Theoretical investigation on structure and stability of some neutral rare gas molecules F-Rg-BR2 (R = F, OH, CN, CCH)
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ABSTRACT
Ab 
initio
 and DFT calculations were performed to investigate the structure, stability, and nature of chemical bonding of the F-Rg-BR
2
 (R = F, OH, CN and CCH; Rg = Ar, Kr, Xe and Rn) molecules. The geometries are optimized for ground as well as transition states using the B3LYP-D3 and MP2 methods.
 
It has been found that the F-Rg-B portion of F-Rg-BR
2
 species is linear in the ground state but curved in the transition state. The NBO, AIM, ELF and EDA analyses suggest that the molecules can be expressed as F
(Rg-BR
2
)
+
 due to the covalent Rg-B bond and the ionic interaction between F and Rg.
 
Calculations assert the metastable behavior of the F-Rg-BR
2
 molecules, thermodynamic data shows that F-Rg-BR
2
 can spontaneously dissociates into BFR
2
 + Rg, the considerable energy barrier of this two-body dissociation channel calculated by the B3LYP-D3, MP2 and CCSD(T) methods affirms the kinetic stability of the F-Rg-BR
2
 molecules. Thus 
F-Rg-BR
2
 molecules
 are kinetically protected against the decomposition reaction and 
may be identified under cryogenic conditions in solid rare gas matrices or in the gas phase.
)Di Hao Tan, 1 Si Yuan Xian [endnoteRef:1] and An Yong Li 1 [1:  Di Hao Tan,  Si Yuan Xian  and An Yong Li
School of Chemistry and Chemical Engineering, Southwest University, Chongqing, P. R. China, 400715] 

[image: ]
[image: ]




18  [image: C:\Users\kbuckingha\Documents\QUA\Templates\QUA footer even.jpg]
[image: C:\Users\kbuckingha\Documents\QUA\Templates\QUA footer odd.jpg]19

I. Introduction
[bookmark: OLE_LINK3][bookmark: OLE_LINK8]Rare gases (Rg) were initially considered inert as they possess completely filled valence s and p orbitals, and they were unwilling to undergo any chemical changes and did not participate in chemical bonding, making the rare gas atoms monoatomic and unreactive at room temperature. The pioneer prediction about the Rg compounds was made by Linus Pauling[1] in 1933 who predicted the existence of stable molecules and heavier inert gas elements. Until 1962, the first known stable rare gas compound XePtF6 was successfully synthesized by Neil Bartlett[2] such that the inert myth of rare gases was shattered. This indicates that rare gases could bond with other elements as long as under appropriate conditions. This remarkable discovery opened up a new field of chemistry. 

