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Following the study of HXeOXeH and HXeCCXeH, H2O and C2H2 inserted with two Xe atoms theoretically and 

experimentally, the structures and stability of BNg3F3 (Ng=Ar, Kr and Xe), BF3 inserted with three Ng atoms, have been 

explored theoretically at the DFT and ab initio calculations. It is shown that D3h symmetried BNg3F3 (Ng=Ar, Kr and Xe) are 

local minima with short B-Ng bond lengths at 1.966, 2.027 and 2.214 Å at the CCSD(T)/aug-cc-pVTZ/LJ18 level, which are 

close to their covalent limit. Note that although BNg3F3 (Ng= Kr and Xe) are energetically higher than dissociation products 

3Ng + BF3, they are still kinetically stable as metastable species with protecting barriers at 13.38 and 17.99 kcal/mol for 

BKr3F3 and BXe3F3. Moreover, BKr3F3, as tri-Kr-inserted compound, even has comparable kinetic stability with HXeOXeH and 

HXeOXeF. In addition, upon the formation of BNg3F3, there is large amount of charge transferred from B to Ng at least 

0.619 e, the calculated Wiberg Bond Indices (WBI) suggest that B-Ng bonds are naturally singly bonded, the large 

vibrational frequencies of B-Ng and Ng-F stretching modes and negative Laplacian electron density of B-Ng bonds confirm 

further that BNg3F3 are stiff molecules with covalent B-Ng bonds. It should be noted that three Ng atoms inserted to mono-

centric neutral molecules haven’t been reported so far. We hope the present theoretical study may provide important 

evidence for experimental synthesis of BNg3F3. 

Introduction 1 

Noble gas (Ng) is inert in chemistry, because of their stable 2 
octet electronic configuration in their ground state, thus, 3 
synthesis and prediction of Ng compound is always a 4 
challenge to chemists. However, after the first Ng 5 
compound, XePtF6, experimentally identified in 1962 by Neil 6 
Bartlett,1 more and more kinds of noble gas compounds 7 
have been predicted theoretically and even synthesized 8 
experimentally in recent decades, which makes chemists 9 
creative to predict and verify on noble gas chemistry field.  10 

Recently, among the verified Ng containing compounds, 11 
the Ng inserted compounds receive extensive attentions. In 12 
the year of 1995, one-Ng-inserted compounds with the 13 
general formula of HNgX (where Ng=Ar, Kr, and Xe and X = 14 
electronegative atom or group) prepared by Räsänen and co-15 
workers received considerable attention and expanded the 16 
field tremendously,2-8 especially, HArF,4 as the first argon 17 

inserted stable compound, give a great barrier of 0.35 eV 18 
(8.07 kcal/mol). This work motivates the researchers to 19 
predict and prepare various new ionic and neutral noble gas 20 
insertion compounds.9-33 Later, Khriachtchev et al.34 21 
reported the identifications of HXeCCH (C∞v), HXeCC (C∞v), 22 
and the first two-Ng-inserted compound, i.e., HXeCCXeH 23 
(D2h), experimentally and theoretically. And then, Yockel et 24 
al.35 enriched two-Ng-inserted organic molecules by instead 25 
hydrogen to halogen, i.e. XNgCCNgX (Ng = Ar, Kr; X = F, Cl). 26 
Subsequently, Khriachtchev et al.

36 identified the smallest 27 
known neutral molecule with two Xe atoms inserted into 28 
H2O experimentally and theoretically, i.e., HXeOXeH (C2v) at 29 
extremely low temperature. Following that, Avramopoulos 30 
et al.

37 reported one and two fluorine substitution of 31 
HXeOXeH theoretically, that is, metastable HXeOXeF (Cs) and 32 
FXeOXeF (C2v), which increased the two-body decomposition 33 
barriers from 13.14 kcal/mol of HXeOXeH to 14.90 kcal/mol 34 
of HXeOXeF and 49.50 kcal/mol of FXeOXeF. All above two-35 
Ng-atom inserted compounds give stiff structures, and even 36 
shorter bond lengths than one-Ng-inserted compound and 37 
mostly are identified by IR spectrum. Moreover, Gerber38 38 
predicted a slightly bent molecule, inserting with three Xe 39 
atoms in organic HCCCCH (butadiyne), HXeCCXeCCXeH, as 40 
tri-Ng-inserted compounds while which is not mono-centric 41 
insertion like HXeCCXeH. Note that all above Ng inserted 42 
compounds are based on neutral main group molecules 43 
without transition metal as central atom, with characteristic 44 
covalent bonds of H-Ng, Xe-C, and Xe-O with lengths close to 45 
their covalent radii. 46 
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Their achievements inspire us to find tri-Ng-atom 1 
inserted compound with mono center. BF3 molecule is 2 
mostly appropriate for insertion because electronegative 3 
atom F will benefit the making of Ng-F bond. For example, 4 
one-Ng-inserted compound of FXeBF2 as a white solid has 5 
been synthesized by Xe and O2BF4 under 173K on the basis 6 
of analytical and vibrational spectroscopic data,39 and 7 
FNgBF2 (Ng=Ar, Kr and Xe) were found to be thermally 8 
metastable40 from theoretically study. Moreover, the 9 
formula of XBNgF is one of the most regular noble gas 10 
compounds, OBNgF,41 SBNgF,42 NBNgF-,43 FNgBF+,44 and 11 
RNBNgF45 (Ng= Ar, Kr, Xe; R=H, CH3, CCH, CHCH2, F, and OH). 12 

In this context, we try to insert three Ng (Ng=Ar, Kr and 13 
Xe) atoms into the B-F bonds of BF3 to form mono-centric 14 
BNg3F3 using quantum chemical calculations. Previously, we 15 
also tried to insert three Ng atoms into BH3, but abandoned 16 
them because of their long B-Xe and Xe-H bond lengths as 17 
shown in Table S1 (Support Information). From the analysis 18 
of geometrical structures, potential energy surfaces, bonding 19 
nature and harmonic frequencies, we found there exist 20 
strong B-Ng and Ng-F bonds in BNg3F3 with large kinetic 21 
stabilities. 22 

Computational Methods 23 

All calculations were carried out with GAUSSIAN 0946 and 24 
MOLCAS 8.047 program packages. The employed basis sets 25 
for B, F, Ar and Kr atoms are Dunning’s correlation consistent 26 
triple-ζ augmented with diffuse functions (aug-cc-pVTZ).48-50 27 
For Xe atom, we employed LaJohn 18 valence electrons 28 
(LJ18),51 aug-cc-pVTZ-pp,52 and Stuttgart/Dresden (SDD)53 29 
basis sets together with corresponding scalar relativistic 30 
effective core potentials. LJ18 pseudopotential has been 31 
previously demonstrated to be efficient and reasonably 32 
accurate for compounds with Xe, while aug-cc-pVTZ-pp basis 33 
set and ECP can describe the electronic structure and 34 
wavefunction very well. However, the SDD pseudopotential 35 
is implemented for the consideration of cost saving of the 36 
post-HF calculations and comparison of relativistic effects.  37 

