Fizika Nizkikh Temperatur, 1996, v. 22, No 2, p. 205-209

Photochemistry of HCI in rare gas matrices
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HCl s dissociated by excitation to the purely repulsiveAlﬂ state and the dissociation fragments are probed via the
fluorescence from charge transfer states with the rare gas atom using tunable synchrotron radiation from BESSY
(Berlin). The quantum efficiency for the dissociation of HCl monomers in Xe matrices yields a matrix induced barrier
of 1.4 eV and a linear increase with excess energy of the H atoms, which agrees with MD simulations. Dissociation of
HCI dimers leads to Cly and Hj formation by two different reaction mechanisms. In the low energy part

(1.9 eV < Ey;, < 4.4 eV), MD simulations suggest a reaction via multidimensional energy surfaces with a quantum
efficiency below 1%, which is confirmed by our experiments. In the higher energy part (Ey;, > 4.4 eV) an impact

mechanism is dominant, where the H fragment kicks the H atom off a nearby HCI molecule. Photoinduced and thermal
mobilities of H atoms in Xe and Ar matrices were measured. A pathlength for photomobilized H atoms of 19 Rata
kinetic energy of 2.0 eV was estimated from the recombination efficiency of H and Cl atoms by thermal activation. In
Armatrices a Hatom pathlength of (21 x 2) A at Ey;, = 2.5 eV was measured from the capture efficiency of codoped

Xe traps. From the H loss at 44 K in Xe matrices a thermal diffusion constantof (7.2 = 1.5)-10~ 13 cm2/sfor Hin Xe

was determined.

1. Introduction

Chemical reactions in condensed matter have wide
spread applications and photochemical reactions play
a central role [1 1. The photoinduced dissociation of a
diatomic molecule allows investigation of the most
elementary step in these reactions. Excitation of a
molecule in the gas phase to a repulsive state leads
immediatly to fragmentation. In a solid, dissociation
can be hindered by the surrounding atoms, which
leads to a reduced dissociation efficiency. This cage
effect was first described by Frank and Rabino-
witsch {2] and the surrounding atoms constitute the
cage. Irreversible dissociation occurs when the frag-
ments leave the original cage, are trapped outside the
cage and remain seperated by the cage atoms.

Prototype studies have been started with the photo-
dissociation of hydrides and halogens in van der
Waals clusters and solids [3,4 ]. Rare gas crystals are
ideal host materials because they are chemically
inert, transparent up to the VUV spectral region, and
have a lattice structure of high symmetry (fcc). The
periodic lattice structure of the crystal with well
defined equilibrium positions is advantageous for Mo-
lecular Dynamic (MD) simulations, as compared to
the gas and liquid phases. The cage exits are control-
led by the mass ratio between the fragment and the
host atom, as well as by the molecule-host, fragment-
host and host-host pair-wise potentials. MD simula-
tions [5,6 ] predict two different scenarios for the cage
exit of an H atom [3,4]. Trajectories corresponding
to a direct cage exit were obtained, where the H frag-
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ment escapes after only few collisions and without
deforming the cage. In a delayed or indirect cage exit,
on the contrary, the H fragment performs many col-
lisions in the cage, displaces cage atoms and exits
over the thus reduced energy barrier.

HCI molecules are well suited for the investigation
of these types of cage effect, because the first excited
state is purely repulsive [7] and dissociation leads to
light H and heavy Cl fragments with the excess ener-
gy carried away essentially by the H atom. The gene-
rated isolated H and Cl fragments can be both probed
via fluorescence from excited charge transfer states
with the rare gas atoms. HCI molecules tend to form
aggregates due to their large dipole moment [8 ] so
that photoinduced dissociation of HCI dimers initi-
ated by excitation to the repulsive state of one of the
HCI molecules is studied as a prototype for clusters.

