a wide range of chlorinated compounds in both gas and liquid phases. Pd catalysis is known for its ability to cleave C–Cl bonds and generate reactive atomic hydrogen on its surface. The bio-Pd approach has been developed to produce nanopalladium catalysts by precipitating palladium on bacterial surfaces for dechlorination of trichloroethylene [26]. Nano-scale zero-valent iron (NZVI) has also emerged as an efficient reduction catalyst for the removal of TCE from groundwater due to its rapid degradation of chlorinated solvents.



Recently, there has been growing interest in supramolecular host systems, particularly those involving cyclodextrin and its polymers, for the remediation of environmental contaminants. In this regard, Xie et al. [27] have reported the advantageous use of porous β-cyclodextrin polymer for water purification. This approach aims to remove organic micro-pollutants and natural organic substances from water bodies while simultaneously eliminating pathogenic microorganisms. Functional hydrogel-based evaporators incorporating cyclodextrins have demonstrated exceptional performance in solar-driven water purification. As an illustration, Lin and his research group incorporated β-cyclodextrin (β-CD) into polyvinyl alcohol (PVA)-based hydrogels [28]. The hydrogel displayed an impressive adsorption capacity for Pb (II) and Ni (II), reaching 505.9 mg/g and 286.7 mg/g, respectively, with a water treatment efficiency exceeding 99% for low-concentration heavy metal ions. Additionally, Miao et al. [29] developed a hybrid hydrogel by incorporating β-CD to polyacrylamide (PAM). Similarly, Crini et al. [30] reported the functionalization and modification of carbon nanotubes (CNT) with β-cyclodextrin (β-CD), resulting in enhanced sensitivity for the detection of pharmaceuticals and organic micro-pollutants such as rutin and bisphenol A. These high-aspect-ratio CNTs (>3000) provide a substantial effective surface area and strong redox capability, while β-CD facilitates and enhances host-guest interaction capabilities.



Computational chemistry has been recognized as a successful approach for studying and predicting a wide range of physicochemical properties such as simulating spectroscopic properties [31], exploring chemical reactivity [32], and rationalizing the host–guest interactions of supramolecular assemblies [33,34]. Host–guest complexes are of great interest to supramolecular chemistry due to the host’s capacity to induce physicochemical changes in the properties of the guest molecules by improving their solubility, bioavailability, and stability [20]. Both experimental and theoretical methods are employed in a complementary manner to investigate the structural, electronic, and dynamical changes that occur during the inclusion process.



Numerous studies in the literature, including those conducted by Shirin et al. [35], Kashiyama et al. [36], Liang et al. [37], and Khan et al. [38], have reported the formation of inclusion complexes between cyclodextrins (and their derivatives) and chlorinated hydrocarbons.



The current investigation aimed to examine, using a theoretical approach based on the density functional theory (DFT) method, the capacity of β-cyclodextrin (β-CD) and hydroxypropyl-β-cyclodextrin (HP-β-CD) to form inclusion complexes with trichloroethylene (TCE). The energetic and electronic properties, as well as the nature of non-covalent interactions that play a pivotal role in the inclusion process, were examined.




2. Computational Details


Density functional theory computations were carried out using the ORCA program (version 5.0.0) [39,40]. The starting structure of β-CD was retrieved from its crystal structure [41], and the HP-β-CD structure was built by adding hydroxypropyl groups to β-CD. The full geometry optimization of the complexes formed between trichloroethylene (TCE) and the CDs (β-CD and HP-β-CD) was conducted in the gas phase by employing the BLYP-D4 functional [42,43,44], along with the def2-SVP basis set. To account for the basis set superposition error (BSSE), a geometrical counterpoise correction scheme (gCP) [45] was applied. The approach suggested by Liu and Guo was used [46] to create initial complexes. The center of the coordination system was set at 0 Å for both TCE and HP-β-CD or β-CD. Subsequently, the TCE molecule was systematically translated along the Z-axis from −8 to +8 Å with a step size of 2 Å, involving two possible inclusion modes: mode A, where TCE approached the wider rim of β-CD and HP-β-CD cavities by its ClCH group, and mode B, where it approached through the dichlorocarbene group (CCl2). These modes are depicted in Figure 1 using the Jmol version 14.32.60 [47].