[bookmark: OLE_LINK11][bookmark: OLE_LINK10]Recently, developments in experiments and computing techniques have shown that rare gases can form a rich variety of molecules or ions with many other elements. Among the verified Rg containing compounds, the Rg-inserted compounds as a frontier area of research in the chemical sciences have received extensive attention. Räsänen[3-10] and co-workers predicated the formula of HNgX (where Ng = Ar, Kr, and Xe and X = electronegative atom or group), which received extensive attention and greatly expanded the research field. In 2000, the first argon-inserted stable compound HArF[11] was observed by Räsänen and co-workers using matrix photolysis techniques. Over the years that followed, a series of Rg inserted hydrides were prepared in the laboratory, such as HKrCl[12], HKrF[13], HRgCCH (Rg = Kr and Xe)[14, 15], HRgCCY (Y = F and Cl, Rg = Ar, Kr and Xe)[16, 17], HXeCC[15], and so forth. Experimental evidence and theoretical studies suggested that the Rg-insertion compounds have the general formula of XRgY (where Rg is a rare gas atom, X is a hydrogen or halogen or pseudo-halogen and Y is an electronegative atom or group). In recent years, Ghanty and co-workers have theoretically investigated a series of XRgY type of Rg insertion compounds, such as HRgOH2+ (Rg = He, Ar, Kr and Xe)[18], HRgBF+ (Rg = He, Ar, Kr and Xe)[19], FNgBS (Ng = Ar, Kr and Xe)[20], HNgCS+ (Ng = He, Ne, Ar, Kr and Xe)[21], HNgOSi+ (Ng = He, Ne, Ar, Kr and Xe)[22] and FNgY (Ng = Kr and Xe; Y=As, Sb and Bi)[23]. 
The valence electron of boron (B) is 2s22p1. Due to the availability of two empty 2p orbitals of B, it’s interesting to study the B-Rg bonding. Therefore, many insertion-type molecules containing both B and Rg atoms have been studied, such as OBNgF (Ng = Ar, Kr and Xe)[24], F-Rg-MF2 (M = B and Al; Rg = Ar, Kr and Xe)[25], FNgBN- (Ng = He, Ne, Ar, Kr and Xe)[26], RgBF2+ (Rg = Ar, Kr and Xe)[27],  FNgBNR (Ng = Ar, Kr and Xe; R = H, CH3, CCH, CHCH2, F and OH)[28], BNg3F3 (Ng = Ar, Kr and Xe)[29], and so forth. Since most of the inserted Rg-containing molecules are metastable in nature, they can be prepared and characterized experimentally at low temperatures using the matrix isolation technique in cryogenic conditions. Structurally, the F-Rg-B portion of all molecules is linear. In these molecules, the positive charges are mainly on the B and Rg atoms, while the negative charges are mainly on the F atom, which is bonded with the Rg atom. In addition, the bonding natures of all the above species pass from ionic to covalent from Ar to Xe. Because the valence shell is more stable, the lighter rare gas argon is less likely to form chemical bonds than krypton or xenon. 
Most recently, Liu et al.[30] theoretically investigated RXeXeR′ molecules, in which R is electron-donating (Cl, Br, SiH3, CH3, and CF3) and R′ is electron withdrawing (F, Cl, CN, CF, and CCH) groups, respectively. Fernandez and Frenking[31] theoretically investigated the structure and stability toward decomposition of HXeXeX (X = F to I) and RXeXeR′ (R, R′ = halogen atom) molecules. Their results show that replacement of the fluorine atom of these molecules by a heavier halogen leads to less stable compounds. Therefore, FXeXeF has the most stability with the most energy barrier. In 2020, Abdeveiszadeh and Noorizadeh[32] investigate the structure, stability, and nature of chemical bonding of some neutral rare gas insertion compounds containing a Xe-Xe bond, including HXeXeR, FXeXeR as well as RXeXeR (R = CN, NC, CCH, and BS). Their calculations indicate that replacement of H atom by F atom in the HXeXeCN molecule leads to a more stable compound and the strongest Xe-Xe interaction is predicted for the FXeXeCN molecule and its experimental detection is more likely.
[bookmark: OLE_LINK4][bookmark: OLE_LINK2][bookmark: OLE_LINK1][bookmark: OLE_LINK6][bookmark: OLE_LINK5]In the current study, combined with the theoretical study of compounds containing B-Rg bonds, we think that the F atoms bonded with B atom in F-Rg-BF2 can be replaced with two electron withdrawing groups such as OH, CN, CCH. Thus we consider the new F-Rg-BR2 (R = OH, CN, CCH) compounds and investigate which substituent R can stabilize compounds containing B-Rg bonds. We would employ DFT-D, MP2 and CCSD(T) theories to investigate computationally the structures and stability of the family of F-Rg-BR2 molecules.
II. Computational methods
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]BRgF and FRgBR2 (R = F, OH, CN, CCH) molecules are chosen as research systems. All the calculations reported in this paper were carried out with the Gaussian 09 package.[33] The molecular geometric structures and vibrational frequencies were calculated by means of the hybrid density functionals plus the dispersion correction B3LYP-D3[34, 35] and the second-order Møller Plesset perturbation MP2[36-39] method along with the aug-cc-pVTZ[40-42] basis sets. When calculating the valence properties of molecules with heavy elements, replacing the core orbitals with effective core potential (ECP) can save a lot of resources. The valence part is still treated ab initio, and the internal nodes of the wave function will be smoothed out. This pseudopotential (PP) method has been thoroughly tested.[43] The aug-cc-pVTZ-PP with relativistic effective core pseudopotentials was used for Kr, Xe and Rn (ECP18MDF for the Kr, ECP28MDF for the Xe atom and ECP60MDF for the Rn atom).[44, 45] In addition, energy value for each compound was corrected by zero-point energy (ZPE) at B3LYP-D3 and MP2 with aug-cc-pVTZ (-PP) basis sets, and the energies were refined by a single energy calculation by CCSD(T)[46]/aug-cc-pVTZ (-PP) level based on the MP2/aug-cc-pVTZ (-PP) optimized structures. The local minima for the FRgBR2 species are searched on the potential energy surface which would correspond to a stable species. The energy differences between the predicted compound and the possible decomposition products are computed in order to assess the stability of the species.
Based on the natural bond orbital (NBO) theory, the GenNBO7.0[47] program was used to perform natural population analysis (NPA) on these molecules, which including natural atomic charge and Wiberg bond indices (WBIs), at the MP2/aug-cc-pVTZ (-PP) level. The electron density topological properties, including electron density ρ, Laplacian 2ρ and electron local energy density H at the bond critical points (BCPs), based on the theory of atom-in-molecules (AIM)[48, 49], and the electron localization function (ELF), were calculated to investigate the nature of chemical bonds with the Multiwfn[50, 51] software at the MP2/aug-cc-pVTZ (-PP) level.
[bookmark: OLE_LINK7]The charge and energy decomposition scheme based on the extended transition state method with the natural orbitals for chemical valence theory (ETS-NOCV) was applied to perform the energy decomposition analysis (EDA)[52, 53] at the revPBE-D3/QZ4P//MP2/aug-cc-pVTZ(-PP)[35, 54] level with the ADF 2013.01[55] package. In the ETS-NOCV scheme the interaction energy ΔEint between two fragments is decomposed into four terms: the electrostatic interaction energy (ΔEelstat), the Pauli repulsion (ΔEPauli), the orbital interaction energy (ΔEorb), and the dispersion interaction energy (ΔEdisp), thus ΔEint = ΔEelstat + ΔEPauli + ΔEorb + ΔEdisp.
III. Results and discussion
3.1 Geometric structures
[bookmark: OLE_LINK30][bookmark: OLE_LINK43][bookmark: OLE_LINK44][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK31]The molecular structures of the BRgF (Rg = Ar, Kr, Xe and Rn) molecules were calculated by the B3LYP-D3, MP2 and CCSD with the aug-cc-pVTZ (-PP) basis sets were depicted in Fig. S1. For F-Rg-BF2, F-Rg-B(OH)2, F-Rg-B(CN)2 and F-Rg-B(CCH)2 molecules, the geometrical structures were optimized at B3LYP-D3/aug-cc-pVTZ (-PP) and MP2/aug-cc-pVTZ (-PP) levels, as plotted in Fig. 1. As we can see that the BRgF molecules present a linear arrangement, and the F-Rg-B part of the F-Rg-BR2 molecules are also linearly arranged. Note that bond lengths calculated at the B3LYP-D3 level are invariably longer than calculated at the MP2 levels. The obtained data for F-Rg and B-Rg bond lengths using B3LYP-D3 and MP2 methods follow the trends: BRgF > F-Rg-B(CCH)2 ≈ F-Rg-B(OH)2 > F-Rg-BF2 > F-Rg-B(CN)2.
[bookmark: OLE_LINK25][bookmark: OLE_LINK18][bookmark: OLE_LINK21][bookmark: OLE_LINK22][bookmark: OLE_LINK9][bookmark: OLE_LINK17][bookmark: OLE_LINK27][bookmark: OLE_LINK26]The F-Rg and B-Rg bond lengths of all the considered species gradually increase from Ar to Rn, which reflected the increasing covalent radii of the rare gas atoms. The classical covalent bond lengths of B-Rg are 1.81, 2.02, 2.16, 2.27 Å, and the classical covalent bond lengths of Rg-F are 1.60, 1.81, 1.95, 2.06 Å, for Ar, Kr, Xe and Rn  respectively.[56] The calculated F–Rg bond lengths is much larger than the corresponding covalent bond lengths. In addition, the F-Rg bond lengths only increase by 0.14~0.16 Å of F-Rg-BR2 molecules from Rg = Ar to Rg = Rn. The calculated F–Rg bond distances were much less sensitive to the identity of the rare gas atoms. This may be due to the facts that the F–Rg bonds are highly ionic in nature and the interaction between the fluorine and rare gas is significantly electrostatic. The FNgOB, FMRgF, FNgBNR species predicted in earlier studies have the similar structure trends. In F-Rg-BR2 compounds, the B-Rg bond length is similar for a given rare gas. Thus, one can infer that the interaction between B and Rg atoms in all types of molecules are more or less the same irrespective of the different environment of the B atom in the four set of molecules. Comparison of the calculated B–Rg bond lengths with the empirical covalent radii suggest that B–Rg bond of F-Rg-BR2 molecules is covalent. Especially, the calculated B-Rg bond lengths in FRgB(CN)2 molecules calculated at the MP2/aug-cc-pVTZ (-PP) level is different form the corresponding covalent bond lengths only 0.02~0.04 Å. For different rare gas atoms the B-F bond of F-Rg-BF2 molecules, the B-O bond and H-O bond of F-Rg-B(OH)2 molecules, the B-C bond and C-N bond of F-Rg-B(CN)2 molecules and the B-C bond, C-C bond and C-H bond of F-Rg-B(CCH)2 molecules were fairly constant.
