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High-level quantum chemical calculations reported here predict the existence and remarkable stability, of

chemically-bound xenon atoms in fibrous silica. The results may support the suggestion of Sanloup and
coworkers that chemically-bound xenon and silica account for the problem of “missing xenon” (by a
factor of 20!) from the atmospheres of Earth and Mars. So far, the host silica was assumed to be quartz,

Received 28th March 2014, which is in contradiction with theory. The xenon-fibrous silica molecule is computed to be stable well

Accepted 29th April 2014 beyond room temperature. The calculated Raman spectra of the species agree well with the main features
of the experiments by Sanloup et al. The results predict computationally the existence of a new family of

noble-gas containing materials. The fibrous silica species are finite molecules, their laboratory preparation
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It is well known that the atmospheres of Earth and Mars are
depleted in Xe by a factor of 20 in relation to other noble gases."
Over 99% of Xe was degassed from the Earth’s mantle.” The
“Missing Xenon” issue is a mystery of nature that modern
chemistry is trying to solve, and in view of this the possible
existence of chemically-bound xenon species in natural environ-
ments is receiving attention by researchers in several labora-
tories.>® Considering the fact that Earth’s core is unlikely to be
the xenon reservoir,”® several explanations have been suggested.
A recent one proposed by Sanloup et al® states that missing
xenon might be bound in quartz like minerals. Arguments were
presented claiming that the missing xenon issue cannot be
explained by entrapment in ices'® or water clathrates.' Models
of early escape from the atmosphere'” and sediments™ also
encounter major difficulties, Sanloup’s theory seems at present
to be the most likely explanation.

Sanloup and coworkers successfully trapped some xenon in
a-quartz under high pressure but no details on microscopic
structure or bonding were reported. This motivated several
studies. Brock and Schrobilgen synthesized XeO,"* and showed
that it may under some conditions behave very similarly to SiO,
which supports Sanloup’s results but proposed that the xenon
insertion mechanism is rather endothermic and not necessarily
spontaneous. The DFT calculations by Probert'® found possible
geometries in quartz for xenon entrapment, but no chemical
bonding was demonstrated for the noble gas atoms.

“ Department of Chemistry, University of Helsinki, A.I. Virtasen aukio 1
(P.O. BOX 55) FI-00014, Finland. E-mail: benny@fh. huji.ac.il
b Institute of Chemistry, The Hebrew University, Jerusalem 91904, Israel
¢ Department of Chemistry, University of California, Irvine, CA 92697, USA
t Electronic supplementary information (ESI) available. See DOI: 10.1039/
¢c4cp01355g

11658 | Phys. Chem. Chem. Phys., 2014, 16, 11658-11661

should be feasible, and potential applications are possible.

In this work we explore the possibility of chemically-bound
xenon atoms in a finite silica molecule. Xe-silica chemical
bonding is calculated and its stability determined. Microscopic
and bonding properties and their possible relevance to the
“missing Xe” issue are discussed later. The predictions made
here introduce a new family of noble-gas compounds with very
interesting properties.

The problem with Xe-quartz bonding is the nature of neigh-
borhood Xe prefers. Among the most stable known Xe com-
pounds we find linear structures (noble gas hydrides, XeF,),
planar squares (XeF,, XeO,) or octahedral geometries (XeFs)
while the quartz environment is enforcing tetrahedral-like
structure which seems to be incompatible with Xe orbitals,
therefore, not stable. There are very few known cases of Xe com-
pounds with tetrahedral coordination, of which XeO, is the most
established.'® However, XeO, is thermodynamically unstable, and
decomposes spontaneously. There is no case of well established,
thermodynamically stable tetrahedrally coordinated Xe.

Thus, there are strong reasons for exploring systems other
than quartz for possible binding of Xe in silica. A large variety
of different forms of SiO, are found in nature. This, combined
with the striking similarities between SiO, and XeO,, leads to at
least one possible solution.

In searching for possible embeddings of Xe in silica, non-
crystalline silicates can and should be considered. Different
polymorphs of silica, amorphous silica and other systems are
sufficiently present in nature to be considered. Here, a finite
silica molecule will be examined for the binding of Xe atoms.
It may not only give the answer to the “Missing Xenon” problem,
but also suggest the existence of a new and very interesting family
of noble-gas compounds.