The optimizations of BNg3F3 were performed at the 38 
hybrid-meta-exchange correlation functional (M06-2X)54 of 39 
density functional theory (DFT), the second-order Møller–40 
Plesset perturbation (MP2),55 and the coupled cluster levels 41 
of theory including the contribution from single and double 42 
substitutions and an estimate of connected triples 43 
[CCSD(T)].56,57 Herein, we use M06-2X functional rather than 44 
popular B3LYP functional, just because M06-2X has been 45 
very successful in the description of many types of chemical 46 
bonding containing Ng atoms, but B3LYP is not.58 In addition, 47 
The multi-reference property of the optimized BNg3F3 48 
structures is checked by calculations of diagnostic factor59 49 
(T1) at the CCSD(T) level. It is shown that the T1 for all 50 
BNg3F3 are 0.0305 of BAr3F3, 0.0240 of BKr3F3, and 0.0213 of 51 
BXe3F3, respectively, which are larger than 0.02. Therefore, 52 
multi-configurational method, CASSCF are performed. It’s 53 
impossible that all valence electrons of BNg3F3 are 54 
considered, BNg3F3 (D3h) were optimized at Abelian C2v group 55 

for saving source, actually, BNgF group on C2 axis is 56 
independent with two others, and CASSCF(18,15) is chosen, 57 
because it can give almost the same bond lengths of BNg3F3 58 
with optimization limited in C2v symmetry, and the active 59 
electrons are less than 0.02 e in the unoccupied valence 60 
space.  Herein, the active space of (18, 15) was adopted, 61 
indicating that totally 18 valence electrons were activated in 62 
15 molecular orbitals (MOs), including 9 occupied orbitals 63 
and 6 unoccupied orbitals. 64 

Furthermore, any located critical point was verified as 65 
energy minimum or transition state (TS) by calculating their 66 
harmonic frequencies, and all transition states were 67 
unambiguously related to its interconnected energy minima 68 
by intrinsic reaction coordinate (IRC) calculations. In the 69 
energetic calculations, the zero-point vibrational energies 70 
(ZPVE) are taken into account. Note that anharmonic 71 
vibrations may have effect on the vibrational frequencies 72 
observed, and the anharmonic vibrational frequencies were 73 
derived from the vibrational self-consistent field (VSCF) and 74 
its extension by corrections via second-order perturbation 75 
theory (CC-VSCF)60-63 using NWChem program of version 76 
6.5.64 77 

The natural population analysis (NPA) and chemical 78 
bonding analysis were carried out based on the theory of 79 
natural bond orbital in NBO 3.1 package as implemented by 80 
GAUSSIAN 09 program.46 The chemical bonding topology 81 
analysis based on the Quantum Theory of Atoms-In-82 
Molecule (QTAIM)65 was used to explore the property of 83 
bond critical point (BCP), while Electron Localization 84 
Function (ELF)66 calculation was performed to describe 85 
bonding nature by color-scale plot, as implemented in the 86 
Multiwfn 3.6 program.67 The electron density function (EDF) 87 
information was utilized to represent the corresponding 88 
inner-core density to avoid the error that pseudopotential 89 
added on Xe. Hence, the result of the wavefunction analysis 90 
that is purely based on electron density can be almost 91 
identical to the full-electron one, but we should notice that 92 
EDF information has no effect on the real space functions 93 
that relied on wavefunction (e.g. kinetic energy density, ELF). 94 

Results and Discussion 95 

To be concise, the results and discussion are organized as 96 
follows: in section A, we will give the geometrical structures 97 
of the optimized minima and transition states of BNg3F3 98 
(Ng=Ar, Kr, Xe); in section B, the decomposition energy and 99 
stability of the obtained minima will be discussed; in section 100 
C, charge distribution and bonding of BNg3F3 will be analyzed 101 
to obtain the nature of Ng-F and B-Ng bonding; in section D, 102 
harmonic vibrational frequencies of BNg3F3 species will be 103 
assigned.  104 
A. Geometrical Structures of BNg3F3 (Ng=Ar, Kr and Xe)  105 

For BNg3F3(Ng=Ar, Kr and Xe), that is, mono-centric tri-106 
Ng-atom inserted neutral molecules, the geometrical 107 
structures of D3h symmetry were optimized at M06-2X, MP2, 108 
CCSD(T) and CASSCF levels, respectively, as plotted in Figure 109 

Page 2 of 20Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

1 and listed in Table 1. Note that all the calculated harmonic 1 
vibrational frequencies are real ones, indicating there are 2 
local minima. 3 

The MP2, M06-2X (in parentheses) and CCSD(T) (in 4 
square brackets) calculations with aug-cc-pVTZ/LJ18 basis 5 
set gave B-Ng bond lengths at 1.878 (1.842) [1.966], 2.006 6 
(2.004) [2.027] and 2.118 (2.209) [2.193] Å and Ng-F lengths 7 
at 1.944 (1.961) [1.998], 2.027 (2.029) [2.037] and 2.122 8 
(2.112) [2.124] Å for Ng=Ar, Kr and Xe, respectively. Note 9 
that bond lengths at CCSD(T) level are invariably longer than 10 
those of at the other two levels. In view of the possibility of 11 
multi-configurational effect, the CASSCF(18,15) level 12 
calculations were performed and gave B-Ng at 1.796, 1.997 13 
and 2.264 Å of and Ng-F at 1.993, 2.049 and 2.134 Å, 14 
respectively, which are generally shorter than single-slater-15 
determinant methods except for B-Xe of BXe3F3. Note that 16 
the distance of neighboring Ar-Ar, Kr-Kr and Xe-Xe in BNg3F3 17 
at 3.353, 3.511 and 3.849 Å are longer than those of 18 
HNgNgF68 at CCSD(T)/aug-cc-pVTZ/SDD level, but which are 19 
shorter than the van de waals radii of Ng-Ng,69 respectively, 20 
indicating that the present Ng-Ng weak interaction in BNg3F3 21 
possibly make themselves more stable. 22 

To test the stability of BNg3F3 geometrically, we try to 23 
add one extra F- (F1) anion to bond with boron atom of 24 
BNg3F3 (D3h) from C3 axis to form C3v symmetried F3Ng3BF- at 25 
the MP2 and M06-2X levels of theory. Take the MP2 26 
calculations as an example, the B-Ng of the F3Ng3BF- (Ng=Ar, 27 
Kr and Xe) are slightly elongated to 1.902, 2.069 and 2.294 Å 28 
from BNg3F3, and those of Ng-F are elongated to 2.147, 29 
2.199 and 2.288 Å as listed Table 2, respectively. At the same 30 
time, the Ng-Ng distances are shortened. Furthermore, all B-31 
Ng-F in F3Ng3BF- still keep linear, but the ∠Ng-B-Ng reduce 32 
to 106.8°, 107.7° and 109.6° with the ∠Ng-B-F1 changed to 33 
112.0°, 111.2° and 110.3° for Ng=Ar, Kr, and Xe, which are 34 
very close to 109.5°, indicating the covalent bond nature of 35 
B-Ng in F3Ng3BF- and the transformation from sp

