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Diffusion of hydrogen in rare gas solids:
neutral H atoms and H* protons
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In this letter we review and compare the available information about the stability and spectroscopy

of the hydrogen atoms and protons in rare-gas solids. Mechanism of the H* duffusion involving

protonated rare-gas dimer Rng+ formation in the lattice is discussed. We suggest that the puzzling

differences in their behavior and the stability are due to the fact that diffusion of hydrogen atoms is

thermally activated, while that of the protons is activated by vibrational excitation of the Rg 2H+ under

ambient temperature black body radiation.

PACS: 63.50.+x, 66.30.Dn

Diffusion in solids is of fundamental interest
from the purely academic point of view and it is
also important in nature and in numerous industrial
situations and processes. While molecular species in
solid matrices at low temperatures are usually sta-
ble, and can be maintained isolated for indefinite
periods, some atoms exhibit even below 10 K a
considerable degree of mobility [1,2]. Rare-gas sol-
ids, with their well-known potentials [3] and well-
defined structures thus represent a very suitable
model system for studying diffusion. Particularly
interesting is the mobility of the lightest and most
abundant atom of them all — the hydrogen atom.
Atomic hydrogen can, in fact, exist in the matrix at
least in two varieties — as neutral atoms [4—12]
and as charged protons [13—18], and both of them
have been studied in-depth spectroscopically.

Neutral hydrogen atoms are easily detected either
by their ESR spectra [4], or by optical UV spec-
troscopy [5,6,9,11,12], and can occur in matrices in
several distinct sites [4,19]. Protons in rare gases
are tightly solvated by two rare gas atoms that form
well-defined Rg2H+ cations [20]. Both states, neu-
tral and charged, have been investigated by many
researchers, and it is well known that under suit-

able conditions both forms can be mobilized, and
their depletion due to diffusion can be followed
spectroscopically [8,9,11,12,16,17]. Somewhat sur-
prisingly, not only the weakly interacting neutral
atoms, but also the strongly bound protons can be
quite easily destroyed by diffusion [16,17]. Exami-
nation of the available data reveals, however, that
the diffusion of the two species exhibits some very
surprising differences. The purpose of the present
paper is to compile and review some of the available
evidence, and propose an explanation for the ob-
served differences and unexpected trends in the
behavior of neutral atoms and protons.

In an early study of matrices produced by dis-
charging or photolysing deuterium halides infrared
absorptions appearing at 645 and 607 cm™! were
observed in solid argon and krypton, respec-
tively [13]. The carrier clearly involved a single
deuterium atom, and the lines shifted to 907 and
851 cm™ when normal hydrogen halides were sub-
stituted for the deuterides. At first, an assignment
to a neutral H atom trapped in an interstitial site in
the rare-gas solid was preferred, since it was not
understood how ions could be produced under the
conditions of some of the experiments. Later stud-
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ies, however, have shown rather conclusively that
the absorptions are, in fact, due to the positively
charged protons [14,15], which form strongly
bound, linear centrosymmetric RgH*Rg cations in
the matrix. These are characterized by a very in-
tense asymmetric stretching infrared absorption vy ,
accompanied by a progression of V5 + nv, combina-
tion bands [16,21].

Neutral hydrogen atoms in rare gases were exten-
sively studied by means of ESR spectroscopy [4]
since the early days of matrix spectroscopy. These
studies suggested that while in neon a single matrix
site is observed, in the heavier rare gases, Ar, Kr,
and Xe the H atoms can be trapped in at least two
different trapping sites, presumably substitutional
and octahedral interstitial [4,19]. Atoms produced
by dissociation with excess kinetic energy [22,23]
can apparently propagate through the matrix for
distances of the order of 100 A [10]. Atoms in
thermal equilibrium with the lattice, on the other
hand, appear to be at the lowest temperatures
indefinitely stable [8]. They can in fact be stabi-
lized at sufficiently high concentrations for the
detection of H...H spin-pair diradicals, with a dis-
tribution of internuclear distances of r > 7 A [24].
Besides ESR, it was recently shown that H atoms
can also be detected by optical absorption and
emission spectroscopy. While in the gas phase the
lowest resonant transition of hydrogen atoms re-
quires 10.2 eV (o-Lyman), in rare-gas solids the
transition is shifted to much lower energies, with
onsets of strong structured absorptions near 9.7,
8.0, and 6.2 eV in solid argon, krypton and xenon,
respectively. Excitation of these bands by tunable
synchrotron radiation results in broad and intense,
strongly red-shifted emission bands [7].