The H atoms are mobilized by the kinetic energy
from the HCI dissociation, with the heavy CI atoms
remaining on the original sites of the parent mole-
cules. This photoinduced mobility of H fragments is
studied in two ways. In Xe matrices the thermally
induced recombination efficiency to HCI was used to
derive the original mean separation of the H and Cl
fragments induced by the dissociation process. In ad-
dition, the diffusion constant D for the thermal
mobility was obtained. In Ar matrices the efficiency of
formation of XeH centers due to an encounter of the
mobile H atom with codoped Xe atoms provides infor-
mation on the photoinduced pathlength.
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2. Experiment

The setup was descriped in detail in Ref. 9 and is
only briefly summarized here. The experiments were
carried out at the 3 meter Normal Incidence Mono-
chromator (NIM) at the electron storage ring BESSY |
in Berlin. The monochromator with a grating of

1200 mm ™! and a blaze of 130 nm delivers dispersed
radiation in the spectral range from 4 to 20 eV. The
light is focused on a LiF substrate, which is cooled
with a He flow cryostat. The temperature was varied
between 5 and 50 K. A Seya-Namioka and a 0.25 m
Ebert Monochromator were used to investigate the
flouresence light from the sample in the spectral re-
gions 105-250 nm and 180-1000 nm, respectively.
HCl was mixed with the rare gases at partial pres-
sures which were varied from 1 to 0.019% and then
condensed onto the cold LiF substrate. HCl with a
purity of 99.9999 and rare gases with purities
99.9999% (An), 99.99% (Kr) and 99.998 (Xe) were
used.

Temperature and concentration studies were per-
formed to optimize sample quality and to control HCI
aggregation as reported previously [10]. Absorption
spectra of HCl doped samples were measured by
using a sodium salycilate converter on the back side of
the LiF substrate. The dissociation of the HCl mo-
lecules in the matrices was initiated by excitation to

the purely repulsive A state. This state is little af-
fected by the surrounding lattice atoms [10). The
dissociation efficiency was determined by probing the
content of fragments via the charge transfer states
of Rg"H™, Rg*CI™ (Rg = Ar, Kr, Xe) and Rg*CL;

(Rg = Ar, Kr), respectively [11,12], versus the ir-
radiation dose.

3. Dissociation of HCI monomers in Xe matrices

The positions of the parent HCI molecules in the
lattice are known from IR spectroscopy [13] and
those of the fragments from absorption and VUV and
UV fluorescence spectroscopy [111. The HCI oc-
cupies a substitutional site in the Xe lattice, the Cl
atoms remain in the original substitutional site and
the H atoms escape to an interstitial site with O,

symmetry. The lowest absorption band of HCI cor-
responds predominantely to a transition to the repul-

sive AT state [10]. Close to the low energy wing of
this band between 5.9 and 6.5 eV a contribution due

to the a°11 state can be superimposed. At higher ener-
gies a strong additional absorption due to charge
transfer between HCI and a matrix atom was ob-
served [10). The measured dissociation efficiencies
are converted into quantum efficiencies of dissociated
molecules per absorbed photon by normalizing to the
absorption spectra. The full squares in Fig. 1 show the
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Fig. 1. Experimental ( @ ) and theoretical [16] () quantum
efficiency at 5 K versus the H atom kinetic energy. A sample with
0.019% HCl in Xe, 100 4m thick and deposited at 40 K was used.
Theoretical and experimental values are normalized at 2.5 eV. The
solid line is a fit to the experimental data. A indicates the onset of

absorption.

quantum efficiency for H atom production versus the
kinetic energy of the H atoms, which follows from the
excitation energy upon substracting the HCI binding
energy of 4.43 eV. The quantum efficiency rises
linearly with kinetic energy within the measurement
range about | €V wide and an extrapolation to lower
energies yields a threshold value of 1.4 eV. The ex-
perimental points start with 1.6 ¢V because the ab-
sorption is too low at lower kinetic energies due to the
decrease of the Frank-Condon factor in the red wing

of the A'TI band. The dissociation efficiencies for H
and Cl atoms are similar and no temperature depend-
ence of these efficienies was observed [14 ]in contrast
to the HZO case [15]. The experimental data are com-

pared in Fig. 1 with results of an MD simulation [16]
and the values around 2.5 eV are normalized to each
other. The linear increase in the range from 1.5 to
2.5 eV is quite well reproduced in this calculation.
The trajectories in this range show an increasing
probability for direct cage exit as a function of excess
energy and the efficiencies reflect the balance be-
tween recombination, direct cage exit and, especially
at higher encrgies, reentry with recombinations.

Nonadiabatic transitions from the A'II state to the
ground state potential surface occur with high prob-
ability on a subpicosecond time scale, leading to a
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bination efficiency; dissipation of the excess kinetic
energy takes place on this time scale as well. The
small but relevant caculated dissociation efficiency
for two points below E,; = 1.4 eV originates from
delayed exit processes which could not be confirmed
in experiment owing to the weak absorption. The
good agreement above E, = 1.4 eV supports the
chosen value of 1.3 eV for the static barrier [16]
which differs within the available set of pair poten-
tials.