3.2 Stability
In general, the stability of a rare gas compound is mainly determined by the ionization potential (IP) value of the rare gas atom and the electronegativity (EN) value of the binding atom. With the increase of Rg atomic ionization potential and the decrease of binding atomic electronegativity, the stability of dissociation decreases rapidly. Theoretically, the feasibility of forming any compound is first evaluated by finding the possible local minimum in the potential energy surface. In addition, it is important to consider the dynamic stability of the species to determine whether the species can be prepared experimentally. The inherent stability of any new molecular species can be determined by the barrier heights and the reactive energy of all the unimolecular dissociation pathways.25
[bookmark: OLE_LINK34][bookmark: OLE_LINK33]To determine the thermodynamic stability of the proposed BRgF and F-Rg-BR2 (Rg = Ar, Kr, Xe and Rn; R = F, OH, CN and CCH) compounds, the thermochemical parameters as well as the zero point energy (ZPE) correction of some possible unimolecular dissociation channels, included two-body and three-body decomposition processes, are computed. Table 1 listed the reaction energy (ΔE, kcal/mol), the ZPE-corrected reaction energy (ΔE0, kcal/mol), the reaction enthalpy change (ΔH, kcal/mol), and reaction free energy change (ΔG, kcal/mol) at 298.15 K for the dissociation channels of BRgF (Rg = Ar, Kr, Xe and Rn) molecules calculated at B3LYP-D3/aug-cc-pVTZ (-PP), MP2/aug-cc-pVTZ (-PP) and CCSD/aug-cc-pVTZ (-PP) levels. It is clear that, the obtained results from the three methods are in the same line. The first two dissociation channels are both endergonic, endothermic and nonspontaneous, while the third dissociation channel is highly spontaneous at 298.15 K. 
[bookmark: OLE_LINK35][bookmark: OLE_LINK32][bookmark: OLE_LINK38][bookmark: OLE_LINK39]Here, four different dissociation channels are considered for F-Rg-BR2 species, the results are all collected in Table 2. The ΔE, ΔE0, ΔH and ΔG values for all dissociation channels were computed at B3LYP-D3/aug-cc-pVTZ (-PP) and MP2/aug-cc-pVTZ (-PP) levels. Note that, the results obtained by the two methods are consistent. All of the F-Rg-BF2 and F-Rg-B(CN)2 species has closest results, the F-Rg-B(OH)2 and F-Rg-B(CCH)2 species has closest results, as well as the F-Rg-BF2 and F-Rg-B(CN)2 species dissociated more energetic (~15 kcal/mol) than F-Rg-B(OH)2 and F-Rg-B(CCH)2 species. This trend is analogous to the change in bond length. The dissociation of BRgF to BF + Rg and F-Rg-BR2 to BFR2 + Rg is exergonic, exothermic and spontaneous in nature, and the decreasing order of ΔE, ΔE0, ΔH and ΔG values from Ar to Rn is obvious. Except for the F-Rg-BR2 to BFR2 + Rg dissociation channel, all other dissociation channels are found to be endergonic (ΔG > 0) in nature, thus making these dissociation processes nonspontaneous at 298.15 K. The positive value of the dissociation energies of F-Rg-BR2 species indicates that all these species are metastable and have local minima in their respective potential energy surfaces. Equilibrium considerations are not conducive to the existence of these compounds. However, these metastable species can survive if the potential barriers separating these local minima from the lower energy region of the potential energy surfaces are high. Therefore, it is important to calculate the kinetic stability of the F-Rg-BR2 species through computation of the transition state corresponding to the BFR2+Rg dissociation channel. 
[bookmark: OLE_LINK42]CCSD(T) is a standard method used for optimizing structures. However, optimization at the CCSD(T) level is difficult to perform as they are computationally expensive.11 Hence, only single point energies were computed. The single point energy calculation at the CCSD(T)/aug-cc-pVTZ (-PP) levels is performed using the optimized structure obtained at MP2/aug-cc-pVTZ (-PP) level of theory. The reaction energy (ΔE) of the dissociation process: BRgF →BF + Rg and F-Rg-BR2 → BFR2 + Rg is calculated at the CCSD(T) level and provided in Supporting Information Table S11 and Table 3, respectively. The ΔE values obtained at CCSD(T)/aug-cc-pVTZ (-PP) level are comparable with the results obtained at MP2/aug-cc-pVTZ (-PP) level. But the ΔE values at CCSD(T)/aug-cc-pVTZ (-PP) level are slightly lower than that of MP2/aug-cc-pVTZ (-PP) level. 
[bookmark: OLE_LINK29][bookmark: OLE_LINK28][bookmark: OLE_LINK41][bookmark: OLE_LINK94][bookmark: OLE_LINK45][bookmark: OLE_LINK46][bookmark: OLE_LINK48][bookmark: OLE_LINK47][bookmark: OLE_LINK50][bookmark: OLE_LINK49]To be kinetically stable, a sizable barrier must exist for this dissociation channel. The calculated transition state (TS) geometry of the BRgF molecular is shown in Fig. S2, and the TSs that correspond to the dissociation path F-Rg-BR2 → [F-Rg-BR2]‡ →BFR2 + Rg (Rg = Ar-Rn) are optimized and depicted in Fig. 2. In the transition state structure of these Rg inserted molecules, all the atoms of the F-Rg-B(OH)2 molecule are on the same plane. The transition state structure of the F-Rg-BF2, F-Rg-B(CN)2 and F-Rg-B(CCH)2 molecules has been found to be nonplanar and the F-Rg moiety is almost perpendicular to the plane containing the RgBR2 fragment. The structural difference between the two cases is due to the formation of the FHO hydrogen bond in the former. Anyway the out-of-plane F–Rg–B bending mode is involved in going from the minimum energy structure to the saddle point. In the transition state, the F-Rg and Rg-B bond lengths in F-Rg-BR2 molecules increase on going from Ar to Rn and this observation is true in MP2 method as well as in the B3LYP-D3 methods. In the optimized minimum energy structures the F-Rg-B bond angles are 180º, whereas in the optimized TS structures the F-Rg-B bond angles becomes more acute as we move from Ar to Rn. Comparing the F-Rg bond, B-Rg bond and F-Rg-B bond angle in all molecules, it is found that the F-Rg bond and B-Rg bond have the shortest bond length and the F-Rg-B bond angle is the smallest in F-Rg-B(CN)2.
[bookmark: OLE_LINK53][bookmark: OLE_LINK55][bookmark: OLE_LINK54]We have calculated the energy barrier for the thermodynamically feasible dissociation process. The calculated ΔE‡, ΔE0‡, ΔH‡, and ΔG‡ of BRgF and F-Rg-BR2 molecules at 298.15 K at B3LYP-D3/aug-cc-pVTZ (-PP) and MP2/aug-cc-pVTZ (-PP) level of theory are provided in Table S12, Table 4 and Table S13. It is seen that the dissociation process of all compounds is kinetically protected by the energy barrier. There is an increase in the energy barrier height with an increase in the size of the Rg. A substantial energy barrier that prevents the dissociation makes insertion compound a metastable species. Thus, we can say that there is an increase in the stability of the BRgF and F-Rg-BR2 molecules as the size of Rg increases. This is also in agreement with the fact that lighter Rg are difficult to stabilize. He and Ne were not incorporated into the study because it is reported that to oxidize them a superhalogen with very large EA is required. To increase the EA the number of F-atoms should be increased and with an increase in the size of the superhalogen, the barrier height of dissociation would get decreased. Hence, they would not be stable. The energy barriers at CCSD(T)/aug-cc-pVTZ (-PP) levels are computed by single point energy calculation taking optimized TS geometries at MP2/aug-cc-pVTZ (-PP) level. The calculated energy barrier at CCSD(T) levels have a good agreement with the B3LYP-D3 and MP2 results which supports the metastable behavior of these F-Rg-BR2. We have also checked the intrinsic reaction coordinate (IRC) path for the dissociation channel: F-Rg-BR2 → [F-Rg-BR2]‡ →BFR2 + Rg (Rg = Ar-Rn) at B3LYP-D3/aug-cc-pVTZ (-PP) and MP2/aug-cc-pVTZ (-PP) level. The IRC supports the proposed dissociation channel passing through that optimized TS geometry. 
[bookmark: OLE_LINK58][bookmark: OLE_LINK59][bookmark: OLE_LINK57][bookmark: OLE_LINK56][bookmark: OLE_LINK60][bookmark: OLE_LINK61]A comparative study of the stability among F-Rg-BR2 (Rg = Ar, Kr, Xe and Rn; R = F, OH, CN and CCH) are carried out with respect to the dissociation channel: F-Rg-BR2 → BFR2 + Rg calculated at B3LYP-D3/aug-cc-pVTZ (-PP) and MP2/aug-cc-pVTZ (-PP) level. The TS geometries are optimized and the energy barriers (ΔE‡) are found to be 9.9-27.4 kcal/mol at B3LYP-D3 and 7.6-25.2 kcal/mol for Ar-Rn at MP2 in F-Rg-BF2 molecules, 4.1-17.4 kcal/mol at B3LYP-D3 and 2.9-16.6 kcal/mol at MP2 in F-Rg-B(OH)2 molecules, 5.2-22.1 kcal/mol at B3LYP-D3 and 7.4-21.7 kcal/mol at MP2 in F-Rg-B(CN)2 molecules, and 5.7-20.2 kcal/mol at B3LYP-D3 and 5.9-19.9 kcal/mol at MP2 in F-Rg-B(CCH)2 molecules. The Gibbs free energy change for the dissociation process ranges between 10.1-27.0 kcal/mol at B3LYP-D3 and 7.5-25.0 kcal/mol for Ar-Rn at MP2 in F-Rg-BF2 molecules, 4.0-16.9 kcal/mol at B3LYP-D3 and 2.9-16.4 kcal/mol at MP2 in F-Rg-B(OH)2 molecules, 5.8-22.0 kcal/mol at B3LYP-D3 and 7.6-21.9 kcal/mol at MP2 in F-Rg-B(CN)2 molecules, and 5.8-20.0 kcal/mol at B3LYP-D3 and 5.7-19.9 kcal/mol at MP2 in F-Rg-B(CCH)2 molecules. The computed ΔE‡ and ΔG‡ values clearly show that the kinetic stability order of F-Rg-BR2 (Rg = Ar, Kr, Xe and Rn; R = F, OH, CN and CCH) molecules can be written as: F-Rg-BF2 > F-Rg-B(CN)2 > F-Rg-B(CCH)2 > F-Rg-B(OH)2.