The ability to monitor spectroscopically hydro-
gen atoms and bare protons allows us to study their
stability and diffusion as a function of temperature,
and indeed numerous such studies have been re-
ported. Both the neutral H atoms and H* cations
can be destroyed due to diffusion, but comparison
of the two processes indicates some surprising
trends and differences. Careful studies of the mo-
bilities of hydrogen atoms produced in solid kryp-
ton and xenon by x-ray irradiation were carried out
by Creuzburg and coworkers [9,11]. They found
that annealing of the matrix leads to disappearance
of the H atoms at a rate which is in solid xenon
below 32 K unobservably slow, but changes by six
orders of magnitude between 32 and 45 K, with a
similar rapid rate change occurring in solid Kr
between 22 and 27.5 K. The disappearance of the
atoms is presumably due to radical-radical recombi-
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nation, with formation of the HXeH hydride being
an alternative channel in xenon [11,25-27]. From
an Arrhenius plot of the data, the authors were able
to deduce activation energies of 66 and 123 meV
(Ref. 11) (6.4 and 11.9 kJ /mol) for the bleaching
process in Kr and Xe, respectively, which they
explain in terms of thermally activated diffusion.
Most interestingly, they find no observable differ-
ence between the bleaching of hydrogen and deute-
rium atoms, a result which was recently confirmed
by Vaskonen et al. [12].

While no experimental values for the H* diffu-
sion activation barriers are available, one might
expect them to be considerably higher than those of
the neutral atom. This was indeed confirmed by
recent theoretical calculations, predicting a barrier
of about 10 kJ,/mol in solid neon, and about 30—
35 kJ /mol in the heavier rare-gas solids [20]. As
noted above, the asymmetric stretching absorption
of the Rg,H™ cations allows easy monitoring of the
«matrix isolateds> protons. Rather surprisingly, de-
spite the relatively high barriers, a rather efficient
bleaching of the absorption is observed; it exhibits,
however, quite different properties than the neutral
hydrogen depletion [16,17]. In the first place, the
Rg,H" destruction does not exhibit a pronounced
temperature dependence, and persists down to the
lowest matrix temperatures. Furthermore, unlike
the neutral hydrogens, whose diffusion shows no
isotopic dependence, the charged protons decay up
to an order of magnitude faster than the correspond-
ing deuterons.

The fast disappearance at low temperatures could
possibly be explained if one argued that not the
proton diffusion but some alternative process is
responsible. Since the positively charged cations are
present, negatively charged centers must also be
present, and these centers are usually unidentified.
One might understand the bleaching if it was due to
diffusion of electrons located in shallow traps.
While such a process could have a very low activa-
tion energy, it cannot explain the strong hydrogen
isotopic effect [16].

We propose as one possible explanation that
while the matrix may be at a low temperature of
only a few K, it is still invariably in the room-tem-
perature-range (about 300 K) radiative field of the
apparatus walls. This radiation might be efficiently
absorbed by the very intense infrared transition and
lead to the observed diffusion. The computed lowest
energy path shown in Fig. 1 involves essentially a
ligand-switching reaction, where the Rg,H" solvated
proton exchanges one of its rare-gas ligands.
Stretching modes of triatomic molecules almost in-
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Fig. 1. Schematic diagram of proton diffusion in the host, for
simplicity constrained to two dimensions. Only three rare-gas
atoms are involved in each diffusion step, in which only one
H*-Rg bond needs to be rearranged. Barriers calculated in the
gas phase for an Rg3H+ complex are given in Ref. 20 and Ta-
ble 1. While the proton has moved considerably in the rare-gas
environment, the displacement of the rare-gas atoms involved is
minor.

variably relax via the lower frequency bending
modes, and the excitation step can be followed by
tunneling of the vibrating proton in the excited
molecule from one Rg—Rg bond to an adjacent one.
The infrared absorption thus provides the energy
needed to lower the activation barrier. This inter-
pretation also helps to rationalize the strong iso-
topic dependence by combination of several effects:
factor of 2 change in the reduced mass, with the
corresponding V2 change in the vibrational fre-
quency, the change in the overlap with the 300-K
Planck curve, as shown in Fig. 2, and change of the
oscillator strength due to the mass effects. Equally
important may be the zero-point effects and, in
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Fig. 2. Overlap of the vibrational modes of Ar,H" and Ar,D"
with the Planck blackbody radiation field. The lower infrared
intensity of the deuterated species is partly compensated by the
better overlap with the radiation field.
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particular, the effect of mass upon the tunneling
process.

This observation of a process activated by black-
body radiation would not be without precedence.
Like in the matrix, where the «collision energiess
are too low to activate chemical reactions, in the
high vacuum of an FT-ICR mass spectrometer colli-
sion are too infrequent for the classical Lindeman-
Hinshelwood mechanism of chemical activation to
be operative. We have recently shown that in such
an ultrahigh environment, where at pressures of
= 1071% mbar collisions are reduced to about 1 per
100 s, the absorbed blackbody radiation becomes
the dominant source of activation energy [28].
Thus, for example, fragmentation of ionic water
clusters, as well as a variety of chemical reactions
within the clusters, like hydrogen formation [29-32]
or aldol condensation [33], are activated by black-
body radiation. In addition, a whole range of other
processes in low-temperature rare-gas solids, where
collisional activation is in view of the low tempera-
tures of 5-20 K, inefficient processes, such as
isomerization and structural rearrangements, are
known to be efficiently activated by infrared ab-
sorption.