4. Dissociation of HCI dimers in Ar matrices

An interesting process is the production of Cl,
molecules due to the dissociation of (HCI)  clusters or
especially (HCl), dimers. The Cl, photoproduct is
probed via the fluorescence of the charge transfer
state of Ar+Cl; . The line shape of the Cl, vibration-

al bands of the A’SHZu—X 126 ¢ transition shows that
the Cl, molecules occupy a double substitutional site

[17] and consequently this has to be the site of the
parent HCI dimer.

Three different types of processes can be en-
visioned: (1) a two-step process of successive dis-
sociation of the two constituents of the dimer by ab-
sorption of two photons; (2) a one-step process in
which the H atom after dissociation of one HCI has
sufficient energy to knock off the second H atom in
the cage; and (3) the most interesting concerted one-
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Fig. 2. Production efficiency of Cl in Ar matrix a1 5 Kin 2 0.1%
HCl in Ar sample, 500 pm thick, deposited at 23 K. Ey, ; and
Eth, gy indicate the thresholds for the low and high energy regimes.
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step process on a potential surface in which the ener-
gy gain in the H, and Cl, formation contributes to the

HCl dissociation. The Cl, production efficiency in
Fig. 2 shows two different regimes within the absorp-

tion region of the AT transition: one with a kinetic
energy threshold around 1.9 eV and with a rather
constant efficiency up to 4.4 eV, and another one with
a strong increase above 4.4 eV. The high efficiency
above 4.4 eV corresponds to the one-step process (2)
because the kinetic energy of 4.4 eV of the H atom is
sufficient to break up the second HCl molecule in the
cage. The binding energy of the (HCI), dimer of

431 cm™! [18] can be neglected. MD simulations
[19] predict for HCI in Ar clusters also the concerted
process (3) and the efficiency observed between
1.9 eV and 4.4 eV in Fig. 2 originates presumably
from this process in the Ar matrices. From the ener-
getical point of view the reaction
HCl + HCl » H, + Cl, is exothermic with an activa-

tion energy of 1.5 eV and the energy above the ob-
served threshold of 1.9 eV is sufficient for this pro-
cess.

5. Thermal and photoinduced mobility of H
atoms in Xe and Ar matrices

A microscopic description of a photoreaction in con-
densed matter has to include the mobility of the frag-
ments besides the cage exit dynamics. This will be the
topic of the following part. Photomobile H atoms are
again generated in Xe and Ar matrices by dissociation
of HCI molecules. The H atoms will be trapped at a
certain distance [ from the original site after dissipa-
tion of their kinetic energy. This distance was derived
in two different ways.

5.1. Photoinduced pathlength in Xe matrices

It is well known that the diffusion of H atoms can be
thermally activated around 44 K in Xe matrices {20 ]
and this thermal mobility was used to estimate the
photoinduced pathlength [ of the H atoms. It is ex-
pected that [ increases with dissociation energy and
consequently the probability for geminate recombina-
tion with the Cl atom by thermal diffusion should
decrease while the H + H recombination efficiency to
H, should increase, accordingly. The thermally in-

duced loss A of Cl and H atoms versus the excess
kinetic energy of H atoms by annealing (typical for 10
min) to 44 K is shown in Fig. 3 for two HCl concentra-
tions {21]. The A values are normalized to the pro-
duced amount of fragments. The H and Cl contents
were probed via the fluorescence intensity of the RgH
and RgCl charge transfer states.

All H atoms vanish after annealing to 44 K, inde-
pendent of the kinetic energy and for both concentra-
tions. The Cl atoms show a different behavior . For
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Fig. 3. Normalized tosses A of H ([0) and CI (B) fragments after
annealing to 44 K versus the kinetic energy Ey ;. of the H fragments
for 0.01% HCI/Xe (a) and 0.1% HCI/Xe (b). Samples thickness
100 #m and deposition temperature 5 K.

the 0.1% sample and E,; = 2 eV the number of Cl

atoms increases somewhat but all Cl atoms are lost in
the 0.01% HCI/Xe sample. For larger E,,, the Cl

atom loss is about 7%, in the 0.1% HCl/Xe sample
and 359 in the 0.01 %, HCI/Xe sample. The differen-
ces can be attributed to three competing reactions:

(1) H+ Ci-HCI recombination

(2) H+H-H, H, formation

(3) H+HCl-H, +Cl CI production

For 0.01% HCland E,, = 2 eV, the geminate re-

combination process (1) of the fragments dominates
because H and Cl disappear simultanously. For 0.1,
HCl/Xeand E,;,, = 2 eV, process (2) is dominant be-

cause H is lost and the Cl content even increases due
to some additional contribution from process (3). Ob-
viously, the probability for geminate recombination at
E,,, = 2V is close to unity for 0.01%, and ! must be
smaller than the mean HCI-HCI separation at this
concentration. The reduced mean HCI-HCI se-
paration at the concentration of 0.1, leads to a com-
plete loss of H by H-H recombination and /must be in
between the two mean HCl separations yielding for /

an estimate of 19 A [21 ). Process (2) dominates at

208

higher E,, for both concentrations because H atoms

are lost and Cl atoms survive with high probability
(Fig. 3). The balance of processes (1) and (2) de-
pends on concentration. Process 1) is more efficient
for larger H-HCl and H-H separations, i.e., the
smaller concentration the larger is the loss of Cl (com-
pare data for the 0.01 % and 0.19%, samples in Fig. 3);
the probability for geminate recombination is four
times larger in the 0.01 9%, samples than in the 0.1%
samples. However, H, formation is the most efficient

process for both concentrations, so the photoinduced
pathlenght / must exceed the mean distance between
HC! molecules to allow for the larger probability for
H-H encounter in the case E,;, > 2 eV.

5.2. Diffusion constant of thermal activated
H atoms in Xe

The time dependence of the loss of H atoms at 44 K

due 1o thermally activated diffusion follows a 34

decay law for E; = 2 €V in the dissociation process
andat! decay law for E,, > 2 €V. Simulation of the
recombination processes with a random walk model
predicts a 1~3/4 penhavior for geminate recombination
and a ' behavior for H, formation [22,23]. The
crossover in the decay law at E,, = 2 eV agrees with

the observations (cf. Sec. 5.1) that geminate recom-
bination occurs for By = 2 eV and that for

E,;,> 2 €V the path length [ exceeds the HCI-HCI
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Fig. 4. Calculated H-in-Xe diffusion constant D at 44 K for
different kinetic energies of the H atoms for 0.01% HCl/Xe ()
and 0.1% HCI/Xe (V). The samples as in Fig. 3.
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separation, leading mainly to H, formation. From

this model the thermal diffusion constant D of H
atoms in the Xe matrix at 44 K can be calculated
(Fig. 4). The diffusion constant D should not depend
on E, since it describes thermally induced motion

and the derived mean value of

(7.2 = 1.5)-10" 3 cm?/s (Fig. 4) is in reasonable
agreement with the diffusion constant of

2.6-107 13 cm?/s obtained from the dissociation data
in HBr/Xe system [24 ] for 40 K. The scatter in Fig. 4
could partly originate from different boundary condi-
tions for different dissociation energies, which was
not accounted for in our model.

35.3. Photoinduced pathlength of H atoms
in Ar matrices

The photoinduced mobility of H fragments in Ar
matrices was determined by introducing Xe atoms as
additional traps for H into the 0.01% HCI/Ar system.
The probability of XeH formation should depend on
the photoinduced pathlength and on the spacing be-
tween the H atoms and the Xe traps and, hence, on
the Xe concentration. The probability of XeH forma-
tion versus Xe concentration is shown in Fig. § for a
kinetic energy of 2.5 eV.
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Fig. 5. Normalized XeH ( 0 ) and XeCl ¢ X ) formation prob-
abilities versus Xe concentration in 0.01% HCI/Ar samples
codoped with Xe. Samples of 500 gm thickness deposited at § K
were used. The samples were irradiated with zero order and a
quartz filter in front of the sample corresponding to a mean

irradiation energy of 7.1 eV. The dashed curve is a fitto (b 4 + ¢)
according to the random walk model with a = 0.4 {25}
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The experimental data can be explained by a dis-
crete random walk model [25 ], where static traps are
distributed binominally in the lattice. A photoinduced

pathlength of (21 = 2) A is derived from a fit of the
data to this model (Fig. 5). For the 0.00001 Xe con-
centration the preconditions for applicability of this
model are not fullfilled and a lower XeH formation
probability is expected in line with the observation.
The XeCl formation in Fig. 5 orginates from Xe and
HCI aggregates. This contribution can be neglected
since it decreases faster at low concentrations.
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