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The thermal conversion of HArF configurations in solid argon has been investigated both experimentally and
theoretically. The matrix isolation experiments have been concentrated on temperatures 25-27 K, promoting
the transition from the unstable to stable HArF configuration. The combined quantum mechanical-molecular
mechanical and temperature-accelerated dynamics approach has been developed to study the real-time evolution
of HArF trapped in different matrix-site morphologies. Two realistic pathways of the stable HArF formation
are found for annealing at 25-27 K. The conversion mechanism in both pathways involves the local mobility
of matrix vacancies in the vicinity of the HArF molecule. These two relaxation processes occurring within
different timescales can cause the multiexponential decay of unstable HArF observed experimentally. The
theoretical values of the activation energy of 64 meV as well as the corresponding pre-exponential factor of
exp(28) s-1, obtained for one of the unstable HArF configurations, are well consistent with the experimental
estimates of 70 meV and exp(30 ( 3) s-1, respectively.

1. Introduction

Noble-gas (Ng) hydrides with the general formula HNgY
constitute a part of modern noble-gas chemistry.1,2 One repre-
sentative of this group of molecules is HArF, the first neutral
ground-state chemical molecule containing argon. HArF was
discovered in 2000 in low temperature argon matrices.3 This
interesting species has later been thoroughly studied com-
putationally.4-15 In experiments, this compound was first
synthesized by using photodissociation of HF in solid argon at
7 K and subsequent annealing at ∼20 K, which promoted the
characteristic triplet absorption bands of the H-Ar stretching
mode at 1965.7, 1969.4, and 1972.3 cm-1. These bands
disappear fast upon annealing above 28 K.3 It was later observed
that HArF exhibits additional blueshifted H-Ar stretching
absorptions at 2016.3 and 2020.8 cm-1 that corresponded to a
solid-state configuration with a larger thermal stability limited
only by degrading of the matrix above 40 K.16 The solid-state
HArF configuration with the doublet absorption is called “stable
HArF” in order to distinguish it from “unstable HArF” having
the triplet absorption around 1970 cm-1 and decaying above
28 K. The conversion of the unstable to stable HArF configu-
ration was suggested to occur upon annealing.16 The low-
temperature formation of HArF in solid argon at 7 K was
experimentally found and the tunneling mechanism was sug-
gested.17 The one-to-one interaction of HArF with molecular
nitrogen was studied experimentally and computationally, which
showed a large complexation-induced blue-shift of the H-Ar
stretching frequency.18

A number of theoretical works were devoted to the matrix-
site geometries of HArF in solid argon. The first attempt to
simulate the matrix effect on the vibrational spectrum of HArF

was done by Runeberg et al.5 More extensive simulations
confirmed the sensitivity of the H-Ar stretching frequency to
local matrix morphology.19-21 Jolkkonen et al. connected the
experimental blue shift of the stable HArF absorption bands
with the Ar · · ·HArF complex formed in a loose matrix site.20

Bochenkova et al. used a quantum mechanical-molecular
mechanical approach to simulate several types of trapping
configurations of HArF inside the fcc argon lattice. They
generally supported Jolkkonen’s assignment and moreover found
five different morphologies of an argon matrix around HArF
molecule and these matrix sites differed by position of a vicinal
lattice vacancy.21 In addition to matrix-site structure, the
vibrational spectra of noble-gas hydrides often show a satellite
at higher energy from the main H-Ng stretching band. This
satellite has a mirror counterpart at a lower frequency rising in
intensity at elevated temperatures. These sub-bands were first
studied for HXeBr and HKrCl and explained in terms of
hindered rotation of the embedded molecule in the matrix.22

Hindered rotation of HArF in solid argon was studied in detail
later.23 These studies indicate that the band at 1992 cm-1 is
due to a combination of the H-Ar stretching vibration and
hindered rotation.

