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Abstract

In the present work, we computationally study energetic stabilization of HHeF by its complexation with Xe atoms. For the
studied HHeF- - -Xe, systems (n = 1-4,6), we found a large complexation-induced decrease of energy of HHeF with respect to its
dissociation into atoms. As a working hypothesis, we assume that this stabilization effect continues for the larger systems (n > 6) as
well. This suggests that dissociation of HHeF via the H-He stretching coordinate might be suppressed and its lifetime might be

increased by inserting it into large Xe clusters or matrices.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Since Bartlett’s discovery of the first rare gas com-
pound Xe'[PtFg]~ in 1962 [1], the reactivity of rare
gases has been a fascinating subject for chemists [2,3].
During the last decade, a number of HRgY (H = hy-
drogen atom, Rg=rare gas atom, and Y =electroneg-
ative fragment) molecules have been prepared in rare
gas matrices including the first argon containing com-
pound HATrF [4-7]. This leaves helium and neon as the
only elements in the periodic table without known
chemical compounds. Several computational studies
have considered the metastable HHeF molecule [8-12].
According to the computational predictions, it decom-
poses along the stretching and bending coordinates to
the H+ He + F and HF + He fragments, respectively. Its
lifetime, limited by tunnelling, is predicted to be in the
femto—picosecond range [9,10]. It has also been sug-
gested that solid high-pressure (over 23 GPa) He matrix
may extend the lifetime of the HHeF molecule suffi-
ciently for its detection, but such studies are experi-
mentally very demanding [11]. In addition, HHeCl and
HNeCl molecules are stable at some levels of theory, but
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at higher level of electron correlation they become
unstable [13]. Thus, HHeF molecule is presently the only
serious candidate for a He-containing chemical
compound.

The first study on HRgY complexes was computa-
tionally performed on the HXeH---H,O system [14].
Later, computational and experimental works on the N,
complexes of HKrCl, HKrF, and HArF and the
HXeOH- - -(H,0), systems were done [15-17]. McDo-
well has also calculated various complexes of rare gas
molecules including the HArF- - -N,, HArF---CO, and
HATrF- - -HF systems [18-21]. In our recent experimental
and computational study of the HRgY complexes, we
suggested that complexation could be a way to ener-
getically stabilize unstable molecular systems [16]. In
that work, we proposed that the lifetime of HHeF could
increase upon complexation with another molecule, e.g.
in the HHeF- - -N, complex. Very recently, Wang et al.
[22] have found computationally that the He, CO, and
N, complexes of HHeF are stable at the MP2/cc-pVDZ
level of theory. The main focus of their work was the
vibrational blueshift (shift to higher frequency) of the
H-Rg stretching mode upon complexation, as it was
found for some other HRgY molecules earlier [15-21].
In the present work, we explore the complexation- induced
stabilization of HHeF and present a computational study
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of HHeF interaction with up to six Xe atoms. A large
decrease of energy of the HHeF- - -Xe, (n<6) system is
found, which suggests that tunneling-induced dissocia-
tion of HHeF might be slowed by inserting HHeF into
large Xe clusters or matrices.

2. Computational details and results

The ab initio calculations were performed using the
GaussiaN 98 (Revision A.11) program package on an
IBM eServer Cluster 1600 and SGI Origin 2000 com-
puters [23]. The electron correlation method was the
second order Mgller-Plesset perturbation theory (MP2).
The standard split valence basis set 6-311++G(2d,2p)
was used for the lighter atoms (H, He, F) and the
Stuttgart/Dresden effective core potentials (SDD) were
used for the description of Xe atoms. The partial char-
ges of atoms were obtained using the Mulliken popu-
lation analysis because the NBO charges could not be
obtained for this system by our computational method.
The full interaction energy of the complexes was found
as difference between energies of the complex and the
monomers (Ei, = E(complex) — E(HHeF) — n - E(Xe),
where 7 is the number of Xe atoms), and the BSSE
correction was not involved into the calculations for
n > 1. The interaction energy between Xe atoms in the
supermolecular cluster [Exe xe = E(Xe,) — n - E(Xe)]
was also calculated. For the computation of E(Xe,), we
used optimized coordinates of Xe atoms in the corre-
sponding HHeF- - -Xe, complexes (without HHeF mol-
ecule). The interaction energy corrected with the Xe—Xe

