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Reactivity of the superhalogen/superalkali ion encapsulated C60 
fullerenes 

Gibu George,a Anton J. Stasyuk *a,b and Miquel Solà *a 

The Diels-Alder cycloaddition reaction between 1,3-cyclohexadiene and a series of C60 fullerenes with encapsulated 

(super)alkali/(super)halogen species (Li+@C60, Li2F+@C60, Cl-@C60, and LiF2
-@C60) was explored by means of DFT calculations. 

Reactivity of the ion encapsulated systems was compared to the parental C60 fullerene. Significant enhancement in reactivity 

was found for cation encapsulated Li+/Li2F+@C60 complexes. The cycloadduct formed by LiF2
-@C60 was found to be the most 

thermodynamically favorable among the studied ones. In contrast, encapsulation of Cl- anion leads to the disfavor of 

cycloaddition reaction both kinetically and thermodynamically. Higher activation energy barrier and less stability of the 

reaction product in the case of Cl-@C60 were associated with higher deformation energies of fullerene cage and smaller 

interaction energy between the reactants in comparison to the other studied complexes. 

Introduction 

The discovery of buckminsterfullerene C60, and it’s La 

encapsulated derivative marked the beginning of a new era in 

the field of carbon materials.1 Since then the endohedral 

metallofullerenes (EMFs) in which metal atoms, ions, or clusters 

are incorporated inside a fullerene cage have attracted 

significant attention from scientists from various fields of 

science.2-8 Up today, a huge number of different fullerenes with 

encapsulated alkali and alkaline metals,9-11 transition 

metals,12,13 lanthanides,11,14 and neutral species15-21 have been 

reported. The unusual behavior of such EMFs in comparison 

with empty fullerenes resulted in numerous practical 

applications of EMFs in nanomaterials, bioscience, organic 

photovoltaics, and others.22-27,8 The functionalization of EMFs is 

an important step in order to serve these practical purposes. 

Successful derivatization of La@C82 by disilacyclopropane under 

photochemical conditions reported by Akasaka et al.28 in 1995 

pave the way to systematic research devoted to 

functionalization of different endohedral fullerenes. Currently, 

a wide range of chemical transformations, such as Diels-Alder 

(DA) reactions,29,30 1,3-dipolar cycloadditions,31,32 Bingel-Hirsch 

additions,33-36 and radical reactions37,38 are known in which 

EMFs can be involved. 

Ion-encapsulated fullerenes have emerged as a new family 

of endohedral fullerenes.39-42 Despite the fact that only lithium-

ion-encapsulated C60 fullerene (Li+@C60) was isolated and 

characterized first in 2010,43 there is a significant number of 

experimental44,45 and theoretical46-48 studies suggesting that 

the encapsulation of cationic species enhances the reactivity of 

C60 moiety. Li+@C60 also demonstrates the enhanced reactivity 

in photoinduced electron-transfer reductions compared to 

pristine C60.49 Moreover, it forms strong supramolecular 

complexes with various electron donor systems having long-

lived charge-separated states.49-51 Cycloaddition reactions, in 

particular, the DA reaction has been extensively utilized for 

chemical functionalization of fullerenes to produce a variety of 

fullerene derivatives.52 The DA reaction rate of Li+@C60 with 

cyclopentadiene was reported to be 3 order of magnitude faster 

compared to empty C60.44 The experimentally measured 

activation barrier for the DA reaction between 1,3-

cyclohexadiene (1,3-CHD) and Li+@C60 was found to be 5.7 

kcal/mol lower than that for empty C60. The observed difference 

was associated with the lowering of the LUMO level of Li+@C60 

(-3.74eV) with respect to pristine C60 (-2.70eV).45 For the same 

reason but in the opposite direction, it has been shown that the 

incarceration of anions in fullerenes, like in Cl-@C60, decreases 

the reactivity of the fullerenic cage.48  

Introduced by the superatom concept numerous stable 

clusters that mimic the chemical behavior of halogens and 

alkalis atoms have been discovered.53-55  In the early 80s Gutsev 

and Boldyrev have demonstrated the existence of two classes 

of extraordinary molecular systems – superalkalis (SAs) and 

superhalogens (SHs).56,55 SHs are polyatomic systems featured 

by electron affinities (EAs) that may exceed the limit of chlorine 

(i.e. 3.61 eV),56 while SAs are molecules possessing lower 

ionization potentials (IPs) than this value for cesium (i.e. 3.89 

eV).55 SHs can be used for oxidizing molecules with high 

ionization potentials, such as benzene or carbon dioxide57,58 and 

in the production of organic superconductors.59 SAs are also of 

great importance in chemistry since they can exhibit 

pronounced non-linear optical (NLO) properties.60 The first SA, 
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OLi3, was discovered experimentally by Wu et al. in 1979.61 