Despite the previous efforts, details of the mechanism of the
decay of unstable HArF and the formation of stable HArF are
unclear, and those are the primary goals of the present study.
In the present work, we perform additional experiments on HArF
in solid argon concentrating on matrix temperatures promoting
the HArF configuration conversion. To interpret the experi-
mental observations we develop a theoretical model based on
the modified Temperature-Accelerated Dynamics (TAD)24 spe-
cially adjusted for the purposes of the present study. To compute
the energies and forces “on-the-fly”, the original hybrid Quantum
Mechanical/Diatomics-In-Molecules (QM/DIM) approach,21

which ensures a high accuracy of the nonempirical HArF-Ar
interatomic potential, is used. Previously, the QM/DIM potential
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was successfully applied to model trapping sites and absorption
bands of HArF in solid argon.21,23 The present work is aimed
at describing the real-time evolution of HArF trapped in different
argon matrix sites at experimental temperatures. The developed
model provides probable pathways of the HArF configuration
conversion upon annealing and sheds light onto geometries of
the HArF matrix surrounding.

2. Experimental Results and Experimental Model

The HF/Ar matrices were prepared in a closed-cycle helium
cryostat (APD, DE 202A) at temperatures down to 7 K as
described elsewhere.3 The mid-IR absorption spectra were
recorded with a Nicolet 60 SX FTIR spectrometer using a
resolution of 1 cm-1. The HF/Ar matrixes were quite monomeric
with respect to HF as evidenced by the dominating bands at
3962.5 and 3953.8 cm-1.25 Photolysis of HF was done with a
Kr continuum lamp (Opthos) emitting the 127-160 nm light.
Some amount of HArF (mainly unstable configuration) is
observed already after photolysis indicating the “direct” H +
Ar + Ff HArF reactions. In particular, this formation of HArF
during photolysis shows short-range separation of the dissociat-
ing H and F atoms.26 Annealing at ∼20 K activates formation
of unstable HArF and also leads to the appearance of stable
HArF. Annealing at ∼30 K bleaches the unstable HArF
absorption bands completely and increases the stable HArF
concentration. It was previously reported that the increase of
deposition temperature from 7 to 18 K shifts the conversion of
the configurations to somewhat higher temperatures, approxi-
mately from 28 to 31 K.16 Remarkably, HArF slowly forms in
the unstable configuration even at 7 K.17

In the present work, we have studied experimentally the
decomposition of unstable HArF and the formation of stable
HArF at intermediate temperatures from 25 to 27 K. The main
experimental observations are illustrated in Figure 1 and Figure
2. These figures present the results mainly for the deuterated
molecule DArF, and the case of HArF is similar. The unstable
HArF configuration forms fast at 18-20 K. The stable HArF
configuration is built in two stages. The first formation stage of
stable HArF is observed at ∼20 K together with the unstable
configuration whereas the second formation stage requires higher
temperatures and is accompanied with the decay of unstable
HArF. The decay of unstable HArF and the second formation
stage of stable HArF occur with the same rates and temperatures,

that is, these seem to be two connected processes. The two
spectral components of the stable configuration increase syn-
chronously. On the other hand, the lower-frequency component
of the unstable absorptions decreases more efficiently.

The decay kinetics of unstable configuration shows clear
temperature dependence in the 25-27 K range. The decay
kinetics is not single exponential (stretch exponential), showing
a distribution of activation energies, which is typical for solid-
state processes. If we measure the decay characteristic time at
the 1/e level and prepare the Arrhenius plot, the extracted
activation energy is ∼70 meV with the pre-exponential factor
of exp(30 ( 3) s-1. However, the initial stage of decay yields
smaller activation energy so that these values should be
considered with caution. Importantly, the decay curves of
unstable DArF and HArF are practically identical, which is
consistent with the model of reorganization of the matrix
surrounding.27 The increase of stable configuration is more
difficult to analyze; some slower processes occur decreasing
its concentration at longer timescales, which may be caused by
reactions with mobile matrix species or thermal decomposition
of the HArF molecule via the stretching coordinate.