components was estimated as E™

int = Eint — EXeXe-
The HHeF- - -Xe, systems for n = 0—4, 6 were calculated.
The case of n = 5 was not done because it was very time-
consuming due to the lack of symmetry. For n =1, we
calculated the counterpoise BSSE correction by taking
into account deformation energy correction [24]. The
approximate tunnelling path for the bending motion of
HHeF, both in monomeric and complexed (n=1)
forms, was calculated by keeping coordinates of He, F,
and Xe atoms frozen and varying the H-He-F angle
simultaneously optimising the H-He distance. We failed
to scan the bending coordinate of HHeF---Xe, for
n> 1.

For all studied complexes, we found minima on the
intermolecular potential energy surface. Some of the
systems (n = 2,4, 6) had very low imaginary frequencies
(<10i cm~!) with normal optimisation criteria because of
flatness of the intermolecular potential energy surface.
Further optimisation with the tight convergence criteria
eliminated imaginary frequencies for n =2 and de-
creased the imaginary frequencies for n = 4,6 showing
that the minima were true. The optimized structures of
the studied complexes are presented in Fig. 1. The H-He
distances (»), the partial charges (q) of the (HHe) entity,
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Fig. 1. Optimised structures of the HHeF---Xe, complexes. The
structural parameters are presented in Table 1. (For interpretation of
the references to colour in this figure legend, the reader is referred to
the web version of this article.)

the H-He stretching frequencies, the full interaction en-
ergies Ej, and the stabilization energies El(;f ™ corrected
with Xe—Xe interactions are given in Table 1. Forn =1,
the interaction energy is found to be —1099 cm~! when
the BSSE correction and the deformation energy are
taken into account, showing a 3-fold decrease of inter-
action energy compared with the uncorrected value. We
did not investigate the effect of BSSE for the n > 1, re-
taining this question open. The HHeF monomer was
also calculated, and our HHeF structure and the vibra-
tional properties agree well with the existing data [8—12].
The energy of HHeF at the present level of theory was
~6500 and 55800 cm~! higher than the H + He + F and
HF + He asymptotes, respectively, showing its metasta-
bility with respect to these dissociation channels. In
particular, the metastability with respect to the
H+ He+F asymptote makes impossible the diffusion-
controlled formation of HHeF from the atomic frag-
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Table 1
H-He and He-F distance (), HHe Mulliken charge (¢), H-He stretching frequency (v), and interaction energy (Ein;) for the HHeF- - -Xe, (n = 0-4,6)
complexes
r (H-He) (A) 7 (He-F) (A) g (HHe)* (e) v (H-He) (cm™) Eip (em™) E™ (cm™")

HHeF monomer 0.7931 1.4138 0.5561 2698.5 (2962) - -

HHeF- - -Xe 0.7892 1.4716 0.5923 2842.3 (181) 3309.0 3309.0?

HHeF- - -Xe, 0.7886 1.4817 0.6320 2855.5 (121) 3715.6 3702.9

HHeF- - -Xe; 0.7895 1.4911 0.6009 2846.5 (16) 4543.8 4080.0

HHeF- - -Xe, 0.7909 1.5022 0.6178 2831.5 (0) 5053.5 4406.7

HHeF- - -Xeg 0.7951 1.5274 0.6237 2772.6 (89) 7366.5 5207.2

El(lff ™ is the corrected stabilization energy where the energy of Xe—Xe interactions are subtracted from the total interaction energy Ei,. The level

of theory was MP2 with basis sets 6-311++G(2d,2p) for HHeF and SDD for Xe atoms. BSSE correction was not included in the values of interaction
energy. IR-absorption intensities (in kmmol~!) are given in parentheses after the vibrational frequency.
2The BSSE corrected value is —1100 cm~! when the deformation energy is taken into account.

ments, i.e. using the preparation method of all HRgY
molecules known by now [4-7].