These systems are found to be thermodynamically stable 

towards dissociation or loss of an electron.62 Although  different 

varieties of the species of this kind have been reported,63,64 

several studies have been dedicated to lithium-based 

superalkalis encapsulated in fullerenes.65-67 

In this work, we report a mechanistic study of DA reaction 

involving SA/SH@C60 (SA=Li2F+, SH=LiF2
-) species as the 

dienophile and 1,3-CHD as diene. The main aim is to determine 

the effect on the reactivity of the fullerenic cage caused by the 

encapsulated SA or SH. A detailed comparison of the results 

obtained for SA/SHs and conventional neutral, cationic, and 

anionic derivatives is used for the rationalization of the effect of 

encapsulated super atoms on the reactivity of the C60 cage. The 

activation strain model in junction with energy decomposition 

analysis is used for quantification and understanding the 

observed effects for such EMFs.  

Experimental 

Quantum-chemical calculations 

Geometry optimization was carried out using the M06-2X 

hybrid functional68 equipped with Ahlrichs’ Def2-SVP double-ξ 

quality basis set69 to explore minimum-energy structures. M06-

2X functional was selected due to its high performance towards 

van der Waals interaction description. Also, it provides good 

results for the description of pericyclic reactions in endohedral 

fullerenes.70,45 The empirical D3 dispersion correction was 

employed in all cases.71 The inclusion of Grimme D3 correction 

increase accuracy of the M06-2X functional towards the 

description of dispersion complexes. Also it has been shown 

that inclusion of dispersion corrections is essential for an 

accurate description of the DA reactions in fullerenes.72 Normal-

mode vibrational frequencies were calculated in each case to 

confirm the presence of the extremum, at the same level of 

theory. Thermal corrections to Gibbs energy were calculated at 

the density functional theory (DFT) level and referred to the gas 

phase at 1 atm and 298 K. The nature of the transition states 

was verified using intrinsic reaction coordinate (IRC) 

calculations73 to confirm that the corresponding normal mode 

connects reactants and products. Single-point energy 

refinements were carried out at M06-2X-D3/def2-TZVPP//M06-

2X-D3/def2-SVP level of theory.68,69 The atomic charge analysis 

was carried out with the non-iterative ACP scheme.74 

 

Activation strain analysis 

The activation strain model (ASM)75, also known as 

distortion/interaction model, is a fragment-based approach for 

analyzing and understanding the chemical reactions and to gain 

insights into the factors that control the heights of the reaction 

barriers.76-79 In this model, the energy ∆E(ζ) is decomposed 

along the reaction coordinate ζ, into activation strain energy 

∆Estrain(ζ), which is the energy associated with the deformation 

of the reactants from their equilibrium geometry into the 

geometry that they adopt in the interacting complex along the 

reaction pathway plus the interaction energy ∆Eint(ζ), between 

the deformed reactants: 

 
∆E(ζ)= ∆Estrain(ζ)+ ∆Eint(ζ)                                                                       (1)  

 

Energy decomposition analysis 

In the present study of the DA cycloaddition reaction the energy 

decomposition ∆E(ζ) is carried out along the IRC path on the forming 

C∙∙∙C bond between the dienophile (SA/SH@C60) and 1,3-CHD from 

the initial reactant complex to the transition states. The interaction 

energy ∆Eint(ζ) between the deformed reactants was examined in the 

framework of the Kohn-Sham MO model using a quantitative energy 

decomposition analysis (EDA)80-82 into electrostatic interactions, 

Pauli repulsive orbital interactions, and attractive orbital 

interactions, to which a term ∆Edisp is added to account for the 

dispersion correction: 

∆Eint(ζ) = ∆Velstat(ζ) + ∆EPauli(ζ) + ∆Eorb(ζ) + ∆Edisp(ζ)                                     (2)                                                      