2 to sp
3 36 

hybrid orbital of boron atom. The successful optimization of 37 
F3Ng3BF- provides evidence of the probable large stability of 38 
BNg3F3, since the additional F- did not give rise to great 39 
geometrical changes of BNg3F3 and just get a rational 40 
symmetrical change according to hybrid orbital theory. 41 

Furthermore, we also tried to optimize the compounds 42 
with one or two Ng atoms inserted into BF3, i.e., F2BNgF and 43 
FBNg2F2 (Ng=Ar, Kr and Xe), and found that they are both 44 
local minima with real frequencies as plotted in Figure 1 and 45 
summarized in Table 1. At the MP2/aug-cc-pVTZ/SDD level, 46 
the calculated Ng-F (Ng=Ar, Kr and Xe) are 2.075, 2.098, and 47 
2.172 Å in sequence for F2BNgF as well as 1.991, 2.052, and 48 
2.153 Å for two-Ng-inserted FBNg2F2 (C2v), which are longer 49 
than that of 1.944, 2.026 and 2.137 Å for BNg3F3, 50 
respectively. But the B-Ar bond lengths of F2BArF, FBAr2F2 51 
and BAr3F3 increase slightly from 1.835 to 1.863 and 1.878 Å, 52 
which is different from the almost equal lengths of B-Kr and 53 
B-Xe bonds in F2BNgF, FBNg2F2 and BNg3F3, which are almost 54 
with equal lengths at MP2/aug-cc-pVTZ/SDD level. Thus, 55 
one, two or three inserted Ng atoms including Ar, Kr and Xe 56 

certainly cannot elongate the Ng-F and B-Ng bonds greatly in 57 
BF3. 58 

It is of interest to compare the B-Ng and Ng-F bond 59 
lengths with some Ng inserted analogs, such as linear 60 
FNgBF+,44 FNgBN-,43 and FNgBNH45 (Ng=Ar, Kr and Xe). It was 61 
found that the B-Ng bond lengths in FNgBF+ (Ng=Kr and Xe) 62 
with 2.186 and 2.311 Å, and those of Ng-F in FNgBN- (Ng=Ar, 63 
Kr and Xe) with 2.293, 2.311 and 2.349 Å are longer than 64 
those of BNg3F3 at CCSD(T)/aug-cc-pVTZ/SDD level. But the 65 
1.873 and 1.966 Å of Ng-F in FNgBF+ (Ng=Kr and Xe) are 66 
slightly shorter than that in BNg3F3. Therefore, BNg3F3 give 67 
reasonable bond lengths compared with FNgBF+, FNgBN-. 68 
B. Decomposition energies and stabilities of BNg3F3 (Ng=Ar, 69 
Kr, and Xe)  70 

To ascertain the stability of BNg3F3 species, the reaction 71 
potential energy surfaces (PESs) of decomposition have to 72 
be built as plotted in Figure 2. It has been shown that the 73 
DFT method often yields for noble-gas hydrides more 74 
reliable energetics than the MP2 method.70 Moreover, M06-75 
2X functional performed very well on the B-Ng bond 76 
distance with mean unsigned errors less than 0.02 Å in most 77 
cases.58 Thus, the related compounds of BNg3F3 as well as 78 
various possible decomposed products are optimized at the 79 
M06-2X/aug-cc-pVTZ/LJ18 and refined at the single-point 80 
CCSD(T)/aug-cc-pVTZ/LJ18 levels, simplified as 81 
CCSD(T)//M06-2X in Table 4. For all the three D3h 82 
symmetried BNg3F3 (Ng=Ar, Kr and Xe) species, the possible 83 
decomposition channels fall into three groups, i.e., (1) ~ (5) 84 
correspond to molecular and atomic channels; (6) ~ (8) 85 
correspond to ionic channels; and channel (9) ~ (11) 86 
correspond to stable species theoretically reported, 87 
including F2, NgF2 (Ng=Kr and Xe), and FNgNgF,71 88 
respectively. The first group is listed as follows: 89 

BNg3F3 → FBNg2F2 + Ng → F2BNgF+ 2Ng → BF3 + 3Ng     90 
(1) 91 

          → B + 3Ng + 3F or B + 3NgF                          92 
(2) 93 

             → BNg2F2 + Ng + F or BNg2F2 + NgF                      94 
(3) 95 

               → BNgF (1Σ) + 2Ng + 2F or BNgF (1Σ) + 2NgF         96 
(4) 97 

               → BNgF (3Π) + 2Ng + 2F or BNgF (3Π) + 2NgF        98 
(5) 99 

Channel (1) corresponding to the decomposition to the 100 
global minimum (BF3+3Ng) is preceeding in three steps with 101 
respective transition states (TSs) as plotted PES in Figure S1 102 
and the detailed IRC profiles are plotted in Figure S2. At first, 103 
one Ng-F bonds are elongated with relevant B-Ng bond 104 
shortened, the fluorine atom breaks away from the plane to 105 
form TS1 with 5.70, 13.38, and 17.99 kcal/mol to 106 
FBNg2F2+Ng as plotted in Figure S1 followed by, FBNg2F2 107 
decomposed to F2BNgF+Ng via TS2 by 9.72, 15.70 and 21.67 108 
kcal/mol, respectively. Note that the C2v symmetried FBNg2F2 109 
and F2BNgF are plotted in Figure 1. At last, F2BNgF 110 
decompose to BF3+Ng via TS3 with 7.14, 15.03 and 24.98 111 
kcal/mol for Ng=Ar, Kr and Xe, respectively. Note that TS3 112 
has been reported by Ghanty.15 It is found that the process 113 
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from BNg3F3 to BF3 + 3Ng are exothermic largely by ca. 1 
323.47~498.79 kcal/mol. Probably, it may be a record-2 
breaking value for high-energy materials. Note that the two-3 
body decomposition reaction of BNg3F3 (Ng=Kr and Xe) have 4 
transition states that are higher than that of two-Ng-inserted 5 
compound, including experimentally verified HXeOXeH at 6 
13.14 kcal/mol,36 as well as HXeOXeF37 and HXeXeF68 at 7 
14.90 and 11.76 kcal/mol, but lower than that of FXeOXeF37 8 
and HXeCCXeH34 at 62.26 and 49.50 kcal/mol. 9 