To estimate the amount of energy absorbed by
the ions, we have used the infrared frequencies v
and line intensities I(v) of Rg,H" species from our
previous paper [20], and for the purpose of this
work we have calculated the values for deuterated
Rg,D" species on the same level of theory (B3LYP
in Gaussian-94 [34]). For the calculation of the
power absorbed from blackbody radiation, the fre-
quencies are multiplied with a scaling factor of 0.8
to account for the strong matrix shift [20].

The power absorbed by these modes from 298-K
blackbody radiation can be calculated from the
Planck distribution, taking into account that half of
the 41 steric angle around the molecule is occupied
by the low-temperature mirror on which the host is
deposited, reducing the steric angle of radiation to
21 With v in c¢m™, this amounts to:

Atth A3 I08

P, I, = .
( D exp (100chv /RT) — 1

Thevibrationalfrequencies, infraredintensities, the
photon energy and the power absorbed by the vibra-
tional modes are listed in Table, together with the
activation barrier for proton diffusion. Examination
of the data for Ne,H™ reveals that absorbtion of a
single v, photon is sufficient to overcome the diffu-
sion barrier, and that about 0.4 of these photons are
absorbed by each Ne,H" site per second, which
might account for the fact that the H* protons were
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Table 1

Vibrational frequencies v (cni?), infrared intensities I(v) (km /mol), the photon energy E(v) (kJ/mol), the absorbed power P(v)

(kJ/moll¥), and the barrier for proton diffusion E(T'S) (kJ,/mol)

lon 0.8V§ I(VS)Et E(v.,) P(v,) 0_8v§ I(vz)a E(v,) P(v,) P(v,) + P(v,) E(TS)?

NezH+ 1329 | 2319 15.9 6.7 620 248 7.4 2.33 9.0 11.5
NeZD+ 950 | 1153 11.4 7.6 444 115 5.3 1.00 8.6 13.8
AI‘ZH+ 878 | 4227 10.5 31.3 549 42 6.6 0.40 31.7 29.7
AI‘ZD+ 625 | 2117 7.5 19.9 390 19 4.7 0.15 20.0 29.9
SEcp ®

AI‘2H+ 950 | 4385 11.4 28.9 518 47 6.2 0.44 29.4 30.7
AI‘ZD+ 678 | 2196 8.1 20.2 369 21 4.4 0.16 20.3 31.6
KI‘2H+ 857 5094 10.3 38.9 486 17 5.8 0.15 39.1 32.3
KI‘2D+ 606 2551 7.3 241 345 8 4.1 0.06 241 32.8
X62H+ 758 | 5873 9.1 50.6 444 3 5.3 0.03 50.6 35.5
X62D+ 537 2941 6.4 27.6 314 1 3.8 0.01 27.6 35.9

2 The values for protonated species were taken from Ref. [20]; for deuterated species from this work.
The values above the horizontal line were computed considering all electrons explicitly. The computation below the divider were
carried out using for the heavier rare-gas atoms the quasi-relativistic effective core potentials of the Stuttgart/Dresden

group [35].

thus far not observed in solid neon. The proton
activated by the absorption of room-temperature
blackbody radiation may acquire in solid neon a
considerable mobility, and find an electron or an
anion for recombination or a neutral molecule for
reactions within a few seconds. Among possible
«sinks» for H could be the formation of H; or H3
molecular ions [36].

The situation is a little more complicated in solid
Ar, Kr, and Xe, where the v, photon energy is
considerably lower than the computed H* activa-
tion energy, and where the H* ions have been
studied experimentally. Even though in the heavier
hosts the absorbed power is higher, amounting to
about 3—5 photons/(ion[d) due to higher oscillator
strength, multiphoton processes are quite unlikely
to be important in overcoming the barrier. Here,
however, the absorptions due to the v, + nv, combi-
nation bands might be a contributing factor. It is
also possible that the actual barrier in the bulk may
be lower than that computed for Rg H" clusters
with » = 3, and, as suggested by the strong isotopic
dependence, tunneling through the barrier may very
well be involved.

The proposed infrared activation would thus be
essentially consistent with the observations: bulk
matrix temperature independence, and a strong iso-
topic effect of the proton absorption bleaching. A
similar mechanism would not work for neutral hy-
drogen atoms, whose vibrational modes lie at con-
siderably lower frequencies, and whose infrared
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absorptions are surely many orders of magnitude
weaker than those of H* in the complex Rg,H".
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