The most stable configurations correspond to structures with the lowest complexation energies. The complexation energies were computed using Equation (1):


ΔEComplexation = EComplex (TCE@CD) − (ETCE + ECD)



(1)




where ΔEcomplexation represents the complexation energy, while Ecomplex (TCE@ HP-β-CD), ETCE, and ECD represent, respectively, the energies of the complex, the free TCE, and the free β-CD or HP-β-CD systems. The most stable structures were then subjected to further analysis, including charge decomposition analysis (CDA) and its extended version, ECDA [48,49,50], as well as non-covalent interaction (NCI) analysis based on the independent gradient model (IGM) [51]. These analyses were performed using the wave function analysis code Multiwfn [52] and the VMD visualization program [53].




3. Results and Discussion


3.1. Calculations of Complexation Energies


The computed complexation energy values for TCE inclusion into β-CD and HP-β-CD in both A and B modes are presented in Table 1. For all the optimized TCE@β-CD complexes, the complexation energy falls within the range of −14.20 kcal/mol to −18.44 kcal/mol, while, for TCE@HP-β-CD complexes, it varies between −12.50 and −21.21 kcal/mol. The negative complexation energies for all studied configurations indicate that the inclusion process is thermodynamically favorable. The most stable configurations, corresponding to the lowest energy, are found at Z = −4 Å in mode A for TCE@HP-β-CD and at Z = −4 Å in mode B for TCE@β-CD, with complexation energy values of −21.21 and −18.44 kcal/mol, respectively. This suggests that the inclusion process is more favorable for the formation of the TCE@HP-β-CD complex in the gas phase. The addition of nonpolar substituents in the CD host can strengthen binding through hydrophobic interactions with nonpolar guest molecules. However, the binding affinity between HP-β-CD and TCE seems to be slightly stronger than that between β-CD and TCE, possibly due to the steric hindrance introduced by the hydroxypropyl groups in HP-β-CD [35].



Furthermore, the obtained structures underwent re-optimization using the composite method PBEh-3c [54] to enhance result accuracy. In the gas phase, the complexation energies were determined to be −20.34 and −13.09 kcal/mol for TCE@HP-β-CD and TCE@β-CD, respectively. Meanwhile, in the aqueous phase, the complexation energies using the SMD solvation model [55] were found to be −14.97 and −15.02 kcal/mol, respectively. The complexation energies calculated with PBEh-3c exhibit a similar trend to those obtained at the BLYP-D4/def2-SVP-gCP level. Consequently, the process of solvation led to an increase in the complexation energy between TCE and β-CD while causing a decrease in the complexation energy between TCE and the HP-β-CD host. Figure 2 shows the structural analysis of the most stable TCE@HP-β-CD complex in the gas phase, revealing the full inclusion of TCE inside the HP-β-CD cavity, thus contributing to the complex stabilization.




3.2. Thermodynamics Properties of the Inclusion Processes


The thermodynamic properties of the inclusion processes of the most stable structures for TCE@HP-β-CD (−4A) and TCE@β-CD (−4B) were calculated in the gas phase using the BLYP-D4/def2-SVP-gCP level of theory, including the ZPE correction. The energy values of the Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy T(ΔS°) are listed in Table 2. Negative ΔG° values for both TCE@HP-β-CD (−4A) and TCE@β-CD (−4B) indicate that the inclusion complexation occurs spontaneously, with the former being more spontaneous (−5.02 kcal/mol). Furthermore, enthalpy and entropy changes exhibit negative values of −19.34 and −14.31 kcal/mol for TCE@HP-β-CD (−4A) and −16.08 and −14.29 kcal/mol for TCE@β-CD (−4B), revealing that the inclusion process is enthalpically driven and exothermic in nature.




3.3. DFT Calculations of HOMO, LUMO, HOMO–LUMO Energy Gap, and Dipole Moment


Quantum physicochemical parameters, including the energies of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), the HOMO–LUMO gap, and the global dipole moment of the studied inclusion complexes were calculated at PBEh-3c and BLYP-D4/def2-SVP-gCP levels of theory and are presented in Table 3. The HOMO–LUMO gaps (eV) for different considered configurations in both Modes A and B are provided in supplementary data (Table S1).



PBEh-3c and BLYP-D4/def2-SVP-gCP calculations indicate that the HOMO–LUMO energy gaps of TCE@HP-β-CD and TCE@β-CD are reduced in both the gas phase and in a water solvent, when compared with the isolated HP-β-CD and β-CD. This reduction suggests heightened reactivity and increased electronic conductivity. Therefore, HP-β-CD and β-CD may serve as host molecules for the development of effective chemical sensors for the detection of trichloroethylene (TCE).



