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ABSTRACT: At the averaged quadratic coupled-cluster (AQCC) level, a
number of selected rare gas (Rg) containing systems have been studied
using the quantum theory of atoms in molecules (QTAIM), natural bond
orbital (NBO), and several other analysis methods. According to the
criteria for a covalent bond, most of the Rg−M (Rg = He, Ne, Ar, Kr, Xe;
M = Be, Cu, Ag, Au, Pt) bonds in this study are assigned to weak
interactions instead of van der Walls or covalent ones. Our results
indicate that the rare gas bond is a new kind of weak interaction, like the
hydrogen bond for example.

■ INTRODUCTION

Since xenon hexafluoroplatinate was discovered by Bartlett in
1962,1 more and more neutral rare gas compounds have been
found (for example, see refs 2−4). In addition to a few krypton
and radon compounds, most of them are xenon compounds.
Not until 2000 was the first compound of argon, HArF,
reported.5,6 More recently, a class of triatomic rare gas
compounds RgMX (Rg = Ar, Kr, Xe; M = Cu, Ag, Au; X =
F, Cl) with covalent interactions between the Rg and M atoms
has been studied both experimentally and theoretically.7−20

Although the compounds of helium and neon are still unknown
experimentally, a number of theoretical studies show the
existence of some metastable helium-containing systems and
indicate the possibility of a chemical bond occurring between
helium and other atoms.19,21−38 While the present paper was
being written, NeAuF was detected experimentally for the first
time,30 which offers a ray of hope for discovering the helium-
containing complex HeMF. An important open question
remains: are they real covalent compounds of helium? The
same question also exists in other rare gas containing systems.
To answer this question, the topological analysis of the

electron density distribution based on the quantum theory of
atoms in molecules (QTAIM)39 may be applied. According to
the traditional topological criterion, the covalent (or shared)
interaction should have a negative Laplacian of electron density
(∇2ρ(rc) < 0) at the bond critical point rc.

39 However, this
criterion is not sufficient in the case of 3d and heavier atoms,40

and even for some classic covalent compounds (for example,
CO and F2; see ref 39, pp 312−314). Cremer and Kraka41

suggested use of the criterion H(rc) < 0 as the indicator of a
covalent bond, where H(rc) = G(rc) + V(rc) is the local energy
density, and G(rc) and V(rc) are local kinetic energy density
and local potential energy density, respectively. This criterion
was then complemented by a condition G(rc)/ρ(rc) < 1.40 In

addition, some other criteria have also been suggested and
summarized in the literature.42−47

In Table 1, we show some diatomic molecules calculated at
their equilibrium bond lengths,48−50 which are covalent bonds
in the classical outlook of chemists. The empirical covalent
bond lengths (Rcov, i.e. the sums of covalent atomic radii Rcov =
∑rcov)

51,52 are also given for comparison. Details of the
computational methods will be described in the next section.
The covalent bonds in Table 1 can be grouped into four types.
•Type A. ∇2ρ(rc) < 0, and ρ(rc) is large (here we take a

threshold of 0.1 au).
•Type B. H(rc) < 0, and ρ(rc) is large (again with a threshold

of 0.1 au).
•Type C. H(rc) < 0 and G(rc)/ρ(rc) < 1.
•Type D. |H(rc)| is small (<0.005 au is taken) and G(rc)/

ρ(rc) < 1.
Type C is also called partial covalent bond in literature.43,44

In general, although type A can be looked on as a subset of type
B and/or C, it is still listed above separately to be consistent
with the traditional criteria.
In addition to the above criteria, the covalent bonds are also

confirmed by the agreement between the bond lengths and the
empirical covalent bond lengths. It should be noted that the
alkali dimers have sometimes been looked on as van der Waals
(vdW) molecules because of their long bond lengths and small
dissociation energies. From the topological point of view,
however, they are totally different from vdW bonds and have to
be strictly distinguished from them. On the other hand, a few
weak bonding interactions (hydrogen bonds, lithium bonds,
halogen bonds, and so on, as summarized in ref 53) may also
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Table 1. Bond Lengths (Å) and Topological Properties (au) of Some Covalent Diatomic Molecules

molecule bond type Re
a Rcov

b ρ(rc) ∇2ρ(rc) H(rc) G(rc)/ρ(rc)

