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Geometries, binding energies, and vibrational frequencies of RgMF, Rg = He, Ne; M = Cu, Ag, Au, are inves-
tigated by using the CCSD(T)/V5Z method with scalar relativistic effects taken into account. The results
show that helium is more readily bound in RgMF than neon (because of its smaller atomic radius), result-
ing in weak, but significant, helium–metal bonding in HeCuF and HeAuF. The binding energies for these
two compounds are 1632 and 1543 cm�1, respectively, so it is quite likely that they may be formed under
appropriate experimental conditions. The mechanism of bonding is also analyzed.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Since xenon hexafluoroplatinate was experimentally prepared
in 1962 [1], many neutral rare-gas compounds of Kr, Xe, and Rn
have been found [2,3], thereby leading to a new field of research.
In 2000, HArF was also prepared at low temperature [4], which is
hitherto the only stable covalent compound of Ar. For compounds
of this type of the lighter rare-gas elements He and Ne, however,
nothing is known experimentally. Despite this, some metastable
compounds of He [5–14] and Ne [8] have been theoretically pre-
dicted with computed binding energies of the rare-gas of only a
few kcal/mol. To the best of our knowledge the first predicted com-
pound of helium was HeBeO [5–7]. However, the topological anal-
ysis of the electron density distribution shows that the He–Be bond
is a strong van der Waals interaction instead of covalent one [7]. As
for HHeF, it was considered to be metastable with a strong cova-
lence H–He bond [15], but a high-level ab initio calculation by
MRCI showed that the barrier between HHeF and H + He + F is only
of 0.5 kcal/mol, resulting in a very short lifetime of 157 femtosec-
ond [16].

Since the polarizabilities increase in the order of He < Ne <
Ar < Kr < Xe [17], He and Ne are less readily bound than the heavier
rare-gas elements. Nevertheless, the smaller radius of He may re-
sult in considerable gains in the binding energy [18] and, if this
is true, stable or metastable helium compounds may be found.
The interaction of a heavier rare-gas with a noble metal monoflu-
oride in the triatomic systems RgMF (Rg = Ar, Kr, Xe; M = Cu, Ag,
Au) has been studied theoretically and experimentally (summa-
rized in Refs. [19–23]). We have now studied the species with
ll rights reserved.
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Rg = He and Ne to find whether or not there are stable or metasta-
ble HeMF molecules.
2. Computational details

To account for the scalar relativistic effects, two kinds of basis
sets are used. In the all-electron scalar relativistic calculations of
RgCuF, we have used the standard cc-pwCV5Z-DK basis set for
Cu [24] and cc-pV5Z-DK basis sets for He [25], Ne [26], and F
[26], whereas in the calculations with the relativistic effective core
potentials (RECPs) of RgAgF and RgAuF, i.e., ECP28MDF for Ag [27]
and ECP60MDF for Au [27], the cc-pwCV5Z-PP basis sets are used
for Ag [28] and Au [28] and cc-pV5Z basis sets for He [25], Ne
[26], and F [26] (abbreviated later as V5Z). However, the corre-
sponding basis sets with 4-zeta quality (VQZ) are used as well in
order to approximate the complete basis set limit via basis set
extrapolation [29]. In addition, the triple-zeta basis sets (VTZ) are
used in some of computations.

In addition to the basis sets, the weak interactions strongly de-
pend on the level of correlation. After Hartree–Fock, the CCSD(T)
calculation is performed. To account for the core–valence correla-
tion in the metal atoms, all the valence electrons and semi-core
electrons were correlated. At the CCSD(T) level of theory, the spec-
troscopic constants of the ground state are then obtained, includ-
ing the equilibrium structures, harmonic vibrational frequencies,
and binding energies (BE). At the structures optimized by CCSD(T),
the Mulliken charges are calculated by the average quadratic cou-
pled-cluster method (AQCC) [30], which can be considered as an
approximation to CCSD. All the above calculations have been per-
formed using the MOLPRO program [31]. In addition, the natural
bond orbital (NBO) analysis based on DFT/VTZ is carried out by
the NBO program [32] via the PC GAMESS/FIREFLY [33] interface.
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Table 3
Corrected binding energies of RgMF (cm�1).

HeCuF HeAgF HeAuF NeCuF NeAgF NeAuF

CCSD(T)/V5Z 2143 406 2032 864 267 742
ZPE (MF) 309 259 279 309 259 279
ZPE (RgMF) �837 �457 �814 �460 �325 �436
BSSE �59 �32 �46 �76 �44 �60
BSE 76 56 92 33 4 37

Total 1632 232 1543 670 161 562
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3. Results and discussion

The calculated spectroscopic constants of the MF and RgMF spe-
cies are summarized in Table 1, and are compared with the avail-
able experimental values of MF [34,35]. At the optimized
structures, the computed Mulliken charges are listed in Table 2.