The findings in Table 3 also indicate a correlation between the HOMO–LUMO gap and both kinetic stability and, consequently, complexation energies. Both BLYP-D4-gCP and PBEh-3c calculations depict that, in the gas phase, TCE@HP-β-CD exhibits a larger HOMO–LUMO gap than TCE@β-CD, while, in a water solvent, the trend is reversed, with TCE@β-CD having a smaller HOMO–LUMO gap than TCE@HP-β-CD.



The computed frontier orbitals HOMO and LUMO of the TCE@HP-β-CD complex were plotted and visualized using the AVOGADRO program [56] and are displayed in Figure 3.



It can be observed that the highest occupied molecular orbital (HOMO) is localized within a portion of the HP-β-CD host, whereas the lowest unoccupied molecular orbital (LUMO) is almost entirely delocalized over the TCE molecule.




3.4. Characterization of the Non-Covalent Intermolecular Interactions


To characterize the role and nature of noncovalent intermolecular interactions involved in stabilizing the TCE@HP-β-CD complex, the IGM methodology [57] based on Hirshfeld partition of molecular density (IGMH) was employed, allowing for a separation of intra- and intermolecular interactions. The IGM plots are color-coded to illustrate different intermolecular interactions. Red, green, and blue colors correspond to steric repulsion, weak Van der Waals, and hydrogen-bond interactions, respectively. Figure 4 depicts the IGM isosurface plot (0.002 a.u.) of the TCE@HP-β-CD complex using the VMD program. The topological analysis reveals that green areas predominate on the calculated isosurfaces [58,59,60], indicating the presence of weak Van der Waals interactions, which act as attractive forces between TCE and HP-β-CD, confirming their role in stabilizing the formed complex.




3.5. Charge Decomposition Analysis


Both the charge decomposition analysis (CDA) and the extended charge decomposition analysis (ECDA) are two methodologies that can be utilized to estimate the charge transfer occurring between fragments in host–guest complexes. Multiwfn code was used to perform CDA and ECDA according to the Mulliken charge population. The CDA analysis data presented in Table 4 reveal that the electron donation from TCE to β-CD or HP-β-CD (0.124 and 0.117e) is more significant than the electron back-donation from β-CD or HP-β-CD to TCE (0.010 and 0.031). ECDA analysis indicates that the net computed charges transferred from TCE to β-CD and HP-β-CD during the formation of the TCE@β-CD and TCE@HP-β-CD complexes are 0.146 and 0.111, respectively. This suggests that charge transfer contributes to the enhancement of the stability of both complexes [61,62].




3.6. Monte Carlo Docking Simulations


Monte Carlo (MC) docking simulations have demonstrated their effectiveness in various molecular recognition problems [63,64,65]. In our study, we employed the MC method to simulate the docking of TCE within β-CD and HP-β-CD. This approach is well-suited for exploring the structural equilibrium properties of interacting complex systems. It relies on stochastically sampling a set of configurations from the Boltzmann distribution, which leads to average values of observable thermodynamic properties.



A simulation comprising approximately 500,000 structures was performed using the Amber 99 force field, which is a developed version of the Amber field (Assisted Model Building and Energy Refinement) [63,64] originally distributed by the Kollman group. Initially designed for proteins and nucleic acids, it is currently applicable to the study of macromolecules, including saccharides [65]. One of its advantages is a compromise between calculation time and result reliability, particularly for large complex systems such as the γ-cyclodextrin:C60 inclusion complex [66].



Explicit solvation was taken into consideration and periodic boundary conditions were employed to reduce edge effects. The solvation model applied is the TIP3P rigid model solvent [67] (“Transferable Intermolecular Potential 3 Points”), which involves the incorporation of pre-optimized water molecules with a force field tailored for the study of liquid water, balanced at 300 K and 1 atm [68]. The complexes were introduced into boxes of minimum dimensions with a distance between solvent–solute atoms of 2.3 Å. To save time, cut-off schemes for non-bonding interactions (electrostatic, van der Waals, etc.) were used. We chose an activated potential (switched cut-off), providing continuity for energy and forces. For the complex TCE@β-CD, the periodic box contains 199 water molecules and its dimensions correspond to 20 Å × 15 Å × 20 Å. For the complex TCE@HP-β-CD, the dimensions of the box containing 219 water molecules are 21 Å × 15 Å × 21 Å



Figure 5 and Figure 6 represent the energy profiles during the simulation of TCE docking in β-CD and HP-β-CD in water, respectively, using the MC method. These profiles reveal a lowering of potential energy, due to a general tendency of the guest molecule to form the inclusion complex.