In order to discuss energetics of the species in a Xe
matrix (see later), a number of energy estimates were
considered. The interaction energy of a He atom in Xe
matrix (=190 cm~!) was calculated by using He—Xe pair
potential in the substitutional matrix site geometry and
multiplied by 12, the number of surrounding Xe atoms
[25]. The effect of the He atom on the surrounding
matrix site geometry was not taken into account. This
simplification most probably has a minor effect on the
interaction energy of the substitutional He atom, as
compared with the relaxed system, similarly to a sub-
stitutional oxygen atom in a Xe matrix [26]. The repul-
sive interaction energy of H atom in a relaxed
octahedral interstitial matrix site (500 cm~!) was taken
from [27]. The energy of F atom in Xe lattice was esti-
mated with the interaction energy of the Xe-F dimer
because of its relatively strong bonding (-=1170 cm™!)
[28].

3. Discussion

For the HHeF---Xe, (n=1,2) systems, the com-
plexation induces contraction of the H-He bond and
elongation of the He-F bond with respect to the
monomer (see Table 1). For n >3, the H-He bond
starts to elongate with respect to the case of n = 2. The
shortening of the H-He bond leads to a blueshift (shift
to the higher frequency) of the H-He stretching fre-
quency accompanied with a decrease of its absorption
intensity. This blueshift is attributed to the enhancement
of the (HHe)"F~ ion-pair character of the molecule
upon complexation [15,16]. For the complexes of HRgY
molecules, a blueshift of the H-Rg stretching frequency
seems to be a usual effect [15-22]. The only known
redshifted H-Rg stretching frequency was computa-
tionally found in the HArF- - -P, complex [19].

The complex with one Xe atom has interaction energy
of =3310 cm™! before the BSSE correction, and —1100 cm ™!

after the correction. This value is larger than the inter-
action energies of the other reported HHeF complexes.
For instance, the interaction energy of the HHeF- - N,
complex is computationally only =686 cm~! [22]. The
strong attractive interaction is most probably dominated
by dispersion and polarization forces. The addition of
further Xe atoms (n > 1) yields additional interaction
energies (see solid symbols in Fig. 2). The energy of
HHeF- - -Xeq (without BSSE correction) is below the
fully dissociated atomic asymptote (H+ He + F + 6-Xe).
However, the interaction energies of the Xe—Xe pairs,
present in the HHeF- - -Xe, clusters, are not included in
this fully atomic asymptote. In order to describe the
energetics of the HHeF molecule itself, the HHeF- - -Xe,
energy was corrected with the Xe—Xe interactions
(El(;? ). As seen in Fig. 2 (open circles), this corrected
value decreases obviously more slowly compared with
E;y. Additional decrease of the computed interaction
energy arises from the BSSE correction.
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Fig. 2. Interaction energies of the HHeF- - -Xe, systems (solid sym-
bols). The stabilization energy, corrected with Xe—Xe interactions, is
shown by open circles (see text for details). Triangles show the sta-
bilization energy with subtraction of the BSSE correction obtained for
the 1:1 complex. The horizontal line represents the fully atomic
asymptote.
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As a working hypothesis, the found stabilization ef-
fect of the HHeF- - -Xe, complex is assumed to continue
for larger Xe clusters (n > 6) as well. It is interesting to
consider the situation in solid bulk Xe. Because the Xe
lattice has the face-centered cubic (fcc) coordination
with 12 closest neighbours, it is possible that HHeF in a
large Xe cluster or in a Xe matrix is lower in energy than
the “true” atomic asymptote H+ He+ F + Xe, where
the Xe—Xe interactions are taken into account. The en-
ergy of HHeF- - -Xe, possibly decreases even for n > 12,
even though the effect of the second solvation shell
should be smaller.