The first noble-gas compound was prepared by Bartlett,
in a celebrated paper from 1962. Since then, fluorine atoms,
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Fig. 1 (a) Geometry of fibrous silica chain, numbers on atoms represent
partial charges from NBO analysis (b) geometry of fibrous silica chain
substituted with Xe, numbers on atoms represent partial charges from
NBO analysis and the number for bond is its length in angstroms (c)
vibrations associated with the most characteristic Raman peaks for fibrous
silica substituted with Xe together with Raman intensities.

or other highly electronegative elements, were involved in the
great majority of the noble-gas compounds that were prepared.
Among the important recent developments in noble-gas chemistry
is the family of noble-gas hydrides, prepared by Risdnen and
coworkers."®>* These species have presented a bonding motif that
does not require always elements of highest electronegativity. The
compounds predicted here share much in common with regard to
the bonding motif with the known noble-gas compounds, but
introduces new structures, and higher stability.

Of the variety of different silicates that are significantly present in
terrestrial environments, we consider here fibrous silica.** Fibrous
silica has a structure similar to SiS, where every silicon atom is
connected to another silicon atom through two Si-O-Si bridges
making long chains as shown in Fig. 1. This environment offers a
great advantage over quartz for binding to Xe. When looking at the
single chain of fibrous silica (see Fig. 1) Si atoms have tetrahedral
geometries. If a single Si atom is replaced with a Xe atom, one side
of the chain can twist making a planar square neighborhood for Xe
and keeping tetrahedral neighborhood for all Si atoms.

The equilibrium structure of the Xe substituted fibrous
silica molecule, the pathway and energetics of the decomposi-
tion of the species were computed. These calculations throw
light on the chemical stability of the compound. Calculations of
decomposition, which is a bond-breaking process are com-
putationally demanding. Thus, standard DFT calculations are
not reliable for this purpose. Therefore, for reliable, accurate
calculations of the decomposition the coupled cluster CCSD(T)
method was used. This method is known to give satisfactory
results up to the transition state even for the homolytic bond
breaking.”® To confirm the reliability of the results, we com-
pared them with the multireference method MCQDPT, which
treats homolytic bond breaking more rigorously,?® but which
is computationally too demanding for a calculations of the
whole process. The high level of calculation we carried out set a
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limit on the size of the molecule that could be considered. We
used a short chain of fibrous silica with 5 silicon atoms and OH
terminations on both sides of the chain. The middle Si atom
was removed and replaced with a Xe atom, yielding the model
system of the present study.

The structure formed by replacing the middle Si atom with
Xe has a minimum energy geometry with Xe bound to oxygens
as shown in Fig. 1b. Bond order analysis shows that there are
four equivalent single Xe-O bonds and the Xe atom has a very
large positive charge in this structure. The charges on silicon
atoms remain basically unchanged in Xe insertion. There is
also no sign of any interaction between the OH termination of
limited fibrous silica chain with the Xe neighborhood indicat-
ing that the size of the chain is not important.

In considering the stability of this molecule, it seems that
there are two likely channels for its decomposition (Fig. 2).

One channel is the 3-body channel similar to the known
3-body channel for decomposition of noble gas hydrides.**** In
this case it follows the equation:

Si,H,06-Xe-SizH,06 — 2Si,H,06 + Xe

The barrier for this decomposition is 45.2 kcal mol™" accord-
ing to CCSD(T) method. CCSD(T) overestimates the barrier for
3-body decomposition. To check if this happens also here we
performed single-point energy calculations with an appropriate
method (MCQDPT) on geometries taken from CCSD(T) calcula-
tion. The barrier is then slightly decreased to ~42 kcal mol .
The barrier is slightly smaller, but remain very high for noble gas
compounds. Such a barrier suffices for room temperature stabi-
lity of the compound.

A more intuitive channel for decomposition is the one where
either a Xe atom or xenon oxide is formed and shorter fibrous
silica chain is recreated in a 2-body channel. Computationally,
however, we could not find a decomposition path where xenon
oxide is a direct product. However, there is a channel for Xe
atom leaving the system and shorter fibrous chain is obtained
with two peroxide defects as in Fig. 3. Peroxide Si-O-O-Si linkages
were already proposed as an intermediate for formation of Xe
compounds with silica structures."*

25i,H,05 + Xe

gy,

—_ 32)

(0.0)

CCSD(T) / cc-pVTZ
5 +Xe
(-104.8)

Fig. 2 Energy diagram for decomposition of fibrous silica substituted with
Xe. The numbers correspond to the relative energies in kcal mol™.
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Fig. 3 Stationary points for decomposition of fibrous silica substituted with Xe.

The barrier for this channel is equal to 39.6 kcal mol™* by
the CCSD(T) method and with a correction from MCQDPT it is
even higher (40.8 kcal mol ™). Thus the barrier for 2B channel
is lower than the 3B channel but it still guarantees very high
stability even at room temperature. According to transition
state theory this fibrous silica molecule substituted with xenon
has practically infinite lifetime at 300 K. Since the decomposi-
tion is highly exothermic, the compound should be classified in
principle as metastable rather than stable, but for all practical
purposes it is expected to behave as thermodynamically stable
material at room temperature.