3.3 Charge Distribution Analysis
To understand the nature of bonding, now it is essential to know the charge on different atoms of F-Rg-BR2 molecules. The bonding nature of the neutral Rg-inserting compounds was investigated by using natural atomic charges and Wiberg bond indices (WBIs), which were calculated by the NBO method; the results for these compounds are listed in Table 5. It can be seen that the B and Rg atoms in the F-Rg-BR2 species both have amount of positive charges, and the F atoms and R groups both have negative charges. Thus the total charge transfer is from BRg to F and R, the magnitude is large. It is notable that for each given group R the total positive charges of Rg and B (and the total negative charges of F and R’s) are almost constant, not varying with Rg from Ar to Rn, 1.91~1.96, 1.73~1.77, 1.34~1.39 and 1.36~1.41 respectively for R = F, OH, CN and CCH. The negative charge on F atom is about 0.9 and its magnitude is basically unchanged and has only a small decrease with Rg from Ar to Rn; the negative charge of R groups is about 0.5, 0.4, 0.2 and 0.2 respectively for R=F, OH, CN and CCH, its magnitude is also almost unchanged and has only a small increase with Rg from Ar to Rn. However, in each structure of a given R group, the positive charge on B atom significantly decreases but the positive charge of the Rg atom obviously increases with Rg from Ar to Rn, which is due to the fact that the larger Rg lose easier electron charge and so leads to stronger BRg bond between B and Rg.
The WBI values of the B-Rg bonds are quite considerable, all greater than 0.7, which means that the B-Rg bonds in these compounds are typical covalent bonds. The B-Rg bond in F-Rg-B(CN)2 and F-Rg-B(CCH)2 has some larger bond index than that of F-Rg-BF2 and F-Rg-B(OH)2, meaning that the former has a stronger B-Rg bond. This fact can be interpreted by charge distributation. The CN and CCH are weaker eletcron-withdrawing groups than F and OH, which leads to a larger electron density distribution among the BRg moiety and so a stronger bond. In each structure the WBI value of the B-Rg bond gradually increases with the Rg from Ar to Rn, indicating that the covalent nature between B and Rg is gradually enhanced. While for the F-Rg bond, the Wiberg values are quite small, thus the F-Rg bond is electrostatic interaction rather than covalent bond. This is evident from the charge distribution that F has a large negative charge about 0.9 and Rg has a large positive charge at least 0.5.
3.4 Analysis of Topological Properties
[bookmark: OLE_LINK71][bookmark: OLE_LINK81][bookmark: OLE_LINK80][bookmark: OLE_LINK78][bookmark: OLE_LINK79][bookmark: OLE_LINK76][bookmark: OLE_LINK77]Different topological parameters based on the electron density at the bond critical points (BCPs) in molecules (minimum energy structures are only considered here) have been investigated using the electron density topological analysis technique at MP2/aug-cc-pVTZ (-PP) level of theory. In 2013, Boggs and co-workers proposed that the covalent bonds can be grouped into four types.[57] H(r), defined as the sum of local kinetic energy density G(r) and local potential energy density V(r) at the BCP, is an important index for characterizing the nature of a chemical bond. According to their criterions, at the BCP of a chemical bond, a high electron density ρ(r) ( > 0.1 au) and a negative Laplacian ∇2ρ(r) of the electron density or a negative local energy density H(r) and the G(r)/ρ(r) < 1 denote a covalent bond, and the reverse situation represents a noncovalent interaction (ionic and van der Waals interactions). Electron density ρ(r), Laplacian 2(r) of electron density, electron local energy density H(r), and electron localization function (ELF) values at the BCPs for the F-Rg-BR2 molecules calculated at the MP2/aug-cc-pVTZ(-PP) level are listed in Table 6. In the calculated neutral compounds, all F-Rg bonds are considered to be of noncovalent character based on the fact that all ∇2ρ(r) > 0 and ρ(r) < 0.1. For all Rg-B bonds except for that in F-Ar-B(OH)2 and F-Ar-B(CCH)2, at the BCP ∇2ρ(r) < 0, H(r) < 0 and G(r)/ρ(r) < 1, thus the Rg-B bonds can be considered as a covalent bond. While the Ar-B bond in F-Ar-B(OH)2 and F-Ar-B(CCH)2 can be considered as a partial covalent bond since at the Ar-B BCP ∇2ρ(r) > 0, H(r) < 0 and G(r)/ρ(r) > 1.
[bookmark: OLE_LINK84][bookmark: OLE_LINK85][bookmark: OLE_LINK87][bookmark: OLE_LINK86]The contour plots of the calculated Laplacian of electron density for F-Rg-BR2 molecules were shown in Fig. 3. The ionic bonding between F and Rg was further confirmed by the regions with charge depletion between the two atoms. On the other hand, the covalent character of the Rg–B bonds was evident by the regions with charge concentration between the two atoms. Furthermore, the isosurfaces of electron localization function (ELF) were drawn to more intuitively show the bonding situation of the F-Rg-BR2 compounds. An isovalue of ELF = 0.800 was demonstrated to be an effective standard for the classical valence compounds. Table 6 shows that the BXe/Rn bonds in F-Xe-BR2 and F-Rn-BR2 are typical covalent bonds. The color-scaled plots of ELF for F-Rg-BR2 molecules were shown in Fig. 4. In the color-scaled diagrams there are evident red regions of large ELF values between the B and Rg atoms, indicating that its local kinetic energy density is low and that the Rg-B bond is a typical covalent bond.
3.5 Energy decomposition analysis
The EDA (energy decomposition analysis) calculations with the ETS-NOCV scheme for the neutral compounds have been performed using ionic and neutral fragment schemes to affirm the bonding nature of the F/B-Rg bonds in BRgF molecules, and the results are collected in Table 7. In addition, the NBO, AIM and ELF analysis results of the BRgF compounds are listed in Table S14. When there are multiple partitioning schemes, the scheme that produces the smallest ΔEorb value should be the best way to describe the bonding situation. In our scheme, the B-Rg bond has the smallest ΔEorb value under the neutral scheme, while the Rg-F bond has the smallest ΔEorb value under the ionic scheme. For the B-Rg bond in the case of neutral segmentation, the orbital interaction ΔEorb plays the predominant role in the total attraction, about 78%, followed by the electrostatic interaction energy ΔEelstat, which justifies the covalent characteristics of the B-Rg bonds in the neutral compounds. For the Rg-F bond in the case of ionic segmentation, the electrostatic interaction energy ΔEelstat plays the most important role in the total attraction (ca. 70.03-72.4%), the contribution of orbital interaction ΔEorb is less than 30%. Therefore, it is proved that the B-Rg bond is a covalent bond and the Rg-F bond is an ionic bond. This bonding character can also be demonstrated by the NBO, AIM and ELF results in Table S14.
IV. Conclusions
[bookmark: OLE_LINK92][bookmark: OLE_LINK93][bookmark: OLE_LINK64][bookmark: OLE_LINK90][bookmark: OLE_LINK91]The structure, stability and bonding nature of the rare-gas molecules BRgF and F-Rg-BR2 (R = F, OH, CN and CCH; Rg = Ar, Kr, Xe and Rn) have been investigated by theoretical calculations. The ground state as well as transition state of rare gas inserted molecules of the general formula F-Rg-BR2 were calculated using ab initio quantum chemical methods within the framework of the hybrid density functionals plus the dispersion correction B3LYP-D3 and the second order Møller-Plessset MP2 perturbation theory with aug-cc-pVTZ (-PP) basis sets. The results show that in the ground state the F-Rg-B part of the F-Rg-BR2 molecules is linearly arranged and the whole molecule is a planar configuration; while in the transition state the F-Rg-B part is a curved structure, and the F-Rg moiety in F-Rg-BF2, F-Rg-B(CN)2 and F-Rg-B(CCH)2 is almost perpendicular to the plane of the RgBR2 fragment, but the F-Rg-B(OH)2 is still a planar structure due to the intramolecular hydrogen bond. All the predicted species are found to be metastable in nature as compared to their corresponding global minimum dissociated products MFR2+Rg. However, they are found to be kinetically stable as evident from the barrier height corresponding to the bent transition state connected the local minima and the global minima two-body dissociated products. These findings support the idea that the F-Rg-BR2 molecules may be identified in suitable environments, possibly under cryogenic conditions in solid rare gas matrices or in the gas phase. The natural atomic charges, Wiberg bond orders, electron density topological properties, ELF values and EDA results suggest that the Rg-B bonds are typical covalent interactions while the F-Rg bonds are of ionic character.
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[bookmark: OLE_LINK19][bookmark: OLE_LINK20]Fig.1 Optimized structures of F-Rg-BF2, F-Rg-B(OH)2, F-Rg-B(CN)2 and F-Rg-B(CCH)2 molecules calculate by B3LYP-D3 (numbers given in parentheses are calculated by MP2) with the aug-cc-pVTZ (-PP) basis sets. The values in green, blue, purple and red colors are for Rg = Ar, Kr, Xe and Rn, respectively. 