Note that except for channel (1), all the total energies of 10 
decomposition fragments in (2)~(11) are energetically higher 11 
than BNg3F3 for Ng = Kr and Xe, so we need not search for 12 
any transition states in view of the thermodynamic stability 13 
of BNg3F3 (Ng = Kr and Xe). Just like the decomposition of Ng 14 
inserted molecules (HNgY)2-8 to atoms of H + Ng + Y, the 15 
channel (2) of BNg3F3 dissociating to B + 3Ng + 3F are 16 
endothermic largely by 30.24 and 134.14 kcal/mol for Ng = 17 
Kr and Xe, while exothermic by 40.11 kcal/mol for BAr3F3. 18 
Channel (3) related to a radical precursor of BNg2F2, whose 19 
reverse reaction probably leads to BNg3F3, just similar to the 20 
reaction of H + Xe + OXeH leading to HXeOXeH.36 Thus, 21 
exothermicity of 3.39 and 53.74 kcal/mol for BKr3F3 and 22 
BXe3F3 may be obtained experimentally easier than the 23 
endothermicity of 27.86 kcal/mol for BAr3F3 in channel (3). 24 
Unlike one or two Ng atoms inserted compounds, tri-Ng-25 
atom inserted compounds may have more precursors. 26 
Channel (4) and (5) are related to the possible radical 27 
precursors, i.e., BNgF can be in singlet or triplet states with 28 
the former more stable energetically with the calculated S-T 29 
gap at 6.82, 21.44 and 34.66 kcal/mol, respectively. Note 30 
that BNgF (3Π) radical in channel (5) with two unpaired 31 
electrons can be deemed to be precursor of BNg3F3, which 32 
can react with 2NgF to produce BKr3F3 and BXe3F3 with 33 
exothermicity of 23.89, 115.34 kcal/mol, but for BArF (3Π) it 34 
is an endothermic process of 46.90 kcal/mol to produce 35 
BAr3F3. It should be noted that XeF radical is calculated to be 36 
energetically below Xe + F largely by 12.66 kcal/mol while 37 
ArF and KrF are just 0.10 and 0.98 kcal/mol below Ar + F and 38 
Kr + F, respectively. Accordingly, XeF, as a reactant of reverse 39 
reaction of channel (3), (4) and (5), can reduce the number 40 
of reactant and thus increase the probability of effective 41 
collision. 42 

BNg3F3 → 3F- + B3+ + 3Ng                                                        43 
(6) 44 

             → 3NgF+ + B3-                                                              45 
(7) 46 

             → BNg3
3+ + 3F-                                                                                           47 

(8) 48 
Channel (6) ~ (8) corresponding to the decomposition of 49 

BNg3F3 by channel (6) and (7) are endothermic in the range 50 
of 1057.92~1544.57 kcal/mol. The large decomposition 51 
energies of channel (8) to BNg3

3+ and 3F- from 762.18 to 52 
753.01 and 725.90 kcal/mol reveal BNg3F3 are not van der 53 
waals complexes, and fluorine plays a vital role on the 54 
stability of BNg3F3. Therefore, there is large thermodynamic 55 
stability of BNg3F3 towards ionic decompositions. The 56 
species in channel (8) can be best described by the Lewis 57 

structures of (BNg3
3+)(F-)3, with the B-Ng bonds in BNg3

3+ at 58 
1.781, 1.944 and 2.144 Å at CCSD(T)/aug-cc-pVTZ/LJ18 level, 59 
which are shorter than that in BNg3F3 just like the shorter H-60 
Ng bond of HNg+ (Ng= He, Ar, Kr and Xe) than that in HNgF. 61 

BNg3F3 → BNg+ (1S) + F- + 2Ng + F2                                                                         62 
or BNg+ (3P) + F- + 2Ng + F2                                                             (9) 63 

→ BNg+ (1S) + F- + FNgNgF                                               64 
or BNg+ (3P) + F- + FNgNgF                                       (10) 65 

→ BNg+ (1S) + F- + NgF2 + Ng                                            66 
or BNg+ (3P) + F- + NgF2 + Ng                                    (11) 67 

Note that F- and BNg+ (Ng=Ar, Kr and Xe) with two 68 
electronic configurations (1S and 3P) are involved in channel 69 
(9)~(11). The endothermic processes of channel (9) 70 
[26.53~181.01 kcal/mol for BNg+ (1S) and 103.19~238.87 71 
kcal/mol for BNg+ (3P)] indicate large thermodynamically 72 
stability of BNg3F3 in the presence of F2. The similar 73 
endothermic process of channel (10) involves the reported 74 
species of FNgNgF71 with short Ng-Ng bond and large kinetic 75 
stability. In channel (11) there are experimentally found 76 
molecules of NgF2 (Ng=Kr, Xe), note that all NgF2 (Ng=Ar-Xe) 77 
can be optimized at the M06-2X, MP2 and CCSD(T) levels, 78 
but there is an abnormal increase of Ar-F distance to 2.941 Å 79 
at CCSD(T) level compared with that of 1.756 and 1.862 Å at 80 
M06-2X and MP2 levels. Actually, ArF2 was predicted to be 81 
unstable with negative three-body decomposition energies 82 
at CCSD(T)/CBS level45 and has still not been synthesized. 83 
This reveals the more reliable calculations of CCSD(T) than 84 
that of M06-2X and MP2. 85 

It is important to compare the thermodynamic and 86 
kinetic stabilities upon the insertion of Ng (Ng= Ar, Kr and 87 
Xe) atom into BF3 gradually. From channel (1), it is clear that 88 
FBAr2F2 and FBKr2F2 are kinetically the most stable species of 89 
BNgnF3 (Ng=Ar and Kr, n=1, 2 and 3) with respective barriers 90 
at 9.72 and 15.70 kcal/mol, while F2BXeF are kinetically more 91 
stable than FBXe2F2 and BXe3F3. Among BNg3F3, BKr3F3 and 92 
BXe3F3 are energetically higher than BF3 + 3Ng and thus 93 
thermodynamically unstable in channel (1), however, they 94 
are kinetically stable in the decomposition via TS1 with 13.38 95 
and 17.99 kcal/mol, respectively, but BAr3F3 is both 96 
thermodynamically unstable in molecular and atomic 97 
channels (1) ~ (5) and kinetically unstable in channel (1) with 98 
a small barrier of 5.70 kcal/mol. Therefore, BKr3F3 and 99 
BXe3F3 are kinetically stable as metastable species. Note that 100 
even BKr3F3 has a large protecting barrier close to two-Ng-101 
inserted HXeOXeH and HXeOXeF.36,37 Thus, in view of the 102 
successful synthesis of analogous F2BXeF by Xe and O2BF4 103 
under 173K,39 both BKr3F3 and BXe3F3 may be prepared in 104 
low-temperature noble-gas matrixes using UV photolysis of a 105 
BF3 precursor and subsequent thermal mobilization of B 106 
atoms. 107 
C. Charge distribution and bonding nature 108 

To explore the bonding nature of BNg3F3, we also calculated 109 
the charge distribution, WBIs, QTAIM,65 and ELF.66 From the 110 
calculated NPA charge of BNg3F3 species at the MP2/aug-cc-111 
pVTZ/SDD level, it is found that the charge on the B atom 112 
(qB) changes from 1.570 (BF3) to 0.641, 0.245 and -0.267 e in 113 
BAr3F3, BKr3F3 and BXe3F3 respectively, as summarized in 114 
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Table 3, while those of F atom keep negative from -0.523 1 
(BF3) to -0.832, -0.826 and -0.844 e, due to its large 2 
electronegativity. Accordingly, the inserted Ng atom 3 
generally loses electron with positive charge at 0.619, 0.745 4 
and 0.923 e for Ar, Kr and Xe, indicating the breaking of their 5 
closed-shell structures, and the participation to the chemical 6 
bonds with the neighboring B and F atoms. 7 