The electrostatic interaction ∆Eelstat, which is usually attractive, 

is the energy between the unperturbed charge distribution of 

the deformed reactants. The Pauli repulsion term ∆EPauli is 

responsible for steric repulsions comprising from the 

destabilizing interaction between the occupied orbitals of the 

reactant fragments. The orbital interaction term ∆Eorb, accounts 

for the charge transfer between the occupied orbitals of one 

moiety and unoccupied orbitals of another moiety and the 

polarization due to the mixing of empty and occupied orbitals 

within each reactant species. Lastly, the dispersion term ∆Edisp, 

accounts for the interactions due to dispersion forces.83 The 

EDA calculations were carried out at B3LYP-D3/TZ2P level on 

M06-2X/def2-SVP optimized geometries as implemented in 

Amsterdam Modeling Suit package.84 

                                                                                                         

Results and discussion 

Considering that the size of C60 cavity is rather big compared to 

Li2F+, and LiF2
- ions it seems likely that their rotation will be 

unconstrained. This in turn means that if there are several 

conformers with different relative fragment orientations with 

respect to each other, then they should be practically 

isoenergetic. For verification of this hypothesis, we generated 

26 starting geometries for SA/SH@C60 systems different in 

terms of the orientation of Li2F+, and LiF2
- fragments (Fig. S1, SI). 

An optimization procedure revealed that energies of obtained 

structures differ from each other by an amount not exceeding 1 

kcal/mol. Thus, we can assert that the rotation of the 

encapsulated SA/SH fragments inside the C60 cage is free. 

 

The cycloaddition reactions involving C60 fullerene species, 

as it was demonstrated earlier, favors [6,6] over [5,6] bonds due 

to the stronger or effective overlap between the orbitals of the 

reactants throughout the reaction coordinate.85 Thus, at the 

initial stage we have explored the DA reaction between 1,3-CHD 
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with SA/SH@C60 by focusing on the reaction involving [6,6]-

pyracylenic bond of the C60 cage. The reaction proceeds through 

a preformed initial reactant complex (RC) towards the product 

or cycloadduct (CA) via a transition state (TS, see Figure 1) 

Structures of other complexes are provided in Figure S2, SI 

 

. 

The computed reaction energy profile for [4+2] cycloaddition 

reaction between 1,3-CHD and SA/SH@C60 or empty C60 species is 

presented on Figure 2. As seen the activation energy barrier 

(∆Ea) for empty C60 and LiF2
-@C60 complexes is significantly 

higher compared to that for reactions involving Li2F+ (∆Ea = 17.9 

> 17.6 > 13.2 kcal/mol for empty C60, LiF2
-@C60, and Li2F+@C60 

species respectively). 

The computed energy barrier for C60 fullerene is in good 

agreement with the experimentally measured values (17.9 vs 

16.8 kcal/mol respectively).45   Moreover, the reduction of the 

energy barrier by 4.7 kcal/mol due to Li+ encapsulation is close 

to the 5.7 kcal/mol found experimentally.45 All these results 

confirm the adequacy of the selected level of theory. We have 

noticed that complexes based on superalkali cation (Li2F+@C60) 

behave very similar to the one based on Li+ cationic species 

(Li+@C60). Incorporation into the fullerene cage of both 

superalkaline and superhalogen species makes the DA reaction 

more thermodynamically favorable compared to the empty C60 

(∆ER = -29.4 < -35.1 < -35.8 kcal/mol for empty C60, Li2F+@C60, 

and LiF2
-@C60 respectively). Important to note that cationic Li+ 

and Li2F+ species substantially decrease activation barrier makes 

the reaction more favorable kinetically, while anionic Cl- and 

LiF2
- species slightly increase reaction barrier compared to 

parental C60.  

To get more insight into the reactivities of considered SA/SH 

encapsulated fullerenes, we have performed a detailed study of 

the DA cycloaddition reactions using the activation strain model 

(ASM). Figure 3 shows the activation-strain diagrams for the 

cycloaddition reactions between 1,3-CHD and C60 (solid lines), 

Li2F+@C60 (dotted lines), and LiF2
-@C60 (dashed lines) from the 

reactant complexes to the corresponding transition states. The 

shape of the different curves is rather similar, which is typical 

for other types of pericyclic reactions.86 In particular, for all 

systems the strain energy ∆Estrain monotonically increases along 

with the reaction coordinate, whereas the interaction energy 

∆Eint between the deformed reactants only becomes more 

stabilizing while approaching the transition-state region. As 

seen from Figure 3, the difference in the total energy change is 

mainly derived from the interaction energy and not from the 

strain energy. Thus, the interaction energy between the 

deformed reactants becomes the decisive factor responsible for 

the observed reactivity trend. 