The present and previous experiments on HArF in solid argon
suggest the following schematic model. First of all, the
reorganization under discussion does not involve global mobility
of vacancies.27 It follows that HF molecules responsible for the
HArF formation occupy after deposition single-substitutional
sites in an argon matrix. Photodissociation of HF leads to
interstitial H and F atoms and the vacancy finds a vicinal
position. The closely separated H and F atoms can form HArF
in a single-substitutional (tight) site, which is an unstable
configuration. In agreement, photolysis produces HArF mainly
in the unstable configuration. Moreover, the unstable configu-
ration can be slowly formed at the lowest experimental
temperature (7 K), i.e. the H atom can tunnel through the matrix
barrier to form HArF without participation of the vacancy.17,28

Annealing at ∼20 K promotes reactions of the close H + F
pair with an Ar atom to produce additional unstable HArF. The
triplet band structure of the unstable configuration might
originate from discrete positions of the vicinal vacancy with
respect to the HArF molecule. Annealing at ∼28 K activates
local mobility of vacancies leading to the conversion of the
unstable configuration to the stable configuration. As compared
with global motion, local (short-range) mobility has weaker
energetic restriction.29 Some amount of stable configuration is
seen already after annealing at 20 K, indicating distribution of
activation energies for vacancy mobility for different vacancy
positions. The conversion of HArF configuration depends on

Figure 1. DArF after annealing for 5 min at 20 K and after annealing
for 33 min at 26 K. The band marked with an asterisk originates from
FOO. The DF/Ar matrix was first photolyzed by a Kr lamp. The spectra
were measured at 8 K. The positions of the bands are 1463.2, 1466.3,
and 1468.5 cm-1 for unstable DArF and 1493.8 and 1496.7 for stable
DArF.

Figure 2. Experimental decay of unstable DArF and HArF at elevated
temperatures.
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the deposition temperature, which reasonably indicates a change
of the reorganization activation energy for different deposition
conditions. Essentially the same process may be discussed in
terms of isomerization of HArF in Ar surrounding as a
supermolecule. In the following section, we will build a
microscopicmodelconsistentwiththeseexperimentalobservations.

3. Computational Details and Results

To model the structural evolution of HArF trapped in an argon
matrix, we introduce a novel theoretical methodology based on
the accelerated molecular dynamics with the forces calculated
on-the-fly from the potential energy surface of the QM/DIM
type. Temperature Accelerated Dynamics (TAD) is one of the
accelerated molecular dynamics techniques.30 It has been
developed to overcome time limitations of the classical MD
method, the applicability of which is unfeasible for the processes
occurring on the time scale longer than nanoseconds. This
approach is applicable to the systems that are characterized by
“infrequent events” when the system makes an occasional
transition from one potential basin to another. The transitions
are forced to occur more rapidly by increasing the temperature
of the system. In each basin, the system is evolved at high
temperature during a certain time. Each time when transition
out of the basin is detected, the saddle point is determined, the
low-temperature waiting time for this transition is estimated,
and the trajectory is reflected back into the basin. Such a basin-
constrained dynamics provides a list of different pathways with
the corresponding activation barriers and waiting times at a low
temperature. When this list can be considered as complete, the
transition with the shortest waiting time is accepted and the
system clock is advanced by this time. The saddle points are
located using the climbing image Nudged Elastic Band method
(cNEB)31 and the microscopic rate constants are determined
using the harmonic transition-state theory. Finally, the time
evolution of the system, that is, the sequence of the visited basin
minima connected by the saddle point configurations, is
obtained. Recently, TAD has been successfully used in atomistic
simulationsofvapor-depositedcrystalgrowthatlowtemperature.32-35

The experimentally observed decay of the unstable HArF
configuration occurs at 25-27 K in an argon matrix on a time
scale of seconds and longer. Therefore, the classical MD method
is of limited use here whereas TAD is a promising tool to study
the formation mechanism of stable HArF.

The energy and forces acting on each atom are calculated as
a sum of three types of contributions from the Ar-HArF,
Ar-Ar, and HArF interaction potentials:

E)E{HArF}+∑
i)1

n

∑
j>i

n

E{AriArj}+∑
i)1

n

E{Ari · · · HArF}

(1)

The Aziz-Chen multiproperty interatomic potential36 is used
to describe the Ar-Ar interaction. The Ar-HArF potential is
based on the nonempirical diatomics-in-molecules analytical
model21,37-39 with a balanced treatment of the ionic (HAr)+F-

and neutral HArF configurations through the first order inter-
molecular perturbation theory.40 The HArF molecule is treated
at the MP2/6-311++G(2d,2p) level of theory validated in the
previous studies.21 The Aziz-Chen and DIM potentials have been
implemented in the TAD source code, and the quantum
mechanical calculations have been performed in parallel by
using PC GAMESS41 computational package with an efficient
implementation of the MP2 gradient code invoked automatically
by TAD.