CO B 1.128 1.24 0.509 0.633 −1.026 2.326
F2 B 1.412 1.28, 1.44c 0.283 0.548 −0.175 1.104
IF B 1.910 1.97 0.140 0.397 −0.075 1.241
Cl2 A, B, C 1.988 1.98 0.168 −0.094 −0.106 0.493
Br2 A, B, C 2.281 2.28 0.114 −0.015 −0.055 0.450
I2 C 2.666 2.66 0.080 −0.006 −0.031 0.367
At2 C 2.862d 2.94 0.064 0.013 −0.021 0.383
ClF A, B, C 1.628 1.63 0.222 −0.234 −0.232 0.781
IBr C 2.469 2.47 0.094 0.004 −0.041 0.046
HF A, B, C 0.917 0.96 0.381 −3.719 −1.033 0.272
Li2 C, D 2.673 2.66 0.014 −0.013 −0.004 0.035
Na2 C, D 3.079 3.10 0.009 −0.003 −0.002 0.098
K2 D 3.905 3.92 0.005 0.002 −0.0004f 0.145
Rb2 D 4.210e 4.20 0.005 0.001 −0.0004f 0.148
Cs2 D 4.47 4.64 0.005 0.003 −0.0002f 0.212
NaLi C, D 2.813 2.88 0.012 −0.002 −0.002 0.151

aReference 48. bPyykkö’s covalent radii from ref 51. cSandersen’s covalent radii from ref 52. dReference 49. Theoretical value. eReference 50. fIt may
be a tiny positive value by other theoretical methods.

Table 2. Bond Length (Å), QTAIM Topological Properties (au), Natural Charge (Q) and WBI, and MBO of Some Rare Gas
Bonds

QTAIM NBO

no. molecule bond Re Rcov Rvdw ρ(rc) ▽2ρ(rc) H(rc) G(rc)/ρ(rc) Q(Rg) WBI MBO typea

1a FHeO− He−O 1.100 1.09 2.03 0.324 0.274 −0.335 1.244 0.509 0.667 0.701 B
1b He−F 1.621 1.10 2.04 0.079 0.346 −0.007 1.192 0.509 0.063 0.162 Wc

2a HHeF He−H 0.818 0.78 1.72 0.256 −1.704 −0.478 0.202 0.314 0.425 0.446 A,B,C
2b He−F 1.418 1.10 2.04 0.141 0.537 −0.043 1.258 0.314 0.115 0.374 Wc

3a HArF Ar−H 1.329 1.28 2.20 0.228 −0.693 −0.240 0.294 0.513 0.642 0.790 A,B,C
3b Ar−F 1.967 1.60 2.52 0.103 0.320 −0.028 1.045 0.513 0.193 0.386 Wc

4 HeCuF He−Cu 1.659 1.58 2.33 0.072 0.570 −0.012 2.148 0.037 0.081 0.144 Wc

5 HeAgF He−Ag 2.143 1.74 2.61 0.031 0.184 0.0004 1.478 0.011 0.023 0.036 Wn

6 HeAuF He−Au 1.841 1.70 2.77 0.073 0.499 −0.011 1.853 0.054 0.102 0.157 Wc

7 NeCuF Ne−Cu 2.172 1.79 2.48 0.029 0.241 0.002 2.020 0.019 0.030 0.063 Wn

8 NeAgF Ne−Ag 2.700 1.95 2.76 0.013 0.080 0.002 1.386 0.004 0.006 0.023 Wn

9 NeAuF Ne−Au 2.444 1.91 2.92 0.026 0.172 0.001 1.648 0.019 0.028 0.062 Wn

10 ArCuF Ar−Cu 2.219 2.08 2.81 0.063 0.328 −0.014 1.538 0.065 0.133 0.280 Wc

11 ArAgF Ar−Ag 2.558 2.24 3.09 0.042 0.181 −0.005 1.206 0.036 0.068 0.150 Wc

12 ArAuF Ar−Au 2.391 2.20 3.25 0.068 0.289 −0.016 1.306 0.102 0.176 0.319 Wc

13 KrCuF Kr−Cu 2.316 2.29 2.93 0.064 0.267 −0.017 1.319 0.085 0.169 0.356 Wc

14 KrAgF Kr−Ag 2.594 2.45 3.21 0.049 0.175 −0.010 1.078 0.057 0.108 0.228 Wc

15 KrAuF Kr−Au 2.460 2.41 3.37 0.074 0.242 −0.022 1.120 0.141 0.237 0.418 Wc

16 XeCuF Xe−Cu 2.430 2.43 3.11 0.067 0.198 −0.022 1.064 0.116 0.227 0.458 Wc

17 XeAgF Xe−Ag 2.666 2.59 3.39 0.057 0.146 −0.015 0.908 0.092 0.172 0.343 C
18 XeAuF Xe−Au 2.543 2.55 3.55 0.082 0.171 −0.031 0.899 0.200 0.331 0.532 C
19a HePtF 2Σ+ He−Pt 1.828 1.69 2.64 0.066 0.580 −0.003 2.247 0.058 0.105 0.177 Wc