Table 1 The ZPE-uncorrected reaction energy (ΔE, kcal/mol), the ZPE-corrected reaction energy (ΔE0, kcal/mol), the reaction enthalpy change (ΔH, kcal/mol), and reaction free energy change (ΔG, kcal/mol) at 298.15 K for various dissociation channels for BRgF molecules at B3LYP-D3, MP2 and CCSD with the aug-cc-pVTZ (-PP) basis sets levels.
	Dissociation processes
	B3LYP-D3/aug-cc-pVTZ
	MP2/aug-cc-pVTZ
	CCSD/aug-cc-pVTZ

	
	ΔE
	ΔE0
	ΔH
	ΔG
	ΔE
	ΔE0
	ΔH
	ΔG
	ΔE
	ΔE0
	ΔH
	ΔG

	BArF→B++ArF-
	129.9 
	128.8 
	129.3 
	121.9 
	117.1 
	115.6 
	116.3 
	108.0 
	112.1 
	110.7 
	111.4 
	103.1 

	BKrF→B++KrF-
	143.0 
	141.8 
	142.4 
	134.3 
	131.9 
	130.5 
	131.2 
	122.8 
	127.5 
	126.1 
	126.8 
	118.4 

	BXeF→B++XeF-
	155.1 
	153.9 
	154.5 
	146.4 
	145.8 
	144.5 
	145.1 
	137.0 
	141.0 
	139.7 
	140.3 
	132.1 

	BRnF→B++RnF-
	159.5 
	158.4 
	158.9 
	150.9 
	151.9 
	150.7 
	151.2 
	143.3 
	146.4 
	145.2 
	145.8 
	137.8 

	BArF→BAr++F-
	121.3 
	120.4 
	120.7 
	114.1 
	112.5 
	111.2 
	111.8 
	104.1 
	109.1 
	107.8 
	106.9 
	100.6 

	BKrF→BKr++F-
	128.9 
	127.9 
	128.3 
	121.0 
	123.1 
	121.9 
	122.5 
	114.8 
	116.2 
	119.4 
	119.9 
	112.1 

	BXeF→BXe++F-
	134.8 
	133.8 
	134.2 
	126.7 
	132.1 
	131.0 
	131.5 
	123.9 
	129.8 
	128.3 
	129.2 
	121.4 

	BRnF→BRn++F-
	135.8 
	134.9 
	135.2 
	127.8 
	134.7 
	133.7 
	134.1 
	126.7 
	132.4 
	131.4 
	131.8 
	124.2 

	BArF→BF+Ar
	-167.5 
	-166.7 
	-166.7 
	-172.1 
	-174.2 
	-173.8 
	-173.6 
	-180.0 
	-175.6 
	-175.2 
	-174.9 
	-181.2 

	BKrF→BF+Kr
	-153.1 
	-152.5 
	-152.3 
	-158.6 
	-158.0 
	-157.5 
	-157.3 
	-163.9 
	-158.7 
	-158.2 
	-158.0 
	-164.5 

	BXeF→BF+Xe
	-139.0 
	-138.4 
	-138.2 
	-144.6 
	-141.6 
	-141.1 
	-140.9 
	-147.4 
	-142.9 
	-142.4 
	-142.1 
	-148.7 

	BRnF→BF+Rn
	-133.1 
	-132.4 
	-132.3 
	-138.6 
	-133.6 
	-133.0 
	-132.8 
	-139.2 
	-135.7 
	-135.1 
	-134.9 
	-141.3 



[bookmark: OLE_LINK36][bookmark: OLE_LINK37][bookmark: OLE_LINK52][bookmark: OLE_LINK51][bookmark: OLE_LINK40]Table 2 The ZPE-uncorrected reaction energy (ΔE, kcal/mol), the ZPE-corrected reaction energy (ΔE0, kcal/mol), the reaction enthalpy change (ΔH, kcal/mol), and reaction free energy change (ΔG, kcal/mol) at 298.15 K for various dissociation channels for F-Rg-BR2 molecules at B3LYP-D3 and MP2 with the aug-cc-pVTZ (-PP) basis sets levels.
	Dissociation processes
	B3LYP-D3/aug-cc-pVTZ
	MP2/aug-cc-pVTZ

	
	ΔE
	ΔE0
	ΔH
	ΔG
	ΔE
	ΔE0
	ΔH
	ΔG

	F-Ar-BF2→BF3+Ar
	-150.5 
	-150.0 
	-150.0 
	-155.6 
	-156.2 
	-155.9 
	-155.8 
	-161.7 

	F-Kr-BF2→BF3+Kr
	-134.1 
	-133.4 
	-133.5 
	-139.2 
	-110.1 
	-109.6 
	-109.6 
	-115.6 

	F-Xe-BF2→BF3+Xe
	-117.4 
	-116.6 
	-116.7 
	-122.6 
	-118.4 
	-117.7 
	-117.7 
	-123.7 

	F-Rn-BF2→BF3+Rn
	-110.7 
	-109.7 
	-109.9 
	-115.7 
	-109.1 
	-108.2 
	-108.3 
	-114.1 

	F-Ar-BF2→F-+ArBF2+
	127.0 
	126.1 
	126.6 
	119.3 
	123.2 
	121.9 
	122.5 
	115.0 

	F-Kr-BF2→F-+KrBF2+
	137.1 
	136.3 
	136.8 
	129.4 
	161.6 
	160.5 
	161.1 
	153.5 

	F-Xe-BF2→F-+XeBF2+
	145.6 
	144.8 
	145.3 
	137.8 
	144.6 
	143.7 
	144.2 
	136.7 

	F-Rn-BF2→F-+RnBF2+
	148.0 
	147.3 
	147.7 
	140.2 
	148.0 
	147.2 
	147.6 
	140.2 

	F-Ar-BF2→ArF-+BF2+
	135.6 
	134.3 
	134.9 
	125.4 
	131.2 
	129.5 
	130.4 
	120.4 