Now, it is of interest to compare the difference of NPA 8 
charge between BNg3F3 and F3Ng3BF- as listed in Table 3. It is 9 
found that the charge (qF1) of the added F- on C3v axis are -10 
0.518, -0.550 and -0.591 e for Ng= Ar, Kr and Xe in F3Ng3BF-, 11 
which means BNg3F3 group in F3Ng3BF- acquire -0.482, -0.450 12 
and -0.409 e from F1 anion, respectively. At the same time, 13 
the remaining qF of F3Ng3BF- increases to -0.937, -0.919 and 14 
-0.911 e, and qB increases to 0.835, 0.541 and 0.171 e, 15 
leading to more electrons on Ng atoms and thus with fewer 16 
positive charges than original BNg3F3 (Ng=Ar, Kr and Xe).  17 

The calculated Wiberg bond indices (WBIs) of for B-Ng 18 
bonds are 0.879, 0.945 to 1.037 in BAr3F3, BKr3F3 and BXe3F3, 19 
suggesting singly bonded B-Ng as listed in Table 5. At the 20 
same time, the small WBIs of 0.147, 0.166, and 0.168 for Ar-21 
F, Kr-F and Xe-F suggest that essentially weak Ng-F 22 
interactions. Note that the analogous D3h symmetried anion 23 
with three Ng atoms, i.e., (NgO)3F- (Ng=He, Ar, and Kr) 24 
reported by Hu et al.72 indicate that the interaction between 25 
F- and NgO are non-covalent with the large Ng-F bond 26 
lengths. 27 

Following the works of Gerry and co-workers73-75 about 28 
the covalent and van der Waals limits, we conclude the 29 
covalent and van der Waals limits of B-Ng and Ng-F bond76-79 30 
by comparing B-Ng and Ng-F bond lengths of F2BNgF, 31 
FBNg2F2, and BNg3F3 as listed in Table S3. Note that r(B-Ng) is 32 
closest of all to the covalent limit and much less than the van 33 
der Waals limit. Although r(Ng-F) exceeds the covalent limit 34 
(by ~0.452Å), it is still much less than the van der Waals limit. 35 
Therefore, B-Ng bonds are the covalent nature from the 36 
view of bond lengths. 37 

The quantum chemistry theory of atoms-in-molecule, 38 
QTAIM,65 is known as a powerful and universal utility in 39 
investigating the bond critical point (BCP) properties of 40 
unusual Ng bonding. In Table 4, we listed the detailed 41 
QTAIM information of BCP for F2BNgF, FBNg2F2 and BNg3F3 42 
(Ng=Ar, Kr and Xe) including electron density (ρ), Laplacian 43 
electron density (∇2ρ) (contour line diagrams in Figure 4), 44 
energy density (Hr), potential energy density (Vr) and kinetic 45 
energy density (Gr). From Table 1, it is clear that the B-Ng 46 
bond distances of BNg3F3 are close to their Rcov of 1.81, 2.02 47 
and 2.16 Å,80 but Ng-F bond distances much longer than 48 
corresponding Rcov 1.68, 1.81 and 2.01 Å.80 Thus, the best 49 
discussion of the study by Boggs81 can be performed, i.e., the 50 
chemical bonds can be defined to meet any criteria of the 51 
following four bond types including A, B, C, and Wc: 52 
•Type A. ∇2ρ(r) < 0, and ρ(r) is large (with a threshold of 0.1 53 
au); 54 
•Type B. H(r) < 0, and ρ(r) is large (with a threshold of 0.1 55 
au); 56 
•Type C. H(r) < 0 and G(r)/ρ(r)<1; 57 

•Wc. H(r)< 0 and G(r)/ρ(r)> 1; 58 
In general, type A can be looked on as a subset of type B 59 

and/or C, whereas H(r) < 0 and G(r)/ρ(r)<1 indicating that 60 
the bonding is of partially covalent in nature under the 61 
category of type C covalent bond. B-Ng interactions could be 62 
classified as covalent bonds of type A, B and C, except for B-63 
Ar in F2BArF of type B and C because of its positive Laplacian 64 
electron density on BCP. In addition, the B-Ng bond property 65 
on BCP both reveals the local charge concentration area as 66 
displayed in Figure 4. However, the Ng-F interactions could 67 
be in principle classified as weak bonding interaction with 68 
some covalent properties due to there are H(r)< 0 and 69 
G(r)/ρ> 1 (Wc) with the positive values of ∇2ρ(r). Obviously, 70 
the strength of B-Ng is consistent to area of ∇2ρ(r) < 0, that is 71 
B-Ar < B-Kr < B-Xe, which is also in agreement with the 72 
calculated Wiberg bond indices of 0.879, 0.945 and 1.037 for 73 
B-Ar, B-Kr, and B-Xe. 74 

In addition, we also compared the bonding nature of 75 
F2BNgF, FBNg2F2 and BNg3F3 (Ng=Ar, Kr and Xe) with 76 
QTAIM65 at MP2/aug-cc-pVTZ/LJ18 level as listed in Table 5. 77 
It is shown that the B-Ar bond has increasing covalent 78 
composition from F2BArF to FBAr2F2 and BAr3F3, according to 79 
Laplacian electron density [∇2ρ(r)] of +0.030, -0.144 and -80 
0.154, and corresponding electron density [ρ(r)] increased 81 
from 0.123 to 0.130 and 0.146. At the same time, the B-Ar 82 
covalent bond changes from types B and C to types A, B and 83 
C. Correspondingly, the Ar-F bond, as a Wc interaction, the 84 
increased positive Laplacian electron density and electron 85 
density on BCP reveal the enhance of this interaction with 86 
increasing number of inserted Ng atom, and reliably, the 87 
increased WBI of Ar-F bonds from 0.082 to 0.121 and 0.147 88 
of F2BArF, FBAr2F2 and BAr3F3. Hence, more inserted Ar or Kr 89 
atoms will benefit the strength of B-Ar and Ar-F as well as B-90 
Kr and Kr-F bonds. But this effect isn’t distinct, and more Xe 91 
atoms inserted to BF3 will make B-Xe and Xe-F bonds weaker 92 
from the QTAIM data that the electron density of BCP in B-93 
Xe bond changes from 0.129 in F2BXeF to 0.125 in FBXe2F2, 94 
and to 0.126 in BXe3F3. Although the strength of B-Xe was 95 
not increased with the increasing number of inserted Ng 96 
atoms, it is no doubt that B-Xe are all covalent bonding in 97 
F2BXeF, FBXe2F2, and BXe3F3 due to the negative Laplacian 98 
electron density.  99 