In view of the stability of the predicted compounds, calcula-
tions of spectroscopic features that may serve as signatures for
identification are obviously of interest. We computed the Raman
spectrum of the compound, and compared with calculations of
common silicates. Two peaks were found that are characteristic for
chemically-bound Xe in the fibrous silica. These correspond to the
two vibrations shown in Fig. 1c. Similar frequencies has been
found in Sanloup’s experiment on quartz.” Especially the lower
frequency vibration, initially assigned to XeO,, and later reassigned
to XeO,'* seems to fit even better a Xe atom bound in a chain.
Even though Sanloup’s measurements were done on o-quartz this
agreement suggest an interesting explanation to the “missing
xenon” issue. Fibrous silica is known to exist in nature.””?® It is
a matter of speculation at this stage how such Xe-silica compound
may have formed in Earth’s crust from Xe gas. It could be that the
conditions of formation were of high temperature and pressure

11660 | Phys. Chem. Chem. Phys., 2014, 16, 11658-11661

that prevailed when the Earth was young. This is compatible with
the ideas of Sanloup and coworkers for other silicates. However,
while high pressure and temperature may have provided the
activation mechanism in the formation stage, it should be stressed
that high pressure is not required for the existence of Xe in fibrous
silica. Interesting recent work by Sanloup and coworkers® demon-
strates the formation and stability of new Xe-water compounds at
high pressure. These compounds, however, require pressures at
the GPa range for their existence.

In conclusion, using high level methods of quantum chemistry
we predict that chemical bonding between xenon and fibrous
silica is stable at ambient temperatures and pressures. It seems
that the stability of Xe-silica compounds is a matter of forming a
planar square surrounding of oxygens for Xe atom. High stability
of such bonding between silicates and Xe is very promising in the
search for xenon containing silicates in nature as well as in the
pursuit of new noble gas compounds between Xe and silicates in
the laboratory. These will be stable at room temperatures. Finally,
the high stability of xenon binding inside silicates supports the
explanation of Sanloup et al. for the missing xenon. In this
respect, the agreement between the Raman spectrum computed
for the predicted compound and that measured by Sanloup
et al. is very encouraging and future Raman calculations on
large clusters of silica with xenon defects could be very useful in
searching and identifying xenon in silica materials.

Room temperature stability of these species is predicted here
only for unimolecular decomposition channels. High stability in
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respect to unimolecular decomposition channels may not always
suffice for long lifetimes in real environments where decomposi-
tion may follow bimolecular channels involving other silicates or
water. However, unimolecular channel is the most important for
the molecule to exist and very often unimolecular stability is
sufficient for further experimental studies on isolated species.

The predicted Xe compound is a finite-size molecule, yet the
results suggest that there is a whole family of species with Xe
bound in fibrous silica segments of different lengths. Our
findings suggest little interaction between the Xe atom and the
termination of the silica chain, and all of these are expected to be
stable at room temperature. Experiments in Xe matrices at very
high pressures may be a possible approach for the preparation of
those compounds, and for studying their properties. There is the
intriguing possibility that Xe-fibrous silica compound may serve
for storage of Xe at high densities and at room temperatures, for
which potential technological applications exist.*

Methods

Most of quantum chemical calculations presented here are done
using CCSD(T) method with Dunning’s cc-pVTZ*"** basis set. For
stationary points additional single point calculations were carried
in order to confirm the reliability of CCSD(T) for the barriers.
Additional single point calculations were done using MCQDPT>*3¢
method with active space constructed from 12 electrons in
12 orbitals. CCSD(T) calculations were done using numerical
forces and NWCHEM®’ code for obtaining single point energies.
Frequencies where obtained calculating hessians by numerical
differentiation also with CCSD(T)/cc-pVIZ and where corrected
on anharmonicity using only the diagonal approximation for
selected modes.*® Partial charges and bond orders were calcu-
lated using NBO***° analysis. In all calculations the internal
coordinates were used.

Acknowledgements

We thank the Academy of Finland and the University of Helsinki
for support of this work in the framework of the FiDiPro program.
We thank also the Finnish CSC Center for the computational
resources provided. Research at the Hebrew U. was supported
by resources of the Saeree K. and Louis P. Fielder Chair in
Chemistry (RGB).