The MC process can be divided into three phases. In the initial phase (from trial 1 to 35,000), we observed a rapid decrease in energy as the guest molecule approached the CD cavity. The second phase, spanning from 35,000 to 100,000 steps, showed that the lowest average potential energy, complexation, and interaction energy were achieved for TCE@HP-β-CD. These results indicate an opening of the CD cavity, as the guest molecule attempted deeper insertion in search of a more stable conformation. Energetic values decrease weakly and slowly during this phase. From trial 100,000 to the end, the potential energy reached an equilibrium value and fluctuated around it in a stable manner. Hence, we considered these states (from 100,000) as an equilibrium status and calculated the average potential energy in this phase.



The computed energy values for the inclusion complex configurations of TCE@β-CD and TCE@HP-β-CD in the aqueous phase are summarized in Table 5. Notably, the TCE@HP-β-CD complex displayed the lowest values for its average potential energy, complexation, and interaction energies. The differences in energy between TCE@β-CD and TCE@HP-β-CD were −3.73 kcal/mol, −2.87 kcal/mol, and −3.73 kcal/mol, respectively. Furthermore, we observed that the deformation energy of the host molecule was consistently higher than that of the guest molecule in all studied conformations. This indicates that the structure flexibility of β-CD and HP-β-CD is crucial during the formation of inclusion complexes [69].





4. Conclusions


The computational investigation of the host–guest inclusion process of trichloroethylene into the β-CD and HP-β-CD cavities was conducted using both the density functional theory (DFT) and Monte Carlo simulation approaches. Energetic properties analysis revealed negative complexation energies for TCE@HP-β-CD and TCE@β-CD, reflecting the thermodynamic favorability of the process. DFT calculations using both BLYP-D4/def2-SVP-gCP and PBEh-3c showed that the complexation process is more favorable for TCE@HP-β-CD in the gas phase, whereas TCE@β-CD exhibits more favorability for complexation in a water solvent.



Thermodynamic analysis indicated that both inclusion processes were spontaneous, exothermic, and enthalpically driven. The IGM analysis highlighted the prevalence of Van der Waals interactions as the main driving forces responsible for forming and stabilizing the TCE@HP-β-CD complex. Furthermore, Monte Carlo simulations showed an energetic preference for the TCE@HP-β-CD complex.



The electron charge density analysis revealed a charge transfer process from trichloroethylene to hydroxypropyl-β-cyclodextrin (HP-β-CD) and β-cyclodextrin (β-CD). The results of this study demonstrate the potential utility of HP-β-CD and β-CD as host systems in electronic devices, particularly in biosensors designed for the detection of TCE.
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Figure 1. Coordinate systems describing the complexation process between HP-β-CD and TCE for A and B modes. Atomic color code: carbon (grey), hydrogen (white), oxygen (red), green (chlorine). 
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Figure 2. Front (a) and side (b) views of the full inclusion of TCE inside HP-β-CD of the most stable configuration of the formed complex (TCE@HP-β-CD). Atomic color code: carbon (grey), hydrogen (white), oxygen (red), green (chlorine). 
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Figure 3. Frontier molecular orbitals HOMO and LUMO of the complex TCE@HP-β-CD. 
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Figure 4. The IGM isosurface (isovalue 0.002 a.u.) of the TCE@HP-β-CD complex. 
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Figure 5. Calculated potential energy curves in MC simulations of TCE docking in β-CD in water. Potential energy curve (black) and interpolated values (red). 
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Figure 6. Calculated potential energy curves in MC simulations of TCE docking in HP-β-CD in water. Potential energy curve (black) and interpolated values (red). 
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Table 1. The complexation energies between TCE and the cyclodextrins (β-CD and HP-β-CD) computed at BLYP-D4/def2-SVP-gCP level (kcal/mol) in the gas phase.






Table 1. The complexation energies between TCE and the cyclodextrins (β-CD and HP-β-CD) computed at BLYP-D4/def2-SVP-gCP level (kcal/mol) in the gas phase.





	Inclusion Configurations
	TCE@β-CD

Mode A
	TCE@β-CD

Mode B
	TCE@HP-β-CD

Mode A
	TCE@HP-β-CD

Mode B





	−8
	−12.21
	−16.42
	−12.51
	−14.04



	−6
	−16.73
	−16.49
	−12.50
	−13.55



	−4
	−16.73
	−18.44
	−21.20
	−15.78



	−2
	−16.73
	−16.80
	−16.53
	−15.78



	0
	−17.77
	−16.78
	−16.54
	−16.28



	2
	−14.42
	−17.30
	−16.43
	−17.12



	4
	−14.44
	−14.20
	−16.63
	−14.87



	6
	−12.38
	−15.72
	−16.72
	−12.77



	8
	−12.82
	−15.49
	−12.95
	−14.71










 





Table 2. The energetic parameters for TCE@HP-β-CD (−4A) and TCE@β-CD (−4B) calculated at the BLYP-D4/def2-SVP-gCP level of theory in the gas phase.






Table 2. The energetic parameters for TCE@HP-β-CD (−4A) and TCE@β-CD (−4B) calculated at the BLYP-D4/def2-SVP-gCP level of theory in the gas phase.





	Energetic Parameters
	TCE@HP-β-CD (−4A)
	TCE@β-CD (−4B)





	ΔEcomplexation (kcal/mol)
	−21.20
	−18.44



	ΔH° (kcal/mol)
	−19.34
	−16.08



	ΔG° (kcal/mol)
	−5.02
	−1.79



	T(ΔS°) (kcal/mol)
	−14.31
	−14.29










 





Table 3. Frontier orbitals, HOMO–LUMO gaps, and global dipole moments for β-CD, HP-β-CD, TCE, TCE@β-CD, and TCE@HP-β-CD systems calculated at the PBEh-3c (values between parentheses) and BLYP-D4/def2-SVP-gCP levels of theory in gas and water solvent phases.






Table 3. Frontier orbitals, HOMO–LUMO gaps, and global dipole moments for β-CD, HP-β-CD, TCE, TCE@β-CD, and TCE@HP-β-CD systems calculated at the PBEh-3c (values between parentheses) and BLYP-D4/def2-SVP-gCP levels of theory in gas and water solvent phases.





	Parameters
	HP-β-CD
	β-CD
	TCE
	TCE@HP-β-CD
	TCE@β-CD





	EHOMO (eV) (gas)
	−5.18 (−7.88)
	−5.24 (−8.06)
	−5.78 (−8.15)
	−5.37 (−8.07)
	−5.32 (−8.18)



	EHOMO (eV) (water)
	−5.27 (−8.07)
	−5.55 (−8.34)
	−5.72 (−8.09)
	−5.26 (−8.07)
	−5.57 (−8.21)



	ELUMO (eV) (gas)
	−0.22 (2.24)
	−0.59 (1.94)
	−1.39 (−0.02)
	−1.58 (−0.14)
	−2.07 (−0.63)



	ELUMO (eV) (water)
	0.43 (2.44)
	0.50 (2.75)
	−1.27 (0.10)
	−1.48 (−0.02)
	−1.49 (−0.07)



	ΔEGap (eV) (gas)
	4.96 (10.12)
	4.65 (10.00)
	4.39 (8.13)
	3.79 (7.93)
	3.25 (7.55)



	ΔEGap (eV) (water)
	5.70 (10.51)
	6.05 (11.09)
	4.45 (8.19)
	3.78 (8.05)
	4.08 (8.14)



	μ (Debye) (gas)
	6.61 (6.48)
	9.39 (9.86)
	0.71 (0.93)
	7.30 (7.57)
	10.54 (10.79)



	μ (Debye) (water)
	8.63 (9.95)
	10.84 (8.88)
	1.13 (1.39)
	10.71 (11.80)
	13.35 (13.26)










 





Table 4. Charge decomposition analysis (CDA) and extended charge decomposition analysis (ECDA) for TCE@β-CD and TCE@HP-β-CD complexes.
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CDA

	
ECDA




	
Complex

	
d

	
b

	
d−b

	
r

	
Net Electrons Obtained by Hosts






	
TCE@β-CD

	
0.124

	
0.010

	
0.114

	
−0.045

	
0.146




	
TCE@HP-β-CD

	
0.117

	
0.031

	
0.085

	
−0.050

	
0.111








d: the number of electrons donated from TCE to β