19b 2Π He−Pt 1.860 1.69 2.64 0.070 0.457 −0.010 1.777 0.060 0.111 0.149 Wc

19c 2Δ He−Pt 1.798 1.69 2.64 0.080 0.601 −0.011 2.012 0.068 0.128 0.193 Wc

20a HePtXe He−Pt 1.818 1.69 2.63 0.077 0.539 −0.012 1.905 0.075 0.139 0.180 Wc

20b Xe−Pt 2.509 2.54 3.41 0.087 0.180 −0.035 0.918 0.223 0.420 0.616 C
21 HeB(CH)3 He−B 1.355 1.19 2.13 0.061 0.647 −0.010 2.818 0.249 0.387 0.277 Wc

22 HeBeO He−Be 1.522 1.48 2.13 0.030 0.307 0.012 2.176 0.036 0.068 0.084 Wn

23 NeBeO Ne−Be 1.798 1.69 2.28 0.025 0.259 0.009 2.242 0.034 0.052 0.146 Wn

24 ArBeO Ar−Be 2.076 1.98 2.61 0.033 0.213 0.001 1.605 0.082 0.133 0.315 Wn

25 KrBeO Kr−Be 2.211 2.19 2.73 0.032 0.178 −0.002 1.435 0.102 0.165 0.366 Wc

26 XeBeO Xe−Be 2.385 2.33 2.91 0.033 0.133 −0.006 1.197 0.134 0.215 0.412 Wc

aA, B, C: types A, B, and C of covalent bond. Wc, Wn: weak bonding interaction with some covalent or noncovalent (electrostatic) properties. See
the text.
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show some covalent character (large ρ(rc), or negative H(rc))
and may be confused with covalent bonds (for example, see refs
43 46, and 54−59), but the bond lengths are much larger (at
least 0.2 Å larger) than the empirical covalent bond lengths.
To reveal the nature of rare gas compounds (or complexes),

the QTAIM topological data of some rare gas bonds are
calculated in this paper, and analyzed using the above criteria
for covalent interactions. In addition, natural bond orbital
(NBO)60 and some other widely used analysis techniques have
also been performed.

■ COMPUTATIONAL METHODS
In addition to the rare gas compounds and complexes
mentioned above (RgMF, RgBeO, and so on), the anion
FHeO−61 and unstable HHeF62,63 were also calculated for
comparison. At their equilibrium structures summarized in
Table S1 (Supporting Information), the averaged quadratic
coupled-cluster (AQCC) method64 as contained in the
MOLPRO program package65 was used throughout this
paper, and was combined with the one-electron second-order
Douglas−Kroll−Hess (DKH2)66,67 approach for the scalar
relativistic effects. AQCC has an accuracy similar to that of
CCSD, but its natural orbital and electron density are much
cheaper to calculate. After the reference wave function was
generated by the restricted Hartree−Fock method, all the (n −
1)d [or (n − 1)s and (n − 1)p for alkali atoms], ns, and np
electrons were correlated at the AQCC level, whereas for the
open-shell system HePtF, AQCC was implemented in the
multireference (MR) frame (i.e., MR-AQCC; see ref 31 for
details). The basis set used in the calculations is the DKH2
relativistic contracted correlation-consistent atomic natural
orbital (ANO-RCC) basis functions68 of quadruple-ζ quality,
in which all the h-functions are eliminated.
After the wave function at the AQCC level was saved in a

MOLDEN69
file, the format was converted using our

Molden2AIM program, and the QTAIM analysis was then
carried out using a modified version of Bader’s AIMPAC
program.70 The NBO 3.0 program71 was adopted for the NBO
analysis via our interface program MOLBO written for
MOLPRO, and the generated orbital files were plotted using
GABEDIT72 with the help of our NBO2Molden program. In
addition, the electron localization function (ELF)73 and the
localized orbital locator (LOL)74 were also calculated using
MULTIWFN.75 The utilities Molden2AIM, MOLBO, and
NBO2Molden can be obtained from the Supporting
Information.