	F-Kr-BF2→KrF-+BF2+
	150.7 
	149.6 
	150.2 
	140.5 
	175.9 
	174.4 
	175.2 
	165.3 

	F-Xe-BF2→XeF-+BF2+
	165.4 
	164.4 
	165.0 
	155.3 
	165.1 
	164.0 
	164.6 
	155.0 

	F-Rn-BF2→RnF-+BF2+
	170.6 
	169.8 
	170.3 
	160.8 
	172.4 
	171.5 
	172.0 
	162.6 

	F-Ar-BF2→ F-+Ar+BF2+
	137.9 
	136.5 
	137.6 
	124.0 
	133.4 
	131.6 
	132.8 
	118.9 

	F-Kr-BF2→F-+Kr+BF2+
	154.3 
	153.0 
	154.1 
	140.3 
	179.5 
	177.9 
	179.0 
	165.0 

	F-Xe-BF2→F-+Xe+BF2+
	171.0 
	169.8 
	170.9 
	157.0 
	171.1 
	169.8 
	170.9 
	156.9 

	F-Rn-BF2→F-+Rn+BF2+
	177.7 
	176.7 
	177.7 
	163.9 
	180.4 
	179.3 
	180.3 
	166.5 

	F-Ar-B(OH)2→BF(OH)2+Ar
	-138.8 
	-138.0 
	-138.1 
	-144.4 
	-144.1 
	-143.5 
	-143.5 
	-150.1 

	F-Kr-B(OH)2→BF(OH)2+Kr
	-125.9 
	-125.0 
	-125.2 
	-131.8 
	-128.6 
	-128.0 
	-128.0 
	-134.9 

	F-Xe-B(OH)2→BF(OH)2+Xe
	-112.3 
	-111.4 
	-111.5 
	-118.3 
	-112.1 
	-111.4 
	-111.4 
	-118.3 

	F-Rn-B(OH)2→BF(OH)2+Rn
	-106.5 
	-105.5 
	-105.7 
	-112.4 
	-103.1 
	-102.3 
	-102.4 
	-109.2 

	F-Ar-B(OH)2→F-+ArB(OH)2+
	102.7 
	99.2 
	100.3 
	90.4 
	102.0 
	98.2 
	99.4 
	89.6 

	F-Kr-B(OH)2→F-+KrB(OH)2+
	114.3 
	110.9 
	111.9 
	102.1 
	115.6 
	112.0 
	113.0 
	103.8 

	F-Xe-B(OH)2→F-+XeB(OH)2+
	126.0 
	122.7 
	123.7 
	114.1 
	129.3 
	126.3 
	127.6 
	117.6 

	F-Rn-B(OH)2→F-+RnB(OH)2+
	129.7 
	127.0 
	127.7 
	119.0 
	133.9 
	131.8 
	132.6 
	123.9 

	F-Ar-B(OH)2→ArF-+B(OH)2+
	103.6 
	99.9 
	100.6 
	89.9 
	103.0 
	98.9 
	99.8 
	88.7 

	F-Kr-B(OH)2→KrF-+B(OH)2+
	115.3 
	111.6 
	112.3 
	101.4 
	117.1 
	113.0 
	113.9 
	102.7 

	F-Xe-B(OH)2→XeF-+B(OH)2+
	127.0 
	123.2 
	124.0 
	113.0 
	131.1 
	127.2 
	128.0 
	117.0 

	F-Rn-B(OH)2→RnF-+B(OH)2+
	131.3 
	127.6 
	128.3 
	117.5 
	138.2 
	134.4 
	135.1 
	124.3 

	F-Ar-B(OH)2→F-+Ar+B(OH)2+
	106.0 
	102.1 
	103.2 
	88.5 
	105.1 
	100.9 
	102.2 
	87.2 

	F-Kr-B(OH)2→F-+Kr+B(OH)2+
	118.9 
	115.0 
	116.2 
	101.2 
	120.6 
	116.5 
	117.7 
	102.4 

	F-Xe-B(OH)2→F-+Xe+B(OH)2+
	132.6 
	128.6 
	129.8 
	114.6 
	137.2 
	133.1 
	134.3 
	119.0 

	F-Rn-B(OH)2→F-+Rn+B(OH)2+
	138.4 
	134.6 
	135.7 
	120.5 
	146.2 
	142.2 
	143.3 
	128.1 

	F-Ar-B(CN)2→BF(CN)2+Ar
	-150.3 
	-149.5 
	-149.6 
	-155.5 
	-157.6 
	-157.2 
	-157.1 
	-163.7 

	F-Kr-B(CN)2→BF(CN)2+Kr
	-132.5 
	-131.8 
	-131.8 
	-138.3 
	-108.2 
	-107.7 
	-107.6 
	-114.4 

	F-Xe-B(CN)2→BF(CN)2+Xe
	-114.2 
	-113.4 
	-113.4 
	-120.1 
	-95.2 
	-94.5 
	-94.5 
	-101.2 

	F-Rn-B(CN)2→BF(CN)2+Rn
	-106.5 
	-105.7 
	-105.7 
	-112.5 
	-103.4 
	-102.6 
	-102.7 
	-109.2 

	F-Ar-B(CN)2→F-+ArB(CN)2+
	134.4 
	133.1 
	133.8 
	125.9 
	129.2 
	127.6 
	128.3 
	120.4 

	F-Kr-B(CN)2→F-+KrB(CN)2+
	145.1 
	143.9 
	144.5 
	136.4 
	169.6 
	168.2 
	168.9 
	160.7 

	F-Xe-B(CN)2→F-+XeB(CN)2+
	154.2 
	153.1 
	153.6 
	145.4 
	172.0 
	170.8 
	171.4 
	163.3 

	F-Rn-B(CN)2→F-+RnB(CN)2+
	156.6 
	155.5 
	156.1 
	147.8 
	156.2 
	155.1 
	155.6 
	147.7 

	F-Ar-B(CN)2→ArF-+B(CN)2+
	139.1 
	137.3 
	138.0 
	128.5 
	134.3 
	131.8 
	132.5 
	126.2 

	F-Kr-B(CN)2→KrF-+B(CN)2+
	155.5 
	153.8 
	154.5 
	144.5 
	182.4 
	179.9 
	180.6 
	174.3 

	F-Xe-B(CN)2→XeF-+B(CN)2+
	171.9 
	170.2 
	170.9 
	160.8 
	193.0 
	190.7 
	191.2 
	185.2 

	F-Rn-B(CN)2→RnF-+B(CN)2+
	178.1 
	176.4 
	177.1 
	167.0 
	182.7 
	180.6 
	181.1 
	175.3 

	F-Ar-B(CN)2→F-+Ar+B(CN)2+
	141.4 
	139.6 
	140.7 
	127.1 
	136.5 
	133.8 
	134.9 
	124.7 

	F-Kr-B(CN)2→F-+Kr+B(CN)2+
	159.1 
	157.3 
	158.4 
	144.3 
	186.0 
	183.3 
	184.4 
	174.0 

	F-Xe-B(CN)2→F-+Xe+B(CN)2+
	177.5 
	175.6 
	176.8 
	162.5 
	199.0 
	196.5 
	197.5 
	187.2 

	F-Rn-B(CN)2→F-+Rn+B(CN)2+
	185.1 
	183.4 
	184.5 
	170.1 
	190.7 
	188.4 
	189.4 
	179.1 

	F-Ar-B(CCH)2→BF(CCH)2+Ar
	-135.7 
	-135.0 
	-135.1 
	-141.0 
	-142.0 
	-141.7 
	-141.7 
	-148.1 

	F-Kr-B(CCH)2→BF(CCH)2+Kr
	-122.0 
	-121.2 
	-121.4 
	-127.6 
	-124.5 
	-124.1 
	-124.1 
	-130.7 