To locate stationary points on the QM/DIM potential energy
surface, the consistent iterative procedure is implemented into
the TAD code.21,39 The computational scheme is performed as
a series of full and constrained geometry searches within a two-
step algorithm, combining a conventional quasi-Newton step
in the full 3N-dimensional Cartesian configurational space and
Newton steps in the reduced subspace with the frozen geometry
of the HArF molecule. The algorithm is repeated until the
gradient convergence criteria in full configurational space are
fulfilled. With analytical evaluation of the force constant matrix,
the optimization in a reduced coordinate subspace refers to the
most efficient Newton algorithm of the second order. The
consistency of this procedure is reached in the full configura-
tional space with an explicit analytical force constant matrix
evaluation for the HArF/Ar interface region. The geometries
of the saddle points found by the cNEB algorithm have been
further refined by using the quadratic approximation approach,42

which explicitly uses the information of the negative curvature
of the potential energy surface near the transition state. All
stationary points are validated to be either a transition state or
a true minimum by performing the vibrational analysis.

The argon matrix is represented by a slab of the fcc lattice
with 4 × 4 × 4 unit cells of 362 Ar atoms and the HArF
molecule trapped in the central cubooctahedral cage. The
positions of the outer Ar atoms are kept fixed during the
dynamics to prevent thermal expansion of the system at high
temperatures, 250 and 350 K, used in the current work. The
values of low temperature (25-30 K) correspond to the
experimental conditions, at which the unstable HArF configu-
ration is converted to the stable one. The temperature is
controlled using the Langevin thermostat. The 1 fs MD time
step is used for the accurate treatment of the H atom movement.

The initial structures for the QM/DIM/TAD simulations
correspond to the unstable HArF configurations in solid argon
(see Figure 3a). They originate from the C4V geometry with
different distribution of vacancies around the HArF molecule.
Figure 3b illustrates the stable HArF configuration with the C2V

symmetry. These configurations are the true minima on the
hybrid QM/DIM potential energy surface as found previously.21

The first and second cuboctahedral solvation outer-shells that
are most important for the present consideration contain 12 and
42 Ar atoms. The second outer-shell consists of three sets of
symmetry-equivalent atoms. These different sets correspond to
a certain topological site in the polyhedron: face, edge and
vertex, with the numbers of atoms in each subshell being equal
to 6, 24, and 12, respectively, the sets being listed in the order
of increasing distance from the central Ar atom of the HArF
molecule. The results of the QM/DIM/TAD simulation allow
to determine several types of reorganizations with different
characteristic times. In particular, the vicinal vacancy can move
in the first and second solvation shells and exchange between
the first and second shells, and the HArF molecule can rotate
inside the matrix. The vacancy movement is equivalent to a
jump of a neighboring Ar atom in the opposite direction. The
relative energies of initial and final states as well as energy
barriers of all transitions are summarized in Figure 4 and
Table 1.

The highest energy unstable configuration, which is charac-
terized by the presence of a vacancy in the first solvation shell,
undergoes the fastest decay at 25 K with an energy barrier Ea

of 41 meV. This configuration is denoted as Vac1(Ar) in Figure
3a. In this process, the vacancy moves in the first solvation shell
to the position near the F atom. Such a configuration does not
correspond to a minimum on the potential energy surface,
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leading to the barrierless transition to the stable configuration
accompanied with a small-angle rotation of the HArF molecule.
The final configuration is denoted as Vac1(F) in Figure 3b. The
average lifetime of this initial state Vac1(Ar) at 25 K is only a
few milliseconds. This is the fastest pathway for the transition

to the stable configuration, and the energy barriers of other
pathways are at least 1.5 times higher.

The second pathway for the formation of stable HArF
configuration occurs on a different time scale. This process
corresponds to the movement of the vacancy, which is initially
located in the face subshell of the second solvation shell near
the F atom [Vac2ax(F) in Figure 3a]. This vacancy can move
into the first solvation shell to the position near the F atom,
which is followed by the barrierless transition to the stable
configuration. The average lifetime of this initial state at 25 K
is of the order of seconds, and the activation energy of the
process is 64 meV.