The reaction involving Li2F+@C60 exhibits a much smaller 

total energy change ∆E compared to empty C60 and LiF2
-@C60 

along the IRC path from the RC to TS. This leads to the lower 

activation barrier for DA reaction between Li2F+@C60 and 1,3-

CHD. The difference in this total energy change is mainly derived 

from the interaction energy and not from the strain energy. The 

shape of the curve for the deformation energy is very much 

Figure 1. Structures of the RC, TS, and CA involved in the DA reaction between 1,3-

CHD and C60 fullerene were obtained at M06-2X-D3/def2-SVP level of theory. 

Highlighted formed bond lengths are given in angstroms. 
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Figure 3. Activation strain diagrams of the Diels-Alder reaction between 1,3-CHD and C60 

(solid lines), Li2F+@C60 (dotted lines), and LiF2
-@C60 (dashed lines) along the intrinsic 

reaction coordinate projected onto the forming C∙∙∙C bond length. The energies were 

computed at M06-2X-D3/def2-TZVPP//M06-2X-D3/def2-SVP level of theory.

Figure 2. Computed reaction profile for Diels-Alder reaction between 1,3-CHD and C60 

fullerene with encapsulated cationic/anionic species. All the data were computed at the 

M06-2X-D3/def2-TZVPP//M06-2X-D3/def2-SVP level of theory. Relative energies are 

given in kcal/mol.
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similar for all the systems such that the strain energy ∆Estrain 

steadily increases along the reaction path. Conversely, the 

interaction energy ∆Eint tends to be stabilizing upon reaching the 

transition state. This is an indication that the interaction energy 

between the deformed reactants becomes the decisive factor 

responsible for the observed reactivity trend. It can be 

illustrated by a comparison of the difference in the interaction 

energy (∆∆Eint) of reactions involving Li2F+@C60 vs. C60 and 

Li2F+@C60 vs. LiF2
-@C60 at the same forming C∙∙∙C distance of 2.4 

Å (∆∆Eint = 6.4 and 7.4 kcal/mol respectively). As seen these 

values roughly match the computed total energy difference 

between the same transformations (∆∆E = 6.5 and 7.8 kcal/mol 

respectively). The energies calculated using ASM along the IRC 

path for the Diels-Alder reaction involving Li2F+@C60, empty C60, 

and LiF2
-@C60 are given in the Table S1, S2, and S3, SI 

respectively.  Note that the behavior of Li+ encapsulated system 

is very similar to that of its SA analog. Therefore, it can be 

concluded that the presence of Li2F+ cation inside the C60 

enhances the DA reactivity as compared to empty C60. The 

reaction became more kinetically favorable as a consequence of 

a significantly stronger interaction between the reactants from 

the initially formed reactant complex up to the corresponding 

transition state. In contrast, as reported for Cl-,48 the presence 

of LiF2
- anion has the opposite effect - the interaction energies 

in the case of encapsulated anionic species became weaker than 

in the process involving the parent C60 and therefore increases 

in the activation energy of the DA reaction.  

Energy decomposition analysis (EDA) has been performed to 

get a deeper understanding of the different contributors to the 

total interaction energy between the deformed reactants. 

Figure 4 illustrates the EDA terms for the reaction involving C60 

(solid lines), Li2F+@C60 (dotted lines), and LiF2
-@C60 (dashed 

lines). 

The larger interaction energy observed for the Li2F+@C60 

system is solely from the stronger orbital interaction between 

the reactants along the reaction coordinate. For instance, the 

order of orbital interaction energy ∆Eorb, at the same forming 

C∙∙∙C distance of 2.4 Å is -40.2 (Li2F+@C60) > -36.0 (C60) > -34.8 

kcal/mol (LiF2
-@C60). The superalkali cationic system is also 

favored by a slightly smaller destabilizing Pauli repulsion term 

∆EPauli compared to the other two systems (∆EPauli = 80.3 

(Li2F+@C60) < 86.1 (C60) < 86.7 kcal/mol (LiF2
-@C60)). The 

increase in Pauli repulsion term from Li2F+@C60 to LiF2
-@C60 

systems is due to the fact that anion encapsulation leads to a 

significant gain in electron density for the carbon atoms of C60 

cage.87 Detailed EDA results with the percentage contributions 

to the sum of all attractive energy terms for the systems 

corresponding to Li2F+@C60, empty C60, and LiF2
-@C60 are 

provided in the Table S4, S5, and S6, SI respectively. 