It can be seen that the computed bond distances and vibrational
frequencies of MF are in good agreement with the experimental
RM–F and frequency values. Similar to the heavier rare-gas systems
[19–23], all the RgMF species of He and Ne are computed to be lin-
ear, which is supported by the real bending vibrational frequencies.
Compared with MF, the M–F distances in RgMF are significantly
shortened, and especially interesting, they are slightly shorter in
HeMF than in NeMF. The decreases of the MF bond length have also
been found in other RgMF species (see Ref. [19] for summariza-
tions), which may result from the charge rearrangement. It is well
known that there is a strong relativistic contraction in the gold 6s
orbital, which explains the decreases of the M–F and M–Rg dis-
tances from AgF/RgAgF to AuF/RgAuF. Moreover, it is interesting
to see that our calculated He–Cu and He–Au distances (1.659 and
1.841 Å) are much smaller than the ones in HeCu+ (2.016 Å) [36]
and HeAu+ (2.39 Å) [18]. The different bonding characters mean
that RgMF can not be simplified to RgM+, which is also reflected
in the Mulliken charges on the fluorine atom. For the fluorine atom,
we see that there is no significant change in the Mulliken charges,
whereas for the He and Ne atoms, there is a small electron transfer
from the rare-gas atoms to the metal atoms. Among these RgMF
species, HeCuF and HeAuF have larger charges on the helium atom,
showing that the Rg–M bond is stronger.
Table 1
Equilibrium bond distances, binding energies, and vibrational frequencies for the MF
and RgMF species, computed by the CCSD(T)/V5Z method.

Mol. RM–F

(Å)
RM–Rg

(Å)
BEa

(cm�1)
Frequency
(cm�1)

m1
b m2

c m3
d

CuF 1.746 617
Expt. [34] 1.745 623

HeCuF 1.732 1.659 2143 199 603 673
NeCuF 1.738 2.172 864 74 140 632
AgF 1.978 518

Expt. [34] 1.983 515
HeAgF 1.967 2.143 406 90 203 531
NeAgF 1.974 2.700 267 31 68 520
AuF 1.926 558

Expt. [35] 1.918 564
HeAuF 1.904 1.841 2032 253 501 620
NeAuF 1.917 2.444 742 85 125 577

a Without corrections.
b Bending mode (p).
c M–Rg stretching mode (r).
d M–F stretching mode (r).

Table 2
Mulliken charges for the MF and RgMF species, computed by the AQCC method.

Mol. M F Rg

CuF +0.66 �0.66
HeCuF +0.62 �0.66 +0.04
NeCuF +0.63 �0.66 +0.03
AgF +0.66 �0.66
HeAgF +0.64 �0.66 +0.02
NeAgF +0.65 �0.66 +0.01
AuF +0.51 �0.51
HeAuF +0.47 �0.52 +0.05
NeAuF +0.48 �0.51 +0.03
Since the binding energies are not very large, we have also in-
cluded the corrections at the fixed geometries via the basis set
superposition error (BSSE), zero point energy (ZPE), and basis
set extrapolation (BSE), as shown in Table 3. The effects of
spin–orbit coupling were not considered in this research since
they vanish to the first order for closed-shell systems. As for
the higher order of correlations, a CCSD(TQ)/VTZ calculation for
HeCuF estimates a binding energy correction of only �4 cm�1

for the perturbative quadruples, so our CCSD(T) method is accu-
rate enough for the correlations. The basis sets used in this re-
search are quite large, so both the BSSE and the BSE corrections
are very small, and the ZPE contributes the dominant corrections
for the binding energies. After including the corrections, it can be
seen in Table 3 that HeCuF and HeAuF have considerable binding
energies (1632 and 1543 cm�1, respectively), whereas the ener-
gies of the other species are considerably smaller. A picture for
comparison of the binding energies of RgMF (Rg = He, Ne, Ar, Kr,
Xe) is shown in Fig. 1. The binding energies decrease as Rg is
changed in the order Xe > Kr > Ar > Ne, but increase from NeMF
to HeMF, as predicted above. The stronger bonding of helium over
neon has also been reported in the literature (for example, Refs.
[7,10,11,13]), which was explained by the additional Pauli repul-
sion from the filled Ne 2p orbital [7], but with some exceptions
[8]. For HeCuF and HeAuF, their binding energies are even larger
than that of ArAgF, which has been prepared experimentally [37],
so they may also be capable of experimental study. In order to
estimate the enthalpies and entropies for the reaction
He + MF ? HeMF, the thermodynamic calculations were per-
formed for HeCuF and HeAuF. The results are collected in Table
4, in which the enthalpies (DH) and Gibbs free energies (DG)
are computed from the energy differences in the reaction whereas
the entropies (DS) are derived from DS = (DH � DG)/T. The calcu-
lated negative enthalpies are exothermic and the combination
Fig. 1. Corrected binding energies of RgMF. The energies of RgMF (Rg = Ar, Kr, Xe)
are taken from the MP2 values in Ref. [19] with the BSSE [19] and ZPE [23]
corrections, in which the experimental ZPE corrections [34,35] are used for MF.