To confirm the above analysis of bonding nature, we also 100 
calculated the Electron Localized Function (ELF).66 Generally, 101 
ELF diagram can provide a faithful visualization of valence 102 
shell electron pair repulsion theory (VSEPR).82 As the plotted 103 
ELF diagrams of BNg3F3, FBNg2F2, and F2BNgF3 in Figure 5 104 
and S1, note that the red areas with the largest ELF values 105 
(yellow area) between Ng and B atoms denote the low local 106 
kinetic energy densities owing to relatively low Pauli 107 
repulsion, indicating the covalent interactions of B-Ng 108 
bonding. On the other hand, the yellow area doesn’t appear 109 
between Ng and F, F basins are relatively independent, 110 
which indicates that Ng-F bonding are rather ionic, or non-111 
covalent. After careful analysis, it is shown that the low-ELF 112 
areas between Ng and F atoms are of increasing covalent 113 
bond tendency of Ng-F bonds from Ar to Kr and Xe. 114 
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Now, it’s interesting to compare the B-Ng bonding with 1 
that in other noble gas compounds, such as the B-Ng 2 
bonding in BNg3F3, B-Ng bonds in OBNgF,41 FNgBS42, FNgBN-3 
,43 and FBNgNH45 (Ng=Ar, Kr, Xe) are dominant in covalent 4 
character from the negative Laplacian electron density of 5 
BCP, but the BCP values of B-Ng bond in HNgBF+ (Ng=He, Ar, 6 
Kr, Xe)83 indicate that ion-dipole interaction play a major role 7 
in the B-Ng bonding with a strong ionic character. 8 

Note that the B-Ng bonds are covalent and Ng-F bonds 9 
are Wc interaction in BNg3F3, which is totally different from 10 
the bonding nature of HXeOXeH, where the corresponding 11 
O-Xe bonds are mostly ionic with a substantial covalent 12 
contribution while Xe-H bond is predominantly covalent. 13 
This can be rationalized from the analysis of atomic 14 
electronegativity, i.e., the electronegativity of 3.44 for O, 15 
3.98 for F are much larger than that of Ng, while those of 16 
2.20 for H, 2.04 for B are close to that of Ng atoms from 17 
Pauling electronegativity scale.84 The calculated  QTAIM65 18 
data for BXe3H3 well confirm the above points as listed in 19 
Table 4, clearly showing that H-Xe bond is covalent from 20 
negative ∇2ρ, -0.0214, and relatively ionic of B-Xe with ∇2ρ of 21 
-0.0072, more apparently from WBI, H-Xe bond is 0.515 as 22 
half bonded, and B-Xe bond is very weak just at 0.025. The 23 
Laplacian electron density and ELF66 diagrams of BXe3H3 as 24 
plotted in Figure S2 and S3 (Support Information) are 25 
consistent with the QTAIM results. 26 
D.  Vibrational frequencies 27 

The calculated harmonic vibrational frequencies and 28 
intensities for F2BNgF, FBNg2F2, and BNg3F3 are listed in Table 29 
6 and S4, respectively. It is shown that the calculated 30 
frequencies at M06-2X and MP2 levels are in reasonable 31 
agreement, and herein we just take the MP2 calculations as 32 
an example. It is found that the harmonic frequencies of v(B-33 
Ng) of one-Ng-inserted F2BNgF are generally smaller than 34 
that of two or three Ng-inserted FBNg2F2 and BNg3F3. This is 35 
consistent with that the B-Ng bond lengths of BNg3F3 and 36 
FBNg2F2 are generally shorter than that of F2BNgF, and 37 
further confirm that the covalent character of B-Ng bond in 38 
BNg3F3 and FBNg2F2 are relatively higher than those of in 39 
F2BNgF.  40 

For BNg3F3, there are totally fifteen vibration modes 41 
including six stretching, five bending and four torsions 42 
(including an out-of-plane mode). Note that the vibrational 43 
frequencies of TS1-TS3 are also calculated as listed in Table 44 
S5-S7 (Support Information). There are five degenerated 45 
modes including δ(Ng-B-Ng), F-Ng-Ng-F torsion, δ(B-Ng-F), 46 
vas(Ng-F) and vas(B-Ng) due to the high D3h symmetry of 47 
BNg3F3. The frequencies of vas(Ng-F) of BNg3F3 (Ng=Ar, Kr and 48 
Xe) modes located at high frequencies zones are larger than 49 
400 cm-1, i.e., 445.0, 443.2 and 439.8 cm-1 corresponding to 50 
large intensities of 796.60, 564.97 and 517.70 km/mol, 51 
which should be the characteristic peaks for the 52 
experimental observation. But note that the experimentally 53 
observed frequencies for HArF,4 and HXeOXeH36 suggest that 54 
the theoretical values for the vibrational frequencies are 55 
larger by about 10 %,85 because anharmonic effects can’t be 56 
ignored. Here, we calculated the anharmonic vibrational 57 

frequencies of BNg3F3 by MP2/CC-VSCF method60-63 as listed 58 
in Table 6. The frequencies of the characteristic peak, vas(Ng-59 
F), decrease to 435.2, 394.0 and 382.5 cm-1, which 60 
certified the large influence of anharmonic effect for BNg3F3. 61 

The intense stretching vibrations of v(B-Ng) and vas(Ng-F) 62 
further confirm that the Ng inserted compounds based on 63 
BF3 including F2BNgF, FBNg2F2 and BNg3F3 are stiff and not 64 
van der waals molecules. 65 

Conclusion 66 

Following the study of HXeOXeH36 and HXeCCXeH,34 that is, 67 
H2O and C2H2 inserted with two Ng atoms experimentally 68 
and theoretically. the species of tri-Ng-atom inserted in BF3, 69 
i.e., neutral mono-centric compounds (BNg3F3, Ng=Ar, Kr, 70 
Xe), is firstly investigated at the DFT/M06-2X and ab initio 71 
calculations within the framework of MP2, CCSD(T) and 72 
CASSCF levels of theory. It is shown that BNg3F3 (Ng=Ar, Kr 73 
and Xe) are all identified as local minima with D3h symmetry 74 
with B-Ng bonds lengths at 1.966, 2.027 and 2.214 Å at the 75 
CCSD(T)/aug-cc-pVTZ/LJ18 level, which are close to their 76 
covalent radii. Moreover, when an F- ion (F1) is added on 77 
boron atom in BNg3F3, the geometries of F3Ng3BF- are still 78 
very tight. From the plotted PESs, it is found that BNg3F3 79 
(Ng=Kr and Xe) are metastable species with large kinetic 80 
stability towards BF3 + 3Ng with decomposition barriers of 81 
13.38 and 17.99 kcal/mol, respectively, while that of BAr3F3 82 
is just 5.70 kcal/mol and cannot be identified as metastable 83 
status. Specially, BKr3F3, as tri-Kr-inserted compound, even 84 
has large dissociation barrier comparable with two-Xe-85 
inserted HXeOXeH and HXeOXeF.37 From the bonding nature 86 
analysis, it is found that B-Ng in BNg3F3 are mainly singly 87 
covalent bond supported by negative Laplacian electron 88 
density of BCP with WBI at 0.879, 0.945 and 1.037 for Ng=Ar, 89 
Kr and Xe, while Ng-F are dominantly weak bonding 90 
interaction with some covalent properties according to 91 
Boggs’s79 criteria. Finally, the calculated anharmonic 92 
vibrational frequencies reveal that BNg3F3 are stiff molecules 93 
with the characteristic asymmetric stretching at 435.0, 394.0 94 
and 382.5 cm-1 for Ar-F, Kr-F and Xe-F bonds, respectively. 95 
The large kinetic stabilities of the BKr3F3 and BXe3F3 96 
molecules suggest that they should be very likely candidates 97 
for experimental detection. Following the synthesis of one-98 
Ng-inserted FXeBF2 and two-Ng-inserted HXeOXeH, we hope 99 
that the present theoretical study may provide important 100 
evidence for experimental synthesis of BNg3F3 such as matrix 101 
photochemistry at low temperature in future. 102 
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Table 1 Optimized geometrical parameters of F2BNgF (C2v), FBNg2F2 (C2v) and BNg3F3 (D3h) (Ng=Ar, Kr, Xe) at the M06-2X, MP2, 