The difference in the orbital interaction energy between 

SA/SH@C60 and empty C60 systems can be explained considering 

the molecular orbitals involved in these interactions. Figure 5 

shows the calculated frontier HOMO-LUMO energies of the 

studied complexes. 
 

As seen in Figure 5, energies of the frontier HOMO and 

LUMO of neutral and charged complexes differ significantly. In 

the neutral complex in RC geometry, HOMO is localized on 1,3- 

CHD, while LUMO is localized on C60 fullerene. As it has been 

shown in a previous study, the HOMO(diene)-LUMO(C60) is the 

most frontier MO relevant interaction.48 Their energies are 

similar to that of the isolated fragments: -7.27 vs -7.29 eV for 

1,3-CHD in complex and isolated form, and -3.00 vs -3.05 eV for 

C60 in complex and isolated form respectively. The HOMO-
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Figure 4. Energy decomposition of the interaction energy for the Diels-Alder reaction 

between 1,3-CHD and C60 (solid lines), Li2F+@C60 (dotted lines), and LiF2
-@C60 (dashed 

lines) along the intrinsic reaction coordinate projected onto the forming C∙∙∙C bond 

length. The energies were computed at B3LYP-D3/TZ2P//M06-2X-D3/def2-SVP level of 

theory.

Figure 5. Frontier HOMO and LUMO of (a) RC-Li+@C60, (b) RC-Li2F+@C60, (c) isolated C60, 

(d) RC-C60, (e) isolated 1,3-CHD, (f) RC-Cl-@C60, (g) RC-LiF2
-@C60 with energies in eV 

computed at M06-2X-D3/def2-TZVPP//M06-2X-D3/def2-SVP level of theory. Orbitals 

are drawn on the isodensity surface of 0.03 e/Å.
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LUMO gap (HL gap) in the case of the neutral system was found 

to be 4.27 eV. Incorporation of the Li+/Li2F+ cations into the C60 

cage leads to sharp changes in the orbital energy. The energy of 

LUMO stabilized by about 3 eV, stabilization of HOMO is slightly 

less and amounts to 2.3-2.5 eV. These changes in turn lead to 

the reduction of the HL gap to 3.51 and 3.67 eV for Li2F+@C60 

and Li+@C60 complexes respectively. In turn, Cl-/LiF2
- anions 

incorporated in the cage lead to destabilization of HOMO and 

LUMO energies, while the HL gap increases to more than 5 eV 

(Figure 5). Interestingly to note that the effect of the included 

SA and SH species on the HL gap has almost the same 

magnitude, but the opposite direction. Observed changes are 

caused by the electrostatic effect of the charged species 

incorporated into the cage. The electrostatic effect of the 

charged species that 1,3-CHD experience in the RC are less than 

for C60 due to the larger effective distance. A smaller HL gap 

observed for Li2F+@C60 compared to other studied complexes 

describes the decisive role of orbital interaction and this also 

attributes to the lower activation barrier. Frontier HOMO-

LUMO for the TS geometry of the studied complexes are 

provided in Figure S3, SI. 

At the next stage, we have compared the stability of the 

reaction complexes and cycloadduct products for studied 

systems (Figure 2). The Li2F+@C60 and Li+@C60 demonstrate very 

similar behavior. The relative energies of RC, CA, and TS 

structures for both cation encapsulated complexes are almost 

identical and do not exceed 0.6 kcal/mol. Our attention was 

drawn by unusual stability for the TS and CA structures of LiF2
-

@C60 in contrast to the Cl-@C60 complex. The Diels-Alder 

reaction involving LiF2
-@C60 was found to be a significantly more 

favorable compared to Cl-@C60 both kinetically (∆Ea = 20.9 > 

17.6 kcal/mol for Cl-@C60 and LiF2
-@C60, respectively) and 

thermodynamically (∆ER = -25.9 < -35.4 kcal/mol for Cl-@C60 and 

LiF2
-@C60, respectively). To understand the nature of the 

observed cycloadduct stabilities the interaction energy (∆Eint) 

between 1,3-CHD and ion-encapsulated C60 and empty C60 was 

computed. 

Table 1. Interaction (∆Eint), deformation (∆Edef), and total energies (∆E) for cycloadducts 

in the DA reaction between diene (1,3-CHD) and X@C60 species, where X = empty C60, Li+, 

Li2F+, Cl-, LiF2
-.[a,b] 

[a] The energy values are in kcal/mol. [b] Energies obtained at M06-2X-D3/def2-

TZVPP//M06-2X-D3/def2-SVP level of theory. 