References

1 E. Anders and T. Owen, Science, 1977, 198, 453.

2 J. Kunz, T. Staudacher and C. ]J. Allegre, Science, 1998,
280, 877.

3 R. B. Gerber, E. Tsivion, L. Khriachtchev and M. Résénen,
Chem. Phys. Lett., 2012, 545, 1.

4 C. Sanloup, R. ]J. Hemley and H.-K. Mao, Geophys. Res. Lett.,
2002, 29, 30.

5 C. Sanloup, H.-K. Mao and R. J. Hemley, Proc. Natl. Acad. Sci.
U. S. A., 2002, 99, 25.

This journal is © the Owner Societies 2014

10

11

12

13

14

15
16

17
18
19
20
21
22
23

24
25

26

27

28

29

30

31

32

33

34

35

36

37

38

39
40

View Article Online

PCCP

Q. Zhu, D. Y. Jung, A. R. Oganov, C. W. Glass, C. Gatti and
A. O. Lyakhov, Nat. Chem., 2013, 5, 61.

W. A. Caldwell, J. H. Nguyen, B. G. Pfrommer, F. Mauri,
S. G. Louie and R. Jeanloz, Science, 1997, 277, 930.

D. Nishio-Hamane, T. Yagi, N. Sata, T. Fujita and T. Okada,
Geophys. Res. Lett., 2010, 37, L04302.

C. Sanloup, B. C. Schmidt, E. M. C. Perez, A. Jambon,
E. Gregoryanz and M. M. Mezouar, Science, 2005, 310, 1174.
J. F. Wacker and E. Anders, Geochim. Cosmochim. Acta, 1984,
48, 2373.

G. T. Sill and L. L. Wilkening, Icarus, 1978, 33, 13.

R. O. Pepin, Icarus, 1991, 92, 2.

J.-I. Matsuda and K. Matsubara, Geophys. Res. Lett., 1989,
16, 81.

D. S. Brock and G. ]J. Schrobilgen, J. Am. Chem. Soc., 2011,
133, 6265.

M. L. J. Probert, J. Phys.: Condens. Matter, 2010, 22, 025501.
G. Gundersen, K. Hedberg and J. L. Huston, J. Chem. Phys.,
1970, 52, 812-815.

N. Bartlett, Proc. Chem. Soc., 1962, 218.

R. B. Gerber, Annu. Rev. Phys. Chem., 2004, 55, 55.

S. McDowell, Curr. Org. Chem., 2006, 10, 791.

W. Grochala, Chem. Soc. Rev., 2007, 36, 1632.

L. Khriachtchev, M. Risdnen and R. B. Gerber, Acc. Chem.
Res., 2009, 42, 183.

E. Tsivion, S. Zilberg and R. B. Gerber, Chem. Phys. Lett.,
2008, 460, 23.

G. M. Chaban, J. Lundell and R. B. Gerber, Chem. Phys. Lett.,
2002, 364, 628.

A. Weiss and A. Weiss, Z. Anorg. Allg. Chem., 1954, 276, 95.
M. Head-Gordon, T. Van Voorhis, S. R. Gwaltney and E. F. C.
Byrd, Coupled Cluster Methods for Bond-Breaking, ch. 6, p. 93.
C. Sherrill, Bond Breaking in Quantum Chemistry, Elsevier,
2005, ch. 4, vol. 1, p. 45.

L. Hopkinson, S. Roberts, R. Herrington and J. Wilkinson,
Contrib. Mineral. Petrol., 1999, 137, 342.

D.]. Nash and L. Hopkinson, Earth Surf. Processes Landforms,
2004, 29, 1541.

C. Sanloup, S. A. Bonev, M. Hochlaf and H. E. Maynard-
Casely, Phys. Rev. Lett., 2013, 110, 265501.

C. Lynch, J. Baum and R. Tenbrinck, Anesthesiology, 2000,
92, 865.

J. T. H. Dunning, J. Chem. Phys., 1989, 90, 1007.

D. Woon and J. T. H. Dunning, J. Chem. Phys., 1993, 98, 1358.
K. Hirao, Chem. Phys. Lett., 1992, 190, 374.

K. Hirao, Chem. Phys. Lett., 1992, 196, 397.

K. Hirao, Int. J. Quantum Chem., 1992, S26, 517.

K. Hirao, Chem. Phys. Lett., 1993, 201, 59.

M. Valiev, E. Bylaska, N. Govind, K. Kowalski, T. Straatsma,
H. van Dam, D. Wang, J. Nieplocha, E. Apra, T. Windus and
W. de Jong, Comput. Phys. Commun., 2010, 181, 1477.

T. K. Roy and R. B. Gerber, Phys. Chem. Chem. Phys., 2013,
15, 9468.

J. P. Foster and F. Weinhold, J. Am. Chem. Soc., 1980, 102, 721.
E. D. Glendening, C. R. Landis and F. Weinhold, Wiley
Interdiscip. Rev.: Comput. Mol. Sci., 2012, 2, 1.

Phys. Chem. Chem. Phys., 2014, 16, 11658-11661 | 11661


http://dx.doi.org/10.1039/c4cp01355g