CCSD(T) and CASSCF levels, respectively. Note that bond lengths are in Å and angles in degrees. 
 F2BArF F2BKrF F2BXeFb 

methods L(Ng-B) L(Ng-F) L(Ng-Ng) L(Ng-B) L(Ng-F) L(Ng-Ng) L(Ng-B) L(Ng-F) L(Ng-Ng) 

M06-2X 1.841 2.082  2.008 2.096  2.222/2.212/2.218 2.148/2.150/2.137  

MP2 1.835 2.075  1.991 2.098  2.203/2.196/2.180 2.172/2.158/2.149  

MP2a 1.853 2.089  1.994 2.104  2.435 2.186  

 FBAr2F2 FBKr2F2 FBXe2F2 

M06-2X 1.846 2.000 3.199 2.016 2.059 3.523 2.239/2.228/2.231 2.134/2.135/2.128 3.857/3.852/3.089 

MP2 1.863 1.991 3.203 2.009 2.052 3.482 2.221/2.212/2.198 2.153/2.140/2.136 3.881/3.867/3.873 

 BAr3F3 BKr3F3 BXe3F3 

M06-2X 1.842 1.961 3.190 2.004 2.029 3.471 2.217/2.208/2.209 2.118/2.118/2.112 3.840/3.824/3.826 

MP2 1.878 1.944 3.253 2.006 2.027 3.474 2.206/2.194/2.188 2.137/2.121/2.122 3.821/3.800/3.791 

CCSD(T) 1.936 1.998 3.353 2.027 2.037 3.511 2.222/2.193 2.137/2.124 3.849/3.798 

CASSCF(18,15) 1.796 1.993 3.111 1.997 2.049 3.459 2.264 2.134 3.921 

aFrom ref 15, b values in Roman, italic and bold are corresponding to ECP of SDD, aug-cc-pVTZ-pp and LJ18 on xenon. 
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Table 2. Optimized geometrical parameters of F3Ng3BF-(Ng=Ar, Kr, Xe) at the M06-2X and MP2 levels. Note that bond 
lengths are in angstroms and bond angles in degrees. 

species methods/basis sets L(Ng-B) L(Ng-F) L(Ng-Ng) L(B-F1) Θ(Ng-B-Ng) Θ(Ng-B-F1) 

F3Ar3BF- M06-2X/aug-cc-pVTZ 1.907 2.155 3.067 1.304 107.0 111.9 

MP2/aug-cc-pVTZ 1.902 2.147 3.053 1.314 106.8 112.0 

F3Kr3BF- M06-2X/aug-cc-pVTZ 2.087 2.212 3.370 1.319 107.6 111.3 

MP2/ aug-cc-pVTZ 2.069 2.199 3.342 1.332 107.7 111.2 

F3Xe3BF- M06-2X/aug-cc-pVTZ/SDD 2.315 2.274 3.763 1.335 108.8 110.1 

M06-2X/aug-cc-pVTZ/LJ18 2.309 2.271 3.757 1.341 108.9 110.0 

MP2/aug-cc-pVTZ/SDD 2.294 2.288 3.727 1.350 108.6 110.3 

MP2/aug-cc-pVTZ/LJ18 2.266 2.272 3.702 1.361 109.6 109.4 
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Table 3. The calculated NPA charges of BNg3F3 (D3h) and F3Ng3BF- (C3v) (Ng =Ar, Kr and 
Xe) at the MP2/aug-cc-pVTZ/SDD level. 

Atoms BAr3F3 F3Ar3BF- BKr3F3 F3Kr3BF- BXe3F3 F3Xe3BF- 

qB 0.641 0.835 0.245 0.541 -0.267 0.171 

qNg 0.619 0.498 0.745 0.589 0.932 0.717 

qF -0.832 -0.937 -0.826 -0.919 -0.844 -0.911 

qF1a
  -0.518  -0.550  -0.591 

aF1 atom bonded to B along with C3 axis in F3Ng3BF-. 
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Table 4 The calculated relative energies (in kcal/mol) of the various dissociated species with respect to the BNg3F3 (Ng=Ar, Kr and Xe) at the 
CCSD(T)//M06-2X/aug-cc-pVTZ/LJ18 level with ZPVE. 

species Ng=Ar Ng=Kr Ng=Xe species Ng=Ar Ng=Kr Ng=Xe 

BNg3F3 0.00 0.00 0.00 BNgF(1Σ)+2Ng+2F -51.79 4.29 81.60 

TS1  (5.70)  (13.38) (17.99) BNgF(1Σ)+2NgF -51.55 3.46 70.94 

BNg2F3+Ng -173.42 -145.29 -109.50 BNgF(3Π)+2Ng+2F -46.90 23.89 115.34 

TS2 -163.70 -129.59 -87.83 BNgF(3Π)+2NgF -46.65 23.20 104.69 

(9.72)  (15.70)  (21.67) 3F-+B3++3Ng 1370.32 1440.67 1544.57 

BNgF3+2Ng -341.39 -288.65 -217.88 B3-+3NgF+ 1153.89 1116.32 1057.92 

TS3 -334.25 -273.62 -192.90 BNg3
3++3F- 762.18 753.01 725.90 

 (7.14)  (15.03)  (24.98) BNg+(1S)+F-+2Ng+F2 26.53 92.29 181.01 

BF3+3Ng -498.79 -427.55 -323.47 BNg+(3P)+F-+2Ng+F2 103.19 162.92 238.87 

B+3Ng+3F -40.11 30.24 134.14 BNg+(1S)+F-+FNgNgF 103.91 161.36 212.55 

B+3NgF -46.56 23.27 112.41 BNg+(3P)+F-+FNgNgF 180.57 230.89 270.40 

BNg2F2+Ng+F -27.86 3.39 53.74 BNg+(1S)+F-+NgF2+Ng 74.95 107.18 146.57 

BNg2F2+NgF -27.74 3.05 48.42 BNg+(3P)+F-+NgF2+Ng 151.60 176.72 204.42 

aThe values in parentheses are the barrier heights of corresponding transition states. 
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Table 5 The calculated electron density (ρ), Laplacian electron density (∇2ρ), energy density (Hr), potential energy density (Vr) and 
kinetic energy density (Gr) at BCP, as well as Wiberg bond indices (WBI) for F2BNgF, FBNg2F2 and BNg3F3 (Ng =Ar, Kr and Xe) at the 
MP2/aug-cc-pVTZ/LJ18 level. 