	F-Xe-B(CCH)2→BF(CCH)2+Xe
	-107.3 
	-106.5 
	-106.6 
	-113.1 
	-87.3 
	-86.7 
	-86.7 
	-93.4 

	F-Rn-B(CCH)2→BF(CCH)2+Rn
	-100.9 
	-99.9 
	-100.1 
	-106.6 
	-96.3 
	-95.6 
	-95.7 
	-102.2 

	F-Ar-B(CCH)2→F-+ArB(CCH)2+
	94.2 
	93.1 
	93.9 
	84.7 
	92.5 
	90.7 
	91.7 
	82.1 

	F-Kr-B(CCH)2→F-+KrB(CCH)2+
	107.1 
	106.0 
	106.8 
	97.4 
	108.5 
	106.9 
	107.8 
	98.3 

	F-Xe-B(CCH)2→F-+XeB(CCH)2+
	120.4 
	119.3 
	120.1 
	110.8 
	142.7 
	141.4 
	142.1 
	133.7 

	F-Rn-B(CCH)2→F-+RnB(CCH)2+
	124.9 
	123.9 
	124.5 
	115.7 
	128.2 
	127.2 
	127.7 
	119.7 

	F-Ar-B(CCH)2→ArF-+B(CCH)2+
	93.7 
	92.4 
	92.7 
	87.0 
	92.4 
	90.8 
	91.4 
	81.8 

	F-Kr-B(CCH)2→KrF-+B(CCH)2+
	106.2 
	104.9 
	105.2 
	99.3 
	108.5 
	107.0 
	107.6 
	97.9 

	F-Xe-B(CCH)2→XeF-+B(CCH)2+
	118.9 
	117.7 
	118.0 
	111.8 
	143.3 
	142.0 
	142.5 
	133.0 

	F-Rn-B(CCH)2→RnF-+B(CCH)2+
	123.8 
	122.7 
	123.0 
	116.9 
	132.3 
	131.1 
	131.6 
	122.3 

	F-Ar-B(CCH)2→F-+Ar+B(CCH)2+
	96.1 
	94.6 
	95.4 
	85.6 
	94.6 
	92.8 
	93.8 
	80.3 

	F-Kr-B(CCH)2→F-+Kr+B(CCH)2+
	109.8 
	108.3 
	109.1 
	99.0 
	112.0 
	110.4 
	111.4 
	97.6 

	F-Xe-B(CCH)2→F-+Xe+B(CCH)2+
	124.5 
	123.1 
	123.9 
	113.5 
	149.3 
	147.8 
	148.8 
	135.0 

	F-Rn-B(CCH)2→F-+Rn+B(CCH)2+
	130.9 
	129.6 
	130.4 
	120.0 
	140.3 
	138.9 
	139.8 
	126.1 


Table 3 The reaction energy (ΔE) and the energy barrier (ΔE‡, kcal/mol) for the dissociation process: F-Rg-BR2 → BFR2 + Rg at CCSD(T)/aug-cc-pVTZ (-PP) levels using the optimized structure obtained at MP2/aug-cc-pVTZ (-PP) level.
	Dissociation processes
	ΔE
	ΔE‡

	F-Ar-BF2→BF3+Ar
	-157.4 
	7.8

	F-Kr-BF2→BF3+Kr
	-136.8 
	15.7

	F-Xe-BF2→BF3+Xe
	-117.9 
	23.6

	F-Rn-BF2→BF3+Rn
	-109.8 
	26.2

	F-Ar-B(OH)2→BF(OH)2+Ar
	-145.6 
	3.0 

	F-Kr-B(OH)2→BF(OH)2+Kr
	-128.1 
	8.6 

	F-Xe-B(OH)2→BF(OH)2+Xe
	-112.2 
	16.0 

	F-Rn-B(OH)2→BF(OH)2+Rn
	-104.7 
	17.4 

	F-Ar-B(CN)2→BF(CN)2+Ar
	-159.2 
	5.5 

	F-Kr-B(CN)2→BF(CN)2+Kr
	-135.8 
	13.1 

	F-Xe-B(CN)2→BF(CN)2+Xe
	-114.6 
	19.3 

	F-Rn-B(CN)2→BF(CN)2+Rn
	-105.3 
	21.8 

	F-Ar-B(CCH)2→BF(CCH)2+Ar
	-144.1 
	5.8 

	F-Kr-B(CCH)2→BF(CCH)2+Kr
	-124.8 
	12.1 

	F-Xe-B(CCH)2→BF(CCH)2+Xe
	-107.5 
	18.3 

	F-Rn-B(CCH)2→BF(CCH)2+Rn
	-99.2 
	20.4 


[image: ]     [image: ][image: ][image: ]
Fig.2 Calculated geometry of the transition state of F-Rg-BF2, F-Rg-B(OH)2, F-Rg-B(CN)2 and F-Rg-B(CCH)2 molecules calculate by B3LYP-D3 (numbers given in parentheses are calculated by MP2) with the aug-cc-pVTZ (-PP) basis sets. The values in green, blue, purple and red colors are for Rg = Ar, Kr, Xe and Rn, respectively.
Table 4 The barrier height (ΔE‡, kcal/mol) and the free energy barrier (ΔG‡, kcal/mol) of BRgF and F-Rg-BR2 species at 298.15 K at B3LYP-D3 and MP2 with the aug-cc-pVTZ (-PP) level of theory.
	Transition states
	B3LYP-D3
	MP2

	
	ΔE‡
	ΔG‡
	ΔE‡
	ΔG‡

	F-Ar-BF2‡
	9.9 
	10.1 
	7.6 
	7.5 

	F-Kr-BF2‡
	18.0 
	18.0 
	15.3 
	15.2 

	F-Xe-BF2‡
	24.4 
	24.2 
	19.3 
	20.0 

	F-Rn-BF2‡
	27.4 
	27.0 
	25.2 
	25.0 

	F-Ar-B(OH)2‡
	4.1 
	4.0 
	2.9 
	2.9 

	F-Kr-B(OH)2‡
	9.6 
	9.4 
	7.7 
	8.0 

	F-Xe-B(OH)2‡
	16.0 
	15.5 
	14.3 
	14.9 

	F-Rn-B(OH)2‡
	17.4 
	16.9 
	16.6 
	16.4 

	F-Ar-B(CN)2‡
	5.2 
	5.8 
	7.4 
	7.6 

	F-Kr-B(CN)2‡
	13.4 
	13.4 
	14.4 
	14.5 

	F-Xe-B(CN)2‡
	19.1 
	19.0 
	19.5 
	19.6 

	F-Rn-B(CN)2‡
	22.1 
	22.0 
	21.7 
	21.9 

	F-Ar-B(CCH)2‡
	5.7 
	5.8 
	5.9 
	5.7 

	F-Kr-B(CCH)2‡
	12.3 
	12.0 
	14.6 
	14.3 

	F-Xe-B(CCH)2‡
	17.9 
	17.6 
	18.1 
	18.0 

	F-Rn-B(CCH)2‡
	20.2 
	20.0 
	19.9 
	19.9 


[bookmark: OLE_LINK62][bookmark: OLE_LINK63]Table 5 The natural atom charges q (e) of F, Rg, B and R groups attached to B atom, Wiberg bond indices (WBI) of F-Rg, Rg-B and B-R bonds for the F-Rg-BR2 molecules calculated by the MP2/aug-cc-pVTZ (-PP) level.
	
	q(B)
	q(Rg)
	q(F)a
	q(F)b
	WBI(Fa-Rg)
	WBI(B-Rg)
	WBI(B-Fb)