■ RESULTS AND DISCUSSION
The calculated QTAIM topological properties, natural charges
of natural population analysis (NPA)76 and Wiberg bond
indices (WBIs)77 (see also Supporting Information about
natural charge and WBI), and Mayer bond orders (MBOs)78 of
the rare gas bonds are summarized in Table 2. In addition, the
Rcov value and the lower limit of the vdW bond length (Rvdw)
are also shown. The latter can be estimated by

− = + +R r r(Rg M) (Rg) (M )vdw vdw ion

for ionic M−F bonds in RgMF or

− = +R r r(Rg M) (Rg) (M)vdw vdw cov

for covalent M−X bonds in other molecules, where the
covalent atomic radii (rcov) and vdW atomic radii (rvdw) were

respectively given by Pyykkö,51,79 and the ionic atomic radii
(rion) were proposed by Quill.80

The QTAIM analysis indicates covalent He−O, He−H, and
Ar−H bonds in FHeO−, HHeF, and HArF, respectively (nos.
1−3 in Table 2). These chemical bonds are also supported by
the considerable WBI and MBO values. It suggests that the
He−O bonds in CsFHeO, NMe4FHeO, and more recently
studied HeO(LiF)2

34 may also be covalent ones of type B.
According to the sign of the H(rc) value, the interaction
between F and Rg atoms has more covalent properties in these
molecules. The He−F bond in FHeO− does not belong to the
known covalent bonds. Because it is much larger than the
corresponding Rcov but smaller than Rvdw, it can be assigned to
weak interactions with some covalent properties (bond type of
Wc). The Rg−F bonds in HHeF and HArF may be assigned to
covalent bonds of type B. By comparing their bond lengths with
Rcov, however, we find they are Wc instead. This conflict may
indicate that the two Rg−F bonds are a transition type from
covalent to Wc ones. Note that our results of the Ar−F bond
are completely different from the ones of Lein et al.,81 where
the Ziegler’s energy decomposition analysis (EDA)82 was
performed. It is known that the EDA method has a strong
dependence on the choices of molecular fragments, which may
introduce some uncertainty into the results. The natural charge
of −0.73e on the F atom indicates that HArF is an intermediate
between the extreme cases HAr+ + F− (electrostatic Ar−F81)
and HAr + F (covalent Ar−F81), so it is crude to take either of
the choices of the fragments. In the case of polar systems, the
other EDA-like methods may also have the same defects, unless
fractional charges are used.
Turning to the results of RgMF (M = Cu, Ag, Au, Pt; nos.

4−19 in Table 2), it can be seen that all the RgMF species have
positive ∇2ρ(rc) values, but they do not lead to noncovalent
interactions as pointed out above. In the literature, the QTAIM
analyses of KrAuF,10 HePtF,31 and other RgMF systems11,26

were misled by the use of ∇2ρ(rc) and should be re-evaluated.
Because the Rg−M bonds in HeAgF and NeMF have

positive local energy densities and large G(rc)/ρ(rc) ratios, they
cannot be covalent interactions. On the other hand, however,
they are not vdW bonds because their bond lengths are much
shorter than Rvdw. By combining the two points, these Rg−M
bonds can be assigned to weak interactions with some
noncovalent (electrostatic) properties (bond type Wn).
All the other Rg−M bonds have negative H(rc) parameters,

meaning that the covalent interaction is dominant. According
to the criteria for a covalent bond given in the Introduction, the
Rg−M bonds in XeAgF and XeAuF are covalent (type C)
because they have negative H(rc) values and small G(rc)/ρ(rc)
ratios, whereas the other ones are Wc type of bonds. However,
comparison of the Rg−M bond lengths with the empirical
covalent radii suggests that KrCuF, KrAuF, and XeCuF may
also have covalent Rg−M bonds, as suggested by Gerry and co-
workers,9,10 and supported by sizable bond orders. This
indicates that these three Rg−M bonds may lie on the junction
between covalent and weak interactions.
It should be noted that the three widely used analysis

methods (EDA, ELF, and LOL) fail to explain the Rg−M
bonds. For example, there is no doubt that the Xe−Au bond in
XeAuF is covalent (see above analysis, and also ref 7).
However, EDA, ELF, and LOL analyses support ionic Xe−Au
bond because of strong electrostatic interactions being
obtained. The quantitatively wrong results were also reported
in the literature (for example, Table 4 in ref 18, and ref 11). It
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seems that QTAIM is more robust to analyze the strange and
extraordinary bonds.
HePtXe (no. 20) and HeB(CH)3 (no. 21) are different types

of systems from RgMF because the Pt and B atoms are in a
covalent environment instead of an ionic one. Using the same
criteria for a covalent bond, one can see that the He−Pt and
He−B bonds belong to weak interactions (Wc), whereas the
Xe−Pt bond is covalent, as also supported by the bond lengths
and bond orders.
The last group of systems to be analyzed is RgBeO (nos. 22−