The energy barriers for the vicinal vacancy movement
drastically depend on its position with respect to the HArF
molecule. The differences can be seen in the second solvation
shell. In particular, the activation energy values for the second
shell vacancy movements are in the range of 71-100 meV (see
Table 1). The lowest energy process includes the vacancy
movement in the edge subshell of the second solvation shell
between the isoenergetic Vac2(Ar) and Vac2(Ar)′ configurations.
For the second initial state Vac2ax(F), the face-edge in-shell
vacancy movements to the Vac2(F) configuration require higher
activation energy than the vacancy inclusion into the first
solvation shell near the F atom with the formation of the stable
Vac1(F) configuration. The activation energies for these pro-
cesses are 85 and 64 meV, respectively, meaning that the former
process is much slower. When the vacancy comes to the first
solvation shell, the stable configuration rapidly forms.

The third initial state of unstable HArF [Vac2ax(H) in Figure
3a] undergoes the transition to other types of unstable HArF
configurations with a vacancy located in the second solvation
shell. For this initial state the interconversion of unstable
configurations Vac2ax(H) and Vac2(Ar) involves the HArF
rotation inside the matrix and it is characterized by high
activation energies above 85 meV. This initial unstable state
should not lead to the efficient formation of stable HArF at
experimental temperatures. However, the total conversion of
all unstable HArF configurations to the stable ones is observed
in the experiment. It follows that the unstable Vac2ax(H)
configuration should not form under experimental conditions.
This fact can be rationalized in terms of the relative probabilities
of vicinal vacancy formation near the H or F atoms of the HArF
molecule upon annealing at 20 K after photolysis. The prob-

Figure 3. Trapping site structures of HArF in solid argon. The first solvation shell consisting of 12 or 11 nearest neighbor atoms is shown. The
vacancies are marked with shaded circles. The possible orientations of HArF in three directions are depicted as 〈001〉 (four-atomic window), 〈110〉
(nearest neighbor), and 〈111〉 (three-atomic window). (a) Unstable HArF configurations with the C4V local symmetry; vacancy positions in the
initial configurations: 1, Vac1(Ar); 2, Vac2ax(F); 3, Vac2ax(H). (b) Stable HArF configuration with the C2V symmetry, Vac1(F).

Figure 4. Energy diagram of HArF configurations in solid argon.
Energy minima are depicted with bold lines, transition states are
depicted with thin lines. All minima refer to the unstable configurations,
except the stable configuration Vac1(F).

TABLE 1: Relative Energies ∆E and Energy Barriers Ea of
Transitions (in meV) Found in the QM/DIM/TAD
Simulations

initial state final state ∆E Ea Ea reverse

1st shell vacancy movement
Vac1(Ar)unstable Vac1(F)stable -50 41 91

1st-2nd shell vacancy exchange
Vac2ax(F)unstable Vac1(F)stable -36 64 100
Vac1(Ar)unstable Vac2(Ar)unstable -28 77 105

2nd shell vacancy movement
Vac2(Ar)unstable Vac2(Ar)′unstable 0 71 71
Vac2ax(F)unstable Vac2(F)unstable -14 85 100

HArF rotation
Vac2ax(H)unstable Vac2(Ar)unstable -16 85 101
Vac1(Ar)unstable Vac1(F)stable -50 90 140
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ability to occupy a “pure” interstitial position after HF photolysis
is higher for the H atom due to its larger mobility compared to
the heavier F atom.

An alternative mechanism of the formation of stable HArF
could be rotation of a trapped molecule inside the cavity without
vacancy assistance. However, the calculations clearly show that
these events are improbable at the experimental temperatures.
The computed activation energy of this process is 90 meV (see
Table 1). It is consistent with the experimental results, which
indicate the surrounding reorganization mechanism.