	F-Ar-BF2
	1.401
	0.511
	-0.920
	-0.496
	0.078 
	0.770 
	0.837 

	F-Kr-BF2
	1.282
	0.629
	-0.889
	-0.511
	0.110 
	0.860 
	0.814 

	F-Xe-BF2
	1.157
	0.772
	-0.872
	-0.529
	0.147 
	0.929 
	0.789 

	F-Rn-BF2
	1.126
	0.831
	-0.884
	-0.537
	0.134 
	0.935 
	0.778 

	
	q(B)
	q(Rg)
	q(F)
	q(R)
	WBI(F-Rg)
	WBI(B-Rg)
	WBI(B-O)

	F-Ar-B(OH)2
	1.277
	0.454
	-0.942
	-0.395
	0.057
	0.696
	0.967

	F-Kr-B(OH)2
	1.165
	0.567
	-0.914
	-0.409
	0.086
	0.802
	0.945

	F-Xe-B(OH)2
	1.039
	0.709
	-0.892
	-0.428
	0.125
	0.896
	0.920

	F-Rn-B(OH)2
	1.009
	0.764
	-0.902
	-0.435
	0.113
	0.911
	0.911

	
	q(B)
	q(Rg)
	q(F)
	q(R)
	WBI(F-Rg)
	WBI(B-Rg)
	WBI(B-C)

	F-Ar-B(CN)2
	0.776
	0.569
	-0.887
	-0.229
	0.102
	0.822
	0.975

	F-Kr-B(CN)2
	0.619
	0.719
	-0.857
	-0.241
	0.140
	0.922
	0.972

	F-Xe-B(CN)2
	0.454
	0.907
	-0.844
	-0.258
	0.178
	0.993
	0.922

	F-Rn-B(CN)2
	0.412
	0.979
	-0.856
	-0.268
	0.162
	0.987
	0.968

	
	q(B)
	q(Rg)
	q(F)
	q(R)
	WBI(F-Rg)
	WBI(B-Rg)
	WBI(B-C)

	F-Ar-B(CCH)2
	0.858
	0.507
	-0.930
	-0.218
	0.249
	0.865
	1.002

	F-Kr-B(CCH)2
	0.722
	0.641
	-0.900
	-0.232
	0.095
	0.858
	0.998

	F-Xe-B(CCH)2
	0.563
	0.817
	-0.878
	-0.251
	0.137
	0.952
	0.992

	F-Rn-B(CCH)2
	0.530
	0.880
	-0.887
	-0.261
	0.123
	0.955
	0.992


aF atom bonded with Rg atom in the F-Rg-BF2 species.
bF atom bonded with B atom in the F-Rg-BF2 species.
[bookmark: OLE_LINK74][bookmark: OLE_LINK75][bookmark: OLE_LINK65][bookmark: OLE_LINK66][bookmark: OLE_LINK68][bookmark: OLE_LINK67]Table 6 Electron Density ρ(r), Laplacian 2(r) of Electron Density, Electron Local Energy Density H(r), and Electron Localization Function (ELF) values at the BCPs for the F-Rg-BR2 molecules calculated at the MP2/aug-cc-pVTZ (-PP) level.
	　
	BCP(F-Rg)
	BCP(Rg-B)

	　
	ρ(r)
	2ρ(r)
	[bookmark: OLE_LINK72][bookmark: OLE_LINK73]H(r)
	G(r)/ ρ(r)
	ELF
	ρ(r)
	2ρ(r)
	H(r)
	G(r)/ ρ(r)
	ELF

	F-Ar-BF2
	0.073
	0.346
	-0.006
	1.256
	0.138
	0.123
	0.030
	-0.112
	0.977
	0.345

	F-Kr-BF2
	0.082
	0.313
	-0.015
	1.130
	0.187
	0.129
	-0.232
	-0.128
	0.543
	0.645

	F-Xe-BF2
	0.083
	0.262
	-0.022
	1.056
	0.212
	0.124
	-0.239
	-0.079
	0.158
	0.954

	F-Rn-BF2
	0.078
	0.305
	-0.015
	1.175
	0.166
	0.112
	-0.140
	-0.059
	0.220
	0.901

	F-Ar-B(OH)2
	0.062
	0.311
	-0.001
	1.269
	0.112
	0.099
	0.130
	-0.079
	1.125
	0.229

	F-Kr-B(OH)2
	0.071
	0.297
	-0.008
	1.148
	0.156
	0.107
	-0.084
	-0.098
	0.717
	0.448

	F-Xe-B(OH)2
	0.076
	0.254
	-0.017
	1.052
	0.194
	0.110
	-0.261
	-0.085
	0.176
	0.933

	F-Rn-B(OH)2
	0.072
	0.286
	-0.012
	1.156
	0.156
	0.103
	-0.161
	-0.058
	0.169
	0.933

	F-Ar-B(CN)2
	0.083
	0.368
	-0.010
	1.237
	0.163
	0.121
	0.012
	-0.111
	0.939
	0.359

	F-Kr-B(CN)2
	0.090
	0.317
	-0.020
	1.107
	0.213
	0.129
	-0.251
	-0.125
	0.480
	0.699

	F-Xe-B(CN)2
	0.089
	0.267
	-0.027
	1.054
	0.228
	0.124
	-0.211
	-0.076
	0.185
	0.937

	F-Rn-B(CN)2
	0.082
	0.315
	-0.018
	1.176
	0.176
	0.110
	-0.119
	-0.058
	0.253
	0.872

	F-Ar-B(CCH)2
	0.065
	0.319
	-0.002
	1.264
	0.118
	0.103
	0.126
	-0.084
	1.117
	0.242

	F-Kr-B(CCH)2
	0.074
	0.299
	-0.009
	1.138
	0.164
	0.111
	-0.109
	-0.102
	0.675
	0.492

	F-Xe-B(CCH)2
	0.078
	0.254
	-0.018
	1.049
	0.200
	0.115
	-0.241
	-0.080
	0.173
	0.939

	F-Rn-B(CCH)2
	0.073
	0.287
	-0.012
	1.152
	0.159
	0.105
	-0.150
	-0.058
	0.193
	0.917
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[bookmark: OLE_LINK88]Fig. 3 Contour plots of Laplacian concentration calculated at MP2/aug-cc-pVTZ (-PP) level in which Light blue dotted lines show the regions of charge accumulation (2ρ(r) < 0) and magenta solid lines show the regions of charge dispersion (2ρ(r) > 0).
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Fig. 4 Color-scaled plots of electron localization function of F-Rg-BR2 molecules calculated at MP2/aug-cc-pVTZ (-PP) level.
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Table 7 EDA results with the ETS-NOCV scheme for the BRgF compounds at the revPBE-D3/QZ4P//MP2/aug-cc-pVTZ (-PP) level. All energy terms are in units of kcal/mol.
	fragment
	ΔEpauli
	ΔEelstat
	ΔEorb
	ΔEdisp
	ΔEint

	B-ArF
	300.65
	-76.64(21.98%)
	-271.84(77.98%)
	-0.14 (0.04%)
	-47.96

	B-KrF
	323.75
	-80.20 (21.24%)
	-297.26(78.73%)
	-0.12 (0.03%)
	-53.82

	B-XeF
	301.61
	-75.85 (21.18%)
	-282.13(78.79%)
	-0.12 (0.03%)
	-56.49

	B-RnF
	290.34
	-74.52 (21.60%)
	-270.37(78.36%)
	-0.13 (0.04%)
	-54.69

	BAr+-F-
	65.77
	-152.80(72.18%)
	-58.65(27.71%)
	-0.24 (0.11%)
	-145.92

	BKr+-F-
	86.41
	-167.74(72.40%)
	-63.82(27.54%)
	-0.14 (0.06%)
	-145.3

	BXe+-F-
	111.89
	-185.62(70.03%)
	-79.34(29.93%)
	-0.10 (0.04%)
	-153.17

	BRn+-F-
	115.27
	-189.26(70.52%)
	-79.00(29.44%)
	-0.10 (0.04%)
	-153.09
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