Table 4
Reaction enthalpies (DH), Gibbs free energies (DG), and entropies (DS). BHe = 4.216 K
is the boiling point of helium, and P = 1 atm.

Reaction T
(BHe)

DH
(kJ/mol)

DG
(kJ/mol)

1000 � DS
(kJ/mol K)

He + CuF ? HeCuF 1 �19.32 �19.25 �16.19
10 �19.32 �18.61 �16.75

He + AuF ? HeAuF 1 �17.89 �17.83 �14.32
10 �17.89 �17.27 �14.82
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reaction is supported by the negative Gibbs free energies. When
the temperature increases from 1 to 10 BHe (BHe = 4.216 K is the
boiling point of helium), the decreased DG values indicate that
low temperature is favored for this reaction due to thermal
decomposition.

An open question is how helium bonds with copper and gold. By
checking the natural orbitals at the AQCC level of theory, we found
considerable orbital overlap between He and metal in some orbi-
tals. This behavior, however, cannot be supported by DFT calcula-
tions owing to no orbital overlap being found. Nevertheless, DFT
obtains similar bond distances and binding energies (the DFT re-
sults are not shown), which means the mechanism of bonding
must not simply come from those AQCC orbitals. In order to gain
more insight into the nature of the He–M bond, the NBOs and
the second order perturbation theory analysis of the Fock matrix
(FMPT2) were computed. Both of the methods show that, in the
dominant interactions, the fully occupied He 1s or Ne 2pr is an
electron donor, whereas a weakly-occupied anti-bonding orbital
between F 2pr and M ns with a certain amount of M (n � 1)dr is
the acceptor. This delocalization leads to loss of some charge from
He or Ne and a weakly bond with the metal. For demonstration, the
bonding NBOs in HeAuF and NeAuF are plotted in Fig. 2, but the
cases of other RgMF species are similar. It can be seen that the
bonding mainly comes from the overlap between He 1s/Ne 2pr
and M (n � 1)dr, whereas a small part of the component of M ns
hinders the bonding. Thus the composition of M (n � 1)dr is very
important to the Rg–M bonding. The j-averaged d–s splittings are
Au Au

Fig. 2. Contour diagrams of the r-bonding NBOs of HeAuF (left) and NeAuF (right)
with the contour interval of 1/300. The solid and dotted lines indicate opposite
signs for the wave functions.
about 1.5 eV for Cu and increased to 4 eV for Ag, but decreased
to 1.5 eV for Au [38] because of the relativistic 5d expansion and
6s contraction. So the composition of M (n � 1)dr in RgAgF is much
smaller than in RgCuF and RgAuF, resulting in weaker bonding in
the former. Similarly, if the radius of the rare-gas increases going
from He to Ne, the Rg–M bonding will also be weaker because
the orbital overlap becomes smaller. In particular in NeAgF, no
obvious donor–acceptor relationship is found by FMPT2. This also
explains the different bonding characters between RgMF and
RgM+ only because the acceptor orbital is absent in the latter.

Although the binding energies of HeCuF and HeAuF are rela-
tively quite large, a topological analysis of the electron density dis-
tribution reveals that there are no covalent contributions between
helium and metal atoms due to a positive Laplacian (r2q), being
very different from HArF [39]. So the He–Cu and He–Au bonds
are a kind of uncommonly strong van der Waals interaction, simi-
lar to the case of HeBeO [7], or in other words, they are near the
borderline between van der Waals and covalent bonds, as ArAgF
[37].

4. Conclusions

We have studied the equilibrium structures, binding energies,
and harmonic vibrational frequencies of the rare-gas noble metal
monofluoride complexes RgMF (Rg = He or Ne) by the highly accu-
rate CCSD(T)/V5Z method. It is found that the stability of RgMF de-
creases from Xe to Ne, passing through Kr and Ar, but with an
exception to the trend from Ne to He. Our results reveal that, at
least in some transition-metal containing systems, helium is more
strongly bound than neon. Weak helium-metal bonding has been
found in HeCuF and HeAuF. The stronger bonding in the latter over
HeAgF can be attributed to a strong relativistic contraction in the
gold 6s orbital, resulting in a smaller radius of gold than silver.
The present work may provide useful guidance for future experi-
mental studies.
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