The experimentally observed decay of the unstable HArF
configurations exhibits a nonsingle-exponential behavior, and
the initial stage of decay yields a small activation energy. Based
on the results of the QM/DIM/TAD simulation, the two
components of the decay kinetics can be ascribed to the
independent transitions of the unstable configurations originated
from the different positions of the vicinal vacancy with respect
to the HArF molecule. It should be noted that the absolute values
of the energy barriers should be considered with caution. These
values are expected to be underestimated in the present
simulations mainly because of the empirical Aziz-Chen Ar-Ar
interaction potential. To justify the latter statement we point
out that the use of the Aziz-Chen potential in the simulations
of the vacancy diffusion in solid argon results in the activation
energy of 80 meV, which is twice smaller than the experimental
value (160-170 eV).43 However, the accuracy of the present
studies of the HArF matrix site evolution is expected to be much
higher since the most important contributions to the total energy
come from the nonempirical DIM interaction potential, which
adequately describes the whole configurational space of each
Ar-HArF pair. Assuming that the final absolute values of
activation energies are somewhat underestimated, the energy
barriers of the two most probable pathways of the unstable HArF
decay can be in the range of 41-61 and 64-84 meV. These
values give the average lifetime of the order of seconds and a
few hours for the corresponding initial unstable structures at
25 K. The increase of temperature to 27 K shortens the lifetime
of the long-lived component to half an hour. These theoretical
estimates are consistent with the experimental data (see Figure
2). The theoretical pre-exponential factor corresponding to the
barrier of 64 meV is exp(28) s-1, which agrees well with the
experimental value of the pre-exponential factor of exp(30 (
3) s-1 and the activation energy of about 70 meV.

4. Concluding Remarks

We have presented the experimental and theoretical analysis
on the decomposition of the unstable HArF configuration leading
to the formation of the stable HArF configuration in solid argon
at temperatures from 25 to 27 K. The mechanism proposed for
the conversion involves the local mobility of a vicinal vacancy,
as follows from both experimental and theoretical results. An
alternative mechanism of the formation of stable HArF by the
rotation of the trapped molecule inside the matrix cavity without
vacancy assistance is energetically improbable at the experi-
mental temperatures.

The multiexponential decay kinetics found experimentally at
25-27 K can be ascribed to several independent processes
characterized by different activation energies, and hence oc-
curring on different timescales. The proposed initial states
correspond to two unstable configurations with the C4V local
symmetry and distinct location of the vicinal vacancy with
respect to the HArF molecule. The short-lived component in
the decay kinetics is connected to the decomposition of the
unstable HArF configuration with the vacancy in the first

solvation shell, while the longer-lived configuration has a
vacancy in the second solvation shell. In the former case the
activation barrier is determined by the vacancy movement in
the first solvation shell. In the latter case, the conversion is
limited by the transition of the vacancy from the second to the
first solvation shell, which has higher activation energy.
Furthermore, the activation energy for vacancy mobility depends
drastically on the vacancy position. The obtained activation
energies are in the wide range of 41-105 meV. The compu-
tational values of the energy barriers should be considered with
caution because they are probably underestimated, which may
in principle influence the exact scenario of solid-state reorga-
nization.

It is shown experimentally that the stable HArF configuration
is formed in two stages, with the first stage coming at ∼20 K
together with the unstable HArF configuration. This observation
can be explained either by the formation of some amount of
stable HArF directly from the atoms or/and by initial formation
of some unstable HArF configuration with the vacancy located
in the first solvation shell near the F atom, which undergoes
the barrierless transition to the stable structure by a small angle
rotation of the HArF molecule inside the cavity.

The second formation stage of stable HArF is presumably
connected with the decomposition of unstable HArF because
the absorptions of stable HArF correlate in experiment with the
decrease of the absorptions of unstable HArF. The two absorp-
tion bands of stable HArF increase synchronously indicating
that this doublet comes from similar geometries with respect to
the vicinal vacancy position. On the other hand, the low
frequency component in the triplet of unstable HArF decreases
more efficiently than the other two components and can be
traced to a different unstable configuration. Therefore the triplet
structure originates from at least two unstable configurations,
which differs by the vicinal vacancy position. Based on the
calculations, the initial unstable configuration Vac1(Ar) may be
associated with the short-lived component in the decay kinetics
undergoing fast conversion at 25-27 K while the Vac2ax(F)
configuration may corresponds to slower decay components.

It is worth mentioning that temperature-accelerated dynamics
is applied for the first time here to study the real-time dynamics
of matrix-isolated species. Well beyond the present application,
this approach is promising to study various solid-state processes
at the atomistic level within real experimental timescales. When
combined with the ab initio or hybrid quantum mechanical-
molecular mechanical potentials, it will also allow to model
diffusion-controlled chemical reactions in solid matrices; in
particular, the formation of HArF upon annealing at 20 K.
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