26 in Table 2). For the lighter three rare gas elements, the Rg−
Be bonds can be assigned to the bond type of Wn because of
positive local energy densities and shorter bond lengths than
Rvdw, whereas the heavier two elements are Wc bonds, in spite
of considerable bond orders in the Xe−Be bond. The
electrostatic character of the He−Be bond also agrees with
the previous analyses.15,22,23

By comparing H(rc) of the two groups RgMF and RgBeO, it
seems that they may have different trends in the rare-gas bonds
from He to Xe, which may indicate different bonding
mechanisms. To examine this idea, we have plotted MBO vs
κ(rc) = −H(rc)/ρ(rc) in Figure 1. It can be seen that MBO

(instead of the WBI of NBO) is related to κ(rc) for both Rg−
Be and other rare gas bonds, but with different functions. Note
that the function between MBO and κ(rc) exists only for the
covalent bonds of type C and weak interaction bonds. For the
He−O (no. 1a), He−H (no. 2a), and Ar−H (no. 3a) bonds,
which are covalent bonds of type A and/or B, a simple function
cannot be found. In the literature the ratio of H(rc)/ρ(rc) has
been called the bond degree (BD).43 Figure 1 shows that κ(rc)
= −BD is proportional to MBO, at least for the bond types of
C, Wn, and Wc.
Second-order perturbation theory analysis,60 which evaluates

the donor−acceptor interaction, can help us to understand the
origin of stabilization. It was found that the donor is always the
rare-gas lone pair (LP) NBO, mainly 1s of He or npz of other
Rg atoms, but the acceptors are different. The acceptor of
RgAuF is the unoccupied valence Au−F antibond (AB), and
the donor−acceptor interaction LP(Rg) → AB(Au−F) gives
the strongest stabilization energy (E2). For RgBeO there is also

an unoccupied Rydberg (RY) NBO of Be in addition to the
Be−O antibond, and the E2 ratio of the donor−acceptor
interactions LP(Rg) → RY(Be) and LP(Rg) → AB(Be−O) is
approximately 2:1. So the bonding mechanism of RgBeO is
different from that of RgAuF, which may explain the two trend
curves in Figure 1. The donor and acceptor NBOs of HeAuF
and HeBeO are plotted in Figure 2. It is seen that a small

overlap in the LP(He) of HeAuF exists between He and Au
that cannot be found in the LP(He) of HeBeO, so the He−Au
bond has more covalent interactions than that in the He−Be
one.
From He to Xe (but except Ne), the E2 value becomes larger

and larger, meaning that the RgAuF and RgBeO systems are
more and more stable. By checking each terms of the formula
of E2 (see eq 1.24 of ref 60), we find that the stabilization
strengthening results mainly from the lowering of the donor−
acceptor energy gap, whereas the other terms are nearly
constants. Although only RgBeO and RgAuF are discussed
here, the cases of other species are similar.

■ CONCLUSIONS
In this work a number of rare gas bonds, which range from
covalent to weak interactions, have been studied at the high-
accuracy relativistic AQCC level of theory, mainly by QTAIM
with more comprehensive criteria and NBO. The results show
that QTAIM (but not including its derivatives, such as QTAIM
charge, QTAIM bond order, and so on) is a powerful utility
and is universal for the unusual rare gas bonds. In addition, the
second-order perturbation theory analysis based on NBO
reveals that RgMF and RgBeO have different bonding
mechanism.

Figure 1. Relationship between MBO and κ(rc) = −H(rc)/ρ(rc) with
the root-mean-square deviations of 0.032 and 0.015, respectively. See
Table 2 for the bond numbers.

Figure 2. Donor (upper panel) and acceptor (lower panel) NBOs of
HeAuF (left panel) and HeBeO (right panel). From top to bottom,
the atoms are He, Au, or Be and F or O, respectively. Isovalue = 0.02
(donor) or 0.04 (acceptor).
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It was found that most of the Rg−M (M = Cu, Ag, Au, Pt)
bonds and all the Rg−Be bonds belong to weak interactions
instead of covalent or vdW ones. Our analyses also suggest that,
in addition to the known hydrogen bonds, lithium bonds, and
halogen bonds,53 rare gas bonds may be a new kind of weak
bonding interaction.
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