species bond WBI ρ(r) ∇
2ρ(r) G(r) V(r) G(r)/ρ(r) -G(r)/V(r) H(r) type 

F2BArF B-Ar 0.771 0.1227 0.0299 0.1198 -0.2323 0.9764 0.5158 -0.1124 B,C 

Ar-F 0.082 0.0734 0.3461 0.0922 -0.0979 1.2561 0.9418 -0.0057 Wc 

FBAr2F2 B-Ar 0.802 0.1303 -0.1441 0.0925 -0.2210 0.7099 0.4186 -0.1285 A,B,C 

Ar-F 0.121 0.0921 0.3762 0.1101 -0.1262 1.1954 0.8724 -0.0161 Wc 

BAr3F3 B-Ar 0.879 0.1361 -0.2426 0.0815 -0.2310 0.5988 0.3528 -0.1458 A,B,C 

Ar-F 0.147 0.1067 0.3499 0.1192 -0.1509 1.1172 0.7899 -0.0317 Wc 

F2BKrF B-Kr 0.864 0.1278 -0.2250 0.0705 -0.1973 0.5516 0.3573 -0.1268 A,B,C 

Kr-F 0.111 0.0812 0.3059 0.0905 -0.1045 1.1145 0.8660 -0.0140 Wc 

FBKr2F B-Kr 0.893 0.1316 -0.3206 0.0467 -0.1735 0.3549 0.2692 -0.1268 A,B,C 

Kr-F 0.144 0.0916 0.3081 0.0986 -0.1202 1.0764 0.8203 -0.0216 Wc 

BKr3F3 B-Kr 0.945 0.1355 -0.3474 0.0379 -0.1626 0.2797 0.2331 -0.1247 A,B,C 

Kr-F 0.166 0.0980 0.3052 0.1032 -0.1300 1.0531 0.7938 -0.0269 Wc 

F2BXeF B-Xe 0.956 0.1295 -0.2679 0.0207 -0.1083 0.1598 0.1911 -0.0887 A,B,C 

Xe-F 0.123 0.0856 0.2829 0.0896 -0.1085 1.0467 0.8258 -0.0243 Wc 

FBXe2F2 B-Xe 0.987 0.1254 -0.2194 0.0231 -0.1010 0.1842 0.2287 -0.0792 A,B,C 

Xe-F 0.152 0.0886 0.2834 0.0916 -0.1123 1.0339 0.8157 -0.0267 Wc 

BXe3F3 B-Xe 1.037 0.1263 -0.1999 0.0263 -0.1027 0.2082 0.2561 -0.0777 A,B,C 

Xe-F 0.168 0.0915 0.2878 0.0942 -0.1164 1.0295 0.8093 -0.0290 Wc 
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Table 6 The calculated harmonic vibrational frequencies (cm−1) and intensities (km/mol) of BNg3F3 (Ng=Ar, Kr and Xe) (D3h) 
minima at the MP2 and M06-2X levels with aug-cc-pVTZ/LJ18 basis set, and MP2/CC-VSCF calculated anharmonic 
frequencies. 

normal modes  Ng=Ar Ng=Kr Ng=Xe 

S-Da MP2 CC-VSCF M06-2X MP2 CC-VSCF M06-2X MP2 CC-VSCF M06-2X 

δ(Ng-B-Ng) E’-2 62.7(26) 54.1(8) 68.0(21) 51.2(14) 60.1(18) 42.0(15) 48.6(9) 54.8(12) 40.7(9) 

Ng-B-Ng-F torsion A2
’’-1 55.7(84) 45.2(85) 82.0(71) 47.2(48) 64.7(70) 46.6(53) 54.3(41) 67.4(53) 56.5(40) 

Ng-B-Ng-F torsion E’’-2 132.1(0) 141.9(0) 144.3(0) 107.9(0) 123.9(0) 106.0(0) 97.4(0) 111.1(0) 106.8(0) 

δ(B-Ng-F) A2
’-1 164.7(0) 165.0(0) 174.2(0) 135.1(0) 139.3(0) 125.3(0) 121.1(0) 126.3(0) 119.5(0) 

vs(B-Ng) A’-1 228.9(0) 310.4(0) 204.2(0) 156.5(0) 206.2(0) 168.3(0) 145.0(0) 148.0(0) 141.7(0) 

δ(B-Ng-F)  E’-2 248.5(0) 232(2) 240.2(2) 179.0(1) 183.2(5) 176.0(2) 156.6(6) 156.4(0) 154.2(6) 

vas(Ng-F) E’-2 445.0(795) 435.2(896) 457.7(621) 442.2(565) 394.0(732) 418.1(566) 439.8(518) 382.5(671) 435.2(560) 

Ng-Ng-Ng-B outb A2
’’-1 514.4(8) 525.0(9) 476.6(3) 459.8(1) 483.7(3) 448.6(1) 441.1(6) 431.9(0) 420.9(4) 

vs(Ng-F)  A1
’-1 547.5(0) 497.6(0) 552.1(0) 495.0(0) 465.9(0) 479.1(0) 476.2(0) 458.6(0) 479.1(0) 

vas(B-Ng) E’-2 775.0(6) 693.5(2) 729.0(16) 672.8(2) 701.4(8) 695.7(1) 678.2(1) 677.2(7) 668.2(6) 

a S-D represents Symmetry-Degeneracy, bout-of-plane torsion mode. 
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Figure Captions 

Figure 1 Rational frames of geometrical structures. 

  

Figure 2 The schematic potential energy surface (PES) of BNg3F3 dissociated to BF3+3Ng (Ng=Ar, Kr and Xe). 

  

Figure 3 Contour line diagrams showing the Laplacian electron density, ∇2ρ, for F2BNgF (a-c), FBNg2F2 (d-f) and BNg3F3 (g-i) (Ng=Ar, Kr and Xe) 
calculated at the MP2/aug-cc-pVTZ/SDD level. The green lines indicate regions of charge depletion (∇2ρ>0), and bule lines indicate regions of 
charge concentration (∇2ρ<0). Bond critical points (BCP) (3,-1) are shown in blue and nuclear critical points (NCP) (3,-3) in brown. Red lines 
connecting critical points are the bond paths, and the black lines crossing the bond paths indicate the zero-flux surfaces in the molecular plane.  

  

Figure 4 Color-scale plot of the electron localization function (ELF) for BNg3F3 (Ng=Ar, Kr and Xe) at the MP2/aug-cc-pVTZ/pp level.  
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Fig.1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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