The energetic position of the system below the atomic
asymptote would have two important consequences.
First, the low energy of HHeF in a Xe matrix makes
possible its experimental preparation via the diffusion-
controlled H+ He + F reaction, i.e. similarly to other
HRgY molecules prepared so far [4-7]. Second, the
energetic position of HHeF below the atomic asymptote
suppresses tunnelling dissociation along the stretching
coordinate. This fact is important because according to
the results of Takayanagi and Wada, tunnelling along
the stretching coordinate limits mostly the lifetime
of the HHeF molecule [10]. The interaction energies
between the free atoms and surrounding Xe matrix
should be taken into account in these estimates. Let us
assume that upon deposition of a sample, a He atom is
trapped in a substitutional site and HF is trapped in-
terstitially. Photolysis of the HF precursor to the H+ F
fragments gives a large excess energy to the hydrogen
atom making possible its trapping in the (repulsive)
interstitial matrix site. Global mobility of hydrogen at-
oms in Xe solids, which controls the formation of HRgY
molecules, occurs between the octahedral interstitial sites
[27]. The total energy of the atoms in a Xe matrix prior to
annealing can be estimated as E(Fxer, Hesupst,
Hingerst.) = —860 cm~!. This means that if the hydrogen
atom is trapped in an octahedral interstitial site, for-
mation of HHeF---Xe, upon the diffusion-controlled
reaction of H atom with a substitutionally trapped
He- - -Fe—Xe center becomes energetically somewhat less
favourable. It is also notable that HHeF molecule has
harmonic vibrational zero-point energy (ZPE) of 2700
cm™! that should be taken into account when consider-
ing its experimental preparation in bulk. The ZPE of
atomic fragments in matrices is more difficult to estimate
quantitatively, but it partially compensates the effect of
ZPE of HHeF.

The stability of HHeF is limited also by tunnelling
along the bending coordinate [9,10]. This process is quite
difficult to be described quantitatively. Even for isolated
HHeF, the literature shows large deviations between the
predicted tunnelling rates [9,10]. We do not believe that
the methods used in our study can give adequate esti-
mates for tunnelling of the HHeF- - -Xe, system either
along the stretching or bending coordinates. However,
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Fig. 3. Bending barriers of the HHeF monomer (open symbols) and
the 1:1 HHeF- - -Xe complex (solid symbols) along the tunnelling path
of hydrogen atom. The 1:1 complexation induces a decrease of the
barrier height. The effect for the larger Xe cluster is unclear.

we scanned the bending barrier for the 1:1 HHeF- - -Xe
complex (see Fig. 3). The computations show a slight
decrease of the bending barrier height (~5%) when
compared with the HHeF monomer. In agreement, it
has been noted previously that complexation can de-
crease the bending barrier due to the changed charge
separation of molecule upon complexation [17]. How-
ever, it is still possible that HHeF in a large Xe cluster
can be stabilized with respect to tunnelling through the
bending barrier. This stabilization might occur due to
the repulsive interaction between H and Xe atoms close
to the transition state of HHeF in the Xe, cluster.
Evaluation of this subject is beyond the scope of the
present work.

4. Concluding remarks

We presented a computational study of the HHeF
molecule interacting with Xe atoms. The HHeF: - -Xe
interaction is quite large (3310 cm~' without BSSE
correction and —1100 cm~! after the BSSE correction).
Addition of further complexing Xe atoms yields smaller
additional interaction energies, but with the increasing
number of Xe atoms the total interaction energy in-
creases steadily. We proposed a working hypothesis that
the stabilization of HHeF still continues for larger Xe
clusters (n > 6). This stabilization possibly increases the
lifetime of the He-containing molecule in Xe clusters or
matrices and might help its experimental preparation
and detection. In future, it is interesting to study the
HHeF complexes with different partners in order to find
even stronger stabilization effects. The lifetime of deu-
terated and tritiated HHeF molecules, both in monomer
and complex forms, should be calculated. It is important
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to note, that there might be a possibility to stabilize
some other new short-lived or unstable, particularly
He and Ne containing HRgY molecules using
complexation.
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