The interaction energy decreases in the order Li2F+@C60 > 

Li+@C60 > LiF2
-@C60 > empty C60 > Cl-@C60. As seen the ∆Eint for 

Li+/Li2F+@C60 is higher than for LiF2
-@C60 by about 2 kcal/mol. 

However, LiF2
-@C60 complex is slightly more stable compared to 

Li2F+@C60 due to its lower strain energy (Table 1). The smaller 

deformation energy for the LiF2
-@C60 system is associated with 

the smaller deformation energy of the fullerene unit. 

 

The interaction and deformation energies between 1,3-CHD 

and anion-encapsulated systems in their TS geometries were 

computed to explain smaller activation energy for LiF2
-@C60 

compared to the Cl-@C60 complex. 

Table 2. Interaction (∆Eint), deformation (∆Edef), and total energies (∆E), as well as ACP charges computed for TS structures in the DA reaction between diene (1,3-CHD) and Cl-/LiF2
-

@C60 endohedral complexes.[a,b] 

[a] The energy values are in kcal/mol. [b] Energies obtained at M06-2X-D3/def2-TZVPP//M06-2X-D3/def2-SVP level of theory.

As seen from Table 2, the Cl-@C60 complex is characterized 

by slightly stronger interaction energy between the fullerene 

cage and 1,3-CHD unit compared to LiF2
-@C60. However, 

differences in interaction energies between these two 

complexes are only 1.6 kcal/mol. At the same time for Cl-@C60 

deformation energies by 4.7 kcal/mol higher. It is important to 

note that the main contributor to this difference is fullerene. 

These findings seem counterintuitive given the markedly larger 

size of LiF2
- anion compared to Cl-. In order to explain this 

observation, we have computed charges on 1,3-CHD, fullerene, 

and encapsulated units in both complexes (Table 2). In the case 

of LiF2
-@C60, the negative charge is almost completely localized 

on LiF2
- anion, while in Cl-@C60 complex it is partially shifted 

from Cl- to the C60 cage. This can be explained by considering 

the fact that the electron affinity of LiF2 is significantly higher 

than that for Cl (4.32 eV vs 3.36 eV for LiF2 and Cl respectively). 

Thus, the excess of the electron density on the C60 leads to its 

higher reorganization energy in Cl-@C60 as compared to LiF2
-

@C60 in the TS and the CA. 

Conclusions 

In summary, the Diels-Alder cycloaddition reaction between 

1,3-CHD and endohedral C60 fullerenes with encapsulated 

(super)alkali/(super)halogen species has been studied by DFT 

method. A significant enhancement in reactivity was observed 

for the systems with encapsulated Li+/Li2F+ cations. The ASM-

EDA analysis confirms that the interaction energy between the 

X@C60∙∙∙1,3-

CHD 
Eint 

Edef 
E 

1,3-CHD C60 total 

C60 -175.06 100.24 45.42 145.65 -29.41 

Li+@C60 -181.11 99.76 46.52 146.28 -34.83 

Li2F+@C60 -181.33 99.79 46.47 146.27 -35.06 

Cl-@C60 -170.65 100.51 44.25 144.75 -25.90 

LiF2
-@C60 -179.06 101.23 42.05 143.28 -35.77 

Complex Eint 

Edef Charges 

E 
1,3-CHD Cage Total 1,3-CHD C60 

Encapsulated 

species 

Cl-@C60 -10.48 5.72 20.58 26.29 -0.01 -0.30 -0.67 15.82 

LiF2
-@C60 -8.85 4.15 17.42 21.58 -0.02 -0.04 -0.93 12.72 
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reactants plays a crucial role in the kinetic stability of the 

Li2F+@C60. Its strong interaction energy is associated with the 

enhanced orbital interactions between cyclohexadiene and 

Li2F+@C60. In the case of encapsulation by C60 of superhalogen 

anion LiF2
-, the cycloadduct was found to be the most 

thermodynamically preferred among the rest of products, 

whereas in the case of Cl- anion the cycloaddition reaction 

becomes unfavorable both kinetically and thermodynamically. 

According to the ASM analysis, lower stability of the reaction 

product and higher activation energy barrier for Cl-@C60 in 

comparison to the other studied complexes are caused by small 

interaction energy between the reactants and high deformation 

energy of Cl-@C